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RESUMEN

“Fabricacion y caracterizacion de materiales
compuestos de alto rendimiento medioambiental
derivados de resinas ecologicas y refuerzos de
fibras naturales y estructuras hibridas”

Es evidente cdmo el aumento de la concienciacién medioambiental respecto al
uso de materiales poliméricos de origen petroquimico o plasticos de un Unico uso ha
cambiado por completo el panorama de los materiales poliméricos, desde el punto de
vista de su concepcién o de su uso. Durante el desarrollo de esta tesis doctoral se ha
abarcado varias alternativas con el fin de obtener materiales nuevos, gue no tengan solo
un bajo impacto ambiental, sino también que posean propiedades competitivas al
compararlos con materiales convencionales, ademas de que su elaboracién no conlleve
un cambio dréstico con respecto a las tecnologias existentes en la actualidad. Es por
eso por lo que el objetivo principal de esta tesis doctoral se centra en el desarrollo y
caracterizacion de nuevos materiales con un alto rendimiento medioambiental a partir
de matrices termoplasticas como el poli(acido lactico) (PLA) y matrices termoestables
como resinas epoxi con un contenido parcial o total de origen natural. Ademas del uso

de rellenos y fibras de origen natural.

El PLA es un polimero de origen natural que ha ganado popularidad en los
ultimos afios. Se debe principalmente a su biodegradabilidad, biocompatibilidad y a sus
interesantes propiedades, como la memoria de forma. Sin embargo, el PLA tiene varias
limitaciones, entre ellas, su elevada fragilidad. Es por ello, que en el presente trabajo se
han realizado diferentes modificaciones con el propésito de suplir esta carencia. Se
empezo con la formulacion a través de una mezcla fisica con otro polimero flexible y con
capacidad de biodegradacién como el poli(butilén succionato-co-adiapato) (PBSA),
donde para sobrellevar la baja miscibilidad entre estos dos polimeros se utilizd un
oligébmero epoxi estireno-acrilico (ESAO). Se observo el claro impacto que tuvo el PBSA
en el aumento de las propiedades ductiles y de tenacidad del PLA, siendo mas notorio
este efecto con la incorporacion del ESAO, lamentablemente disminuyendo su
capacidad de memoria de forma. Otra estrategia utilizada para la modificacion de las
propiedades del PLA fue la incorporacién de agentes plastificantes como el oligobmero
de acido lactico (OLA), donde se obtuvo una mejora considerable tanto en las

propiedades de resistencia al impacto como de memoria forma, asi también como un
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ligero efecto plastificante, obteniendo resultados alentadores para su uso en envases

compostables.

Teniendo en cuenta las capacidades del PLA a ser modificado y moldeado por
técnicas convencionales, se aprovechd esto en la elaboracion de diferentes tipos de
materiales compuestos. Se comenzo con la fabricaciéon de una estructura ligera de tipo
sandwich. Esta estructura estaba formada por un nucleo en forma de panal y unas caras
exteriores; donde el ndcleo en forma de panal estaba hecho completamente de PLA, y
las caras exteriores estaban constituidas por una matriz de PLA y reforzadas por fibras
de lino, estos componentes fueron unidos por una capa de PLA no tejido impregnadas
con una resina epoxi con un contenido parcial de origen renovable. Las estructuras
resultantes presentaron excelentes propiedades a flexion y compresién, ademas de
contener un alto porcentaje de componentes de origen natural. Posteriormente, se
fabric6 una segunda estructura, cuyo compuesto se basé en una matriz de PLA
reforzada con fibras de yute, fabricada por termoconformado. Se logré6 conseguir
materiales compuestos con hasta el 50 % de fibras de refuerzo. Los materiales
obtenidos presentaron buenas propiedades a traccion cuando se reforzaron con fibras
direccionadas (tejidas) y buenas propiedades de flexion al utilizar tanto fibras tejidas

como no tejidas.

Internandonos en el mundo de las matrices termoestables. Es bien conocido que
uno de sus mayores inconvenientes es su origen petroquimico. Para intentar solventarlo,
en este trabajo se estudié en primer lugar una resina epoxi con un contenido parcial de
origen natural, y una resina epoxi derivada de aceite epoxidado de lino (ELO). A través
de un analisis cinético del curado de estas resinas, se determind que el contenido parcial
de la resina epoxi, y la diferente ubicacién de los grupos epoxi en la resina epoxi basada
en ELO no influye en su proceso de curado, comportandose de forma similar a una
resina epoxi convencional. Estos interesantes resultados posibilitan su aplicacién en la
industria sin afectar en gran medida a los procesos de produccion. Ademas de dar luz
verde a la optimizacion del proceso de curado a través de medios convencionales como
es el control de la temperatura de curado y de poscurado. Los estudios determinaron
qgue las temperaturas de curado moderadas y las altas temperaturas de poscurado
producian piezas con un grado de reticulacion 6ptimo, lo que se traduce en buenas

propiedades mecanicas.

Aprovechando la gran versatilidad que tiene las resinas epoxi como matriz de
materiales compuestos, se fabricaron tres tipos de estructuras con diferentes rellenos y

fibras de refuerzo de origen natural. Un primer material se elabor6 incorporando hasta
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un 40 % particulas derivadas de la semilla de lino con diferentes tamafios de grano,
obteniendo materiales con propiedades mecéanicas balanceadas y una apariencia
similar a la madera, que puede ser interesante en sectores como el mobiliario. El
segundo material fue un laminado, formado por telas de fibras de lino y de basalto,
donde para obtener una mejor interaccion superficial entre la matriz y las fibras de
refuerzo, estas fueron tratadas con agentes de acoplamiento basado en silanos. Como
resultado se obtuvieron materiales con buenas propiedades a flexion. El ultimo material
fue una estructura sandwich ligera con un nucleo permeable cuyo nucleo garantizé una
buena distribucién de la resina por toda la estructura y aportaba ligereza al sistema. Los
buenos resultados obtenidos con el tratamiento de las fibras de lino y basalto mostraron
una excelente interaccion fibra/nucleo/resina, dando lugar a materiales con una buena

capacidad de absorcion de impactos.
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RESUM

“Fabricacio | caracteritzacié de materials
compostos d'alt rendiment mediambiental
derivats de resines ecologiques i reforgcos de
fibres naturals i estructures hibrides”

Es evident com I'augment de la conscienciacié mediambiental respecte a I'Us de
materials polimérics d'origen petroquimic o plastics d'un Unic Us ha canviat per complet
el panorama dels materials polimerics, des del punt de vista de la seua concepci6 o del
seu Us. Durant el desenvolupament d'aquesta tesi doctoral s'han tingut en compte
diverses alternatives amb la finalitat d'obtindre materials nous, que no tinguen només un
baix impacte ambiental, sind també que posseisquen propietats competitives en
comparar-los amb materials convencionals, a més de que la seua elaboraci6 no
comporte un canvi drastic respecte a les tecnologies existents en l'actualitat. Es per aixo,
per la qual cosa l'objectiu principal d'aguesta tesi doctoral se centra en el
desenvolupament i caracteritzaci6 de nous materials amb un alt rendiment
mediambiental a partir de matrius termoplastiques com el acid polilactic (PLA) i matrius
termoestables com a resines epoxi amb un contingut parcial o total d'origen natural. A

més de I'Us de reforcos i fibres d'origen natural.

El PLA és un polimer d'origen natural que ha guanyat popularitat en els ultims
anys. Es deu principalment a la seua biodegradabilitat, biocompatibilitat i a les seues
interessants propietats, com la memoria de forma. No obstant aix0, el PLA té diverses
limitacions, entre elles, la seua elevada fragilitat. Es per aix0, que en el present treball
s'han realitzat diferents modificacions amb el proposit de suplir aquesta limitacié. Es va
comengar amb la formulacio a través d'una mescla fisica amb un altre polimer flexible i
amb capacitat de biodegradacioé com el poli(butilen succionate-co-adiapate) (PBSA), on
per a suportar la baixa miscibilitat entre aquests dos polimers es va utilitzar un oligomer
epoxi estiré-acrilic (ESAO). Es va observar el clar impacte que va tindre el PBSA en
l'augment de les propietats ductils i de tenacitat del PLA, sent més notori aquest efecte
amb la incorporacié del ESAO, lamentablement disminuint la seua capacitat de memoria
de forma. Una altra estratégia utilitzada per a la modificacio de les propietats del PLA va
ser la incorporacio d'agents plastificants com el oligomero d'acid lactic (ONA), on es va
obtindre una millora considerable tant en les propietats de resistencia a l'impacte com
de memoria forma, aixi també com un lleuger efecte plastificant, obtenint resultats

encoratjadors per al seu Us en envasos compostables.
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Tenint en compte les capacitats del PLA a ser modificat i modelat per tecniques
convencionals, es va aprofitar aixd en I'elaboracié de diferents tipus de materials
compostos. Es va comencar amb la fabricacid6 d'una estructura lleugera de tipus
sandwitx. Aquesta estructura estava formada per un nucli en forma de bresca i unes
cares exteriors; on el nucli en forma de bresca estava fet completament de PLA, i les
cares exteriors estaven constituides per una matriu de PLA i refor¢ades per fibres de lli,
aguests components van ser units per una capa de PLA no teixit impregnades amb una
resina epoxi amb un contingut parcial d'origen renovable. Les estructures resultants van
presentar excel-lents propietats a flexié i compressio, a més de contindre un alt
percentatge de components d'origen natural. Posteriorment, es va fabricar una segona
estructura, el compost de la qual es va basar en una matriu de PLA reforgcada amb fibres
de jute, fabricada per termoconformat. Es va aconseguir materials compostos amb fins
al 50 % de fibres de refor¢. Els materials obtinguts van presentar bones propietats a
traccio quan es van reforcar amb fibres adrecades (teixides) i bones propietats de flexié

en utilitzar tant fibres teixides com no teixides.

Aprofundint en el mén de les matrius termoestables. Es ben conegut que un dels
seus majors inconvenients és l'origen petroquimic. Per a intentar solucionar-ho, en
aquest treball es va estudiar en primer lloc una resina epoxi amb un contingut parcial
d'origen natural, i una resina epoxi derivada d'oli epoxidat de lli (ELO). A través d'una
analisi cinética del curat d'aquestes resines, es va determinar que el contingut parcial
de la resina epoxi, i la diferent ubicacié dels grups epoxi en la resina epoxi basada en
ELO no influeix en el seu procés de curat, comportant-se de manera similar a una resina
epoxi convencional. Aquests interessants resultats possibiliten la seua aplicacié en la
indUstria sense afectar en gran manera als processos de produccié. A més de donar
llum verda a l'optimitzaci6 del procés de curat a través de mitjans convencionals com és
el control de la temperatura de curat i de postcurat. Els estudis van determinar que les
temperatures de curat moderades i les altes temperatures de postcurat produien peces
amb un grau de reticulaci6 optim, la qual cosa es tradueix en bones propietats

mecaniques.

Aprofitant la gran versatilitat que tenen les resines epoxi com a matriu de
materials compostos, es van fabricar tres tipus d'estructures i fibres de refor¢ d'origen
natural. Un primer material es va elaborar incorporant fins a un 40 % particules derivades
de la llavor de lli amb diferents grandaries de gra, obtenint materials amb propietats
mecaniques balancejades i una aparenca similar a la fusta, que pot ser interessant en
sectors com el mobiliari. El segon material va ser un laminatge, format per teles de fibres

de lli i de basalt, on per a obtindre una millor interaccié superficial entre la matriu i les
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fibres de reforg, aquestes van ser tractades amb agents d'acoblament basat en silans.
Com a resultat es van obtindre materials amb bones propietats a flexié. L'Ultim material
va ser una estructura sandwitx lleugera amb un nucli permeable el nucli del qual va
garantir una bona distribucié de la resina per tota I'estructura i aportava lleugeresa al
sistema. Els bons resultats obtinguts amb el tractament de les fibres de Ili i basalt van
mostrar una excel-lent interaccio fibra/nucli/resina, donant lloc a materials amb una bona
capacitat d'absorcié d'impactes.
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ABSTRACT

“Manufacturing and characterization of high
environmental performance composites based
on environmentally friendly resins and natural

fiber reinforcements, and hybrid structures”

It is remarkable how the increase in environmental awareness regarding the use
of polymeric materials of petrochemical origin or single-use plastics has completely
changed the scenario of polymeric materials development and use. This doctoral thesis
has proposed several alternatives in order to obtain new materials with low
environmental impact and competitive properties to conventional materials. In addition
to the fact that their elaboration does not entail a drastic change respect to existing
technologies. Therefore, the main objective of this doctoral thesis focuses on developing
and characterizing new materials with a high environmental performance from
thermoplastic matrices such as poly(lactic acid) (PLA) and thermosetting matrices such
as epoxy resins with a partial or total content of natural origin. In addition to the use of

fillers and fibers of natural origin.

PLA is a naturally occurring polymer that has gained popularity in recent years. It
is mainly due to its biodegradability, biocompatibility, and exciting properties such as
shape memory. However, PLA has several limitations, among which is its high
brittleness. For this reason, in the present work, different modifications have been made
to make up for this deficiency. This methodology started with the formulation through a
physical blend with another flexible and biodegradable polymer such as poly(butylene
succinate-co-adipate) (PBSA). This blend incorporated a coupling agent such as epoxy
styrene-acrylic oligomer (ESAO) to overcome the low miscibility between these two
polymers. The PBSA cleared increased the ductile and toughness properties of PLA; this
effect was more noticeable with the incorporation of ESAO, unfortunately decreasing its
shape memory capacity. The second strategy applied to modify PLA properties was
incorporating plasticizing agents such as oligomeric lactic acid (OLA). This agent
considerably improved impact resistance and shape memory properties, and it also
provided a slightly plasticizing effect, obtaining encouraging results for its use in

compostable packaging.

Considering the potential of PLA to be modified and molded by conventional

techniques, PLA was used to develop different types of compaosite materials. It started
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with the fabrication of a lightweight sandwich-type structure. This structure consisted of
a honeycomb core and some outer faces; the honeycomb core was made entirely of
PLA, and the outer faces were made of a PLA matrix and reinforced with flax fibers.
Finally, the bonded method to join both components consisted of a nonwoven PLA
impregnated with an epoxy resin with a partial content of renewable origin. The obtained
results can be used in industrial applications. The second structure built was a composite
based on a PLA matrix reinforced with jute fibers produced by thermoforming. The
manufacturing process enabled composites with up to 50 % fiber content. The materials
obtained showed good tensile properties when reinforced with directional (woven) fibers.
Moreover, both woven and nonwoven fibers offered good flexural properties.

In the world of thermaosetting matrices, it is well-known that one of their major
drawbacks is their petrochemical origin. In order to try to solve that, this work studied an
epoxy resin with a partial content of a natural source, continuing with an epoxy resin
derived from epoxidized linseed oil (ELO). The results obtained through the kinetic study
of these resins determined that the partial content of the epoxy resin and the different
location of the epoxy groups in the ELO-based epoxy resin did not influence its curing
process, behaving similarly to a conventional epoxy resin. These exciting results make
it possible to apply them in the industry without significantly affecting the production
processes. In addition to giving the green light to the optimization of the curing process
through conventional means such as curing and post-curing temperature control. The
studies determined that moderate curing temperatures and high post-curing
temperatures produced pieces with an optimum crosslinking degree, which results in

good mechanical properties.

The last phase of the work took advantage of the incredible versatility of epoxy
resins as a matrix for composite materials. In this phase, three structures were fabricated
with different fillers and reinforcing fibers of natural origin. The first material incorporated
up to 40 % particles derived from flax seed with different grain sizes, obtaining materials
with balanced mechanical properties and a wood-like appearance, which can be
interesting in sectors such as furniture. The second material was a laminate formed by
flax and basalt fiber mats. In order to increase the surface interaction between the matrix
and the reinforcement fibers, these fibers were treated with silane-based coupling
agents, obtaining materials with good flexural properties. The last material was a
lightweight sandwich structure with a permeable core. This core ensured a good
distribution of the resin throughout the structure and provided lightness to the system.

The good results obtained with the treatment of flax and basalt fibers showed an
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excellent fiber/core/resin interaction, resulting in materials with a good impact absorption

capacity.
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ECUACIONES

a= grado de conversion

AH,= entalpia liberada a un tiempo
particular

AH = entalpia total liberada durante la
reaccion

da
- = kD@

d ) -
d—‘:= velocidad de conversion

k(T)= constante de rapidez de
reaccion

f(a)= modelo de reaccion

k(T) = A e(7)

k(T)= constante de rapidez de
reaccion

A= factor pre exponencial
E,= energia de activacion aparente
R= constante universal de los gases

T=temperatura absoluta

dT
T dt

p= tasa de calentamiento

d g
d—?z conversion con respecto a la

temperatura

In (/3 Z—?) —In4 f() —}f—“T

p= tasa de calentamiento

d g
d—?z conversion con respecto a la

temperatura

A= factor pre exponencial

f (a)= modelo de reaccion

E,= energia de activacion aparente
R= constante universal de los gases

T= temperatura absoluta

E
In (%) = constante — C ﬁ

B=tasa de calentamiento
A= factor pre exponencial
E,= energia de activacion aparente
R= constante universal de los gases

T= temperatura absoluta
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B, C= valores correspondientes a una
aproximacion particular:

FWO: B=0, C=1,052
KAS: B=2, C=1
Starink: B=1,92, C=1,008

B\_, (AR d f(a)
ln(T—g>—ln<E—a>+ln<— da >—

B = tasa de calentamiento
A= factor pre exponencial
E,= energia de activacion aparente
R= constante universal de los gases

T,,= temperatura en la maxima tasa de
reaccion

E Atpwim
14

Atry = amplitud total a la altura del
maximo

A= factor pre exponencial
E,= energia de activacion aparente
R= constante universal de los gases

T,,= temperatura en la maxima tasa de
reaccion

fl@=a™ (1 -a)

f (a)= modelo de reaccion
a= grado de conversion
m= efecto auto catalitico

n= modelo de reaccién de enésimo
orden

= (%)

d ) .,
d—'Zz velocidad de conversion

x= temperatura reducida (%)

=m+n

ay = pico de la funcién y(a)
m= efecto auto catalitico

n= modelo de reaccion de enésimo
orden

z(a) = (Z—Ctx) (x) %

d ) -
d—fz velocidad de conversion

n(x)= forma racional de
aproximaciones de la integral de
Arrhenius
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B=tasa de calentamiento

T=temperatura absoluta

m(x)= forma racional de
aproximaciones de la integral de
x3 + 18x% 4+ 86x + 96 P 9

— Arrhenius
m(X) = 207 ¥ 12052 1 240% + 120

x = temperatura reducida (%)

x.= grado de cristalinidad

AH,,,= entalpia de fusiéon

(%) = [AHm - AHcc] 100 AH,.= entalpia de cristalizacion en frio
c = 0
AH . L
m W AHY,= entalpia de fusién para un
polimero 100 % cristalino
w= fraccién en peso del polimero
R¢= indice de fijacion de forma
(m—6;) .
%R, = ——= 0,= angulo temporal de deformacién
T (- o)

8¢= angulo de fijacion

R,= indice de recuperacién de forma
-0 -0
%R, = (7 = 07)/ G —~ 6r) 6.= angulo de fijacion
' (m— 6) !

6,= angulo de recuperacion

7= tensién de cizallamiento del nlcleo
P= carga maxima
T=——"— d= espesor de la estructura sandwich
(d+0) b P
b= ancho de la estructura sandwich

c= espesor del panal de abeja

o= esfuerzo de flexion de las caras
P= carga maxima

L= longitud de luz
B P-L
2-t-(d+c)-b

op t= espesor de las caras exteriores
d= espesor de la estructura sandwich
c= espesor del panal de abeja

b= ancho de la estructura sandwich

tger= tiempo de gel

=C——
gel
k(T) C= constante
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k(T)= constante de rapidez de
reaccion

100

Water uptake (%) = [( WO)]

= peso seco de la muestra a un
tiempo particular

W,= peso seco inicial de la muestra

]

D= coeficiente de difusion

m= valor de la pendiente de la curva
(We/Ws vs t1/2)

h= espesor inicial de la muestra

D —D[1+h+h]_2
€ L w

D.= coeficiente de difusion corregido
h= espesor inicial de la muestra
= longitud de la muestra

w= ancho de la muestra

AE = /(AL)? + (Aa*)? + (Ab*)?

AE= diferencia total de color

= diferencia de luminosidad entre
dos muestras

Aa*= diferencia de coordenadas de a*

Ab*= diferencia de coordenadas de b*
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ABREVIATURAS Y NOMENCLATURA

¥, FS
or
Xc

Xemax

AE

[N

a*
ABS
AESO
AEW
AF
AFA
ALA
ASF

B, C
b*

Méaximo de la funcién y(a)

Maximo de la funcion z(a)

Conversion a la maxima velocidad de reaccion
Elongacion a la rotura

Angulo de fijacion

Angulo de recuperacion

Angulo temporal de deformacion

Resistencia a la rotura por traccion, esfuerzo de flexion de
las caras

Resistencia a la flexion
Resistencia a la traccién
Grado de cristalinidad
Cristalinidad maxima

Factor de escala de tiempo, tensién de cizallamiento del
nacleo

Grado de conversion

Diferencia de color

Viscosidad compleja

Factor pre exponencial

Coordenada de color de rojo a verde
Acrilonitrilo butadieno estireno
Aceite acritlatado epoxidado de soja
Peso equivalente de anhidrido

Fibra de aramida

Acido graso aminado

Acido linolenico-a

Harina de cascara de almendra
Ancho de la estructura sandwich
Constantes de la temperatura integral

Coordenada de color de amarillo a azul
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Bio-PA
Bio-PE
Bio-PET
Bio-PP
BioEP
BMI
BPA

c

CF
CFF
CLTE
CNF
CNSL
CNT
CRP

DBMI
Dc

DCP
DDSA
DGEBA
DGEBF
DGT

DMTA
DSC
E, G’
E” G”
Ea
EAO
ECO

XXX

Bio-poliamida

Bio-polietileno

Bio-polietilén tereftalato
Bio-polipropileno

Resina epoxi de origen natural

N, N-(1,3-fenileno dimaleimida)
Bisfenol A

Espesor del panal de abeja

Fibra de carbono

Harina grano grueso

Coeficiente de dilatacion lineal
Nano fibras de carbono

Liquido de la cascara del anacardo
Nano tubos de carbono
Polimerizacion radical controlada
Coeficiente de difusion

Espesor de la estructura sandwich
1,1-(metilendi-4,1-fenileno) bismaleimida
Coeficiente de difusion corregido
Peroxido de dicumil

Anhidrido dodecenilsuccinico
Diglicidil éter de bisfenol A
Diglicidil éter de bisfenol F

Primera derivada del porcentaje de masa con respecto a la
temperatura

Analisis termomecénico dinamico
Calorimetria diferencial de barrido
Modulo de almacenamiento
Maddulo de perdida

Energia de activacion aparente
Aceite de alga epoxidado

Aceite epoxidado de ricino



ECSO
EEW
Es
ELO
EP
ESAO
ESBO
ESO
Er
EVA
EVO
FESEM
FFF
FR
FRC
FRP
FS
FTIR
FWHM
FWO
G’max
GA
GF

HA
HCN
HDPE
HMDIC
HSF
KAS

L*

Aceite de algoddn epoxidado

Peso equivalente de epoxi

Modulo de flexion

Aceite epoxidado de lino

Resina epoxi

Oligémero epoxi estireno-acrilico
Aceite epoxidado de soja

Aceite epoxidado de girasol, aceite epoxidado de soja
Modulo de elastico

Polietilén vinil acetato

Aceite vegetal epoxidado

Microscopia electrénica de barrido de emisién de campo
Harina grano fino

Método de Friedman

Compuesto reforzado por fibras
Polimero reforzado con fibra, polimerizacién radical libre
Semilla de lino

Infrarojo por transformada de Fourier
Amplitud total a la altura del méximo
Método Flynn-Wall-Ozawa

Maodulo de almacenamiento maximo
Anhidrido glutérico

Fibra de vidrio

Espesor inicial de la muestra
Hidroxiapatita

Cianuro de hidrégeno

Polietileno de alta densidad
Diisocianato de hexametileno

Harina de cascara de avellana
Método Kissnger-Akahira-Sunose
Longitud de luz, longitud de lamuestra

Coordenada de luminosidad
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LDPE
m

m

MAESO
MAH
MAH-g-PLA
MDIC

MFI

MFK

Ml

MLO

MNA

MVA

MVO

M

NFRP
OLA

P3HO
P4HB
PA
PB
PBA
PBAT
PBS
PBSA
PBT
PBT
PC
PCL
PDLA

XXXIV

Polietileno de baja densidad

Efecto auto catalitico

Valor de la pendiente de la curva (W, /W, vs t1/?)
Aceite de soja epoxidado con anhidrido metacrilico
Anhidrido maleico

Acido polilactico injertado con anhidrido maléico
Diisocianato de metilendifenilo

indice de fluidez

Métodos isoconversionales libres de modelo
Isosorbida metacrilada

Aceite de lino maleinizado

Anhidrido metilico nadico

Alcohol vanilico metacrilado

Aceites vegetales modificados

Peso molecular

Modelo de reaccion de enésimo orden
Plasticos reforzados con fibras naturales
Oligémero de acido lactico

Presion, carga maxima
Poli(3-hidroxioctanoato)
Poli(4-hidroxibutirato)

Poliamida

Tableros de particulas

Poli(butilén adipato)

Poli(butilén adipato-co-tereftalato)
Poli(butilén succionato)

Poli(butilén succionato-co-adiapato)
Poli(butilén terftalato)(PBT)

Polibutilén tereftalato

Policarbonato, poscurado
Poli(e-caprolactona)

Poli(D-4cido lactico)



PDLLA
PE

PEA
PEEK
PEG
PEI

PET

PF

PGA
PHA
PHB

phr

PHV
PLA
PLLA
PLLA-b-PBS-b-PLLA
PMPPIC
PP

PPC
PPG

PS

PVA
PVA
PVC

RD
Rf
ROP
Rr
RTM
SC
SEM

Poli(DL-4cido lactico)
Polietileno

Poliéster amida
Poli(éter-éter-cetona)
Pali(etilén glicol)
Poliéter imida
Polietilen tereftalato
Resinas fendlicas
Poli(acido glicolico)
Polihidroxialcanoato
Poli(3-hidroxibutirato)
Partes por cada 100 de resina
Poli(3-hidroxivalerato)
Poli(acido lactico)

Poli(L-4cido lactico)

Poli(L-lactida-b-butileno succinato-b-L-lactida)

Polimetileno polifenil isocianato
Polipropileno

Poli(propileno carbonato)
Poli(propileno glicol)

Poliestireno

Alcohol polivinilico

Poli(vinil alcohol)

Policloruro de vinilo

Constante universal de los gases
Diluyente reactivo

indice de fijacion de forma
Apertura de anillo

indice de recuperacion de forma
Moldeo de transferencia de resina
Curado estandar

Microscopia electrénica de barrido
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T
Ta

Tsw%, To
TA
Tan &
Tec

Tcuring

tcuring

TDIC

Tg

TGA

tgel
TGMDA
Tm

TMA
Tmax, Tdeg
To

TPS

upP

VA
VARIM
VARTM
VE

VO

WPC
Ws
Wi
Wt %

XXXVi

Espesor de las caras exteriores

Temperatura

Temperatura para una conversion particular
Temperatura cuando se pierde el 5 % de masa inicial
Acido tanico

Factor de amortiguamiento

Temperatura de cristalizacién en frio
Temperatura de curado

Tiempo de curado

Tolueno 2,4-diisocianato

Temperatura de transicion vitrea

Andlisis termogravimétrico

Tiempo de gel

Tetra glicidil metileno dianilina

Temperatura de fusion

Analisis termomecéanico

Temperatura de degradacién maxima
Temperatura del pico

Amidon termoplastico

Resinas de poliéster insaturado

Método de Vyazovkin

Moldeo por infusion de resina asistida por vacio
Moldeo por transmision de resina asistido por vacio
Resinas de viniléster

Aceites vegetales

Fraccién en peso del polimero, ancho de la muestra
Peso seco inicial de la muestra

Wood plastic composites

Porcentaje de saturacion de agua

Peso seco de la muestra a un tiempo particular
Porcentaje por peso

Temperatura reducida



AHY,
AH,

AHy
AHcc
AHrm,

Tasa de calentamiento

Tension de cizalladura maxima

Angulo de desfase

Entalpia de fusion para un polimero 100 % cristalino
Entalpia liberada a un tiempo particular

Entalpia total liberada durante la reaccion

Entalpia de cristalizacion en frio

Entalpia de fusién

Esfuerzo aplicado
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I. INTRODUCCION

|.1. Polimeros de alto rendimiento
medioambiental.

I.1.1. Polimeros termoplasticos

Desde su invencion en el siglo XIX [1], los materiales poliméricos han tenido una
presencia crucial en nuestro dia a dia, los comunmente llamados plasticos se
encuentran en productos cotidianos como envolturas de golosinas o patatas, envases
de alimentos, botellas de agua, juguetes, en la fabricacion de almohadas, colchones,
sabanas, 0 como partes en sectores como el automotriz, construccion, eléctrico, entre

otros.

El aumento de la poblacién, asi como de sus necesidades han provocado un
aumento de la produccion de polimeros, llegando a ser la increible cantidad de 368
millones de toneladas en el 2019. Donde el mercado europeo ocupa la tercera posicién
con un 16 % superado solamente por América del Norte (19 %) y Asia (51 %) [2]. La
gran versatilidad que tienen los polimeros a ser modificados y adaptados en areas con
requerimientos especificos ha llamado la atencion en sectores industriales como el
envase y embalaje, o la construccioén, viéndose reflejado en su demanda en el mercando
con un 39,6 % y 20,4 %, respectivamente, sumandose a estos el sector de la ingenieria
con un 16,7 %. A pesar de que, en estos dos Ultimos sectores, se suelen utilizar en el
desarrollo y fabricacion de elementos con una vida util prolongada. El sector del envase
y embalaje lo suele destinar a productos de consumo diarios o una vida Gtil muy corta

y/o de un solo uso.

Por desgracia desde sus inicios hasta el dia de hoy la gran mayoria de los
materiales poliméricos son de origen sintético, es decir provenientes de fuentes de
origen fosil. Segun la Asociacion de fabricantes de plasticos (PlasticsEurope) en el 2018
se recolectaron 29,1 millones de toneladas de plasticos posconsumo en toda Europa,
de los cuales 2,5 millones de toneladas fueron recolectadas en Espafia. Por su
naturaleza, la mayoria de los polimeros sintéticos presentan una alta resistencia a la
degradacion, ya sean estos por medios fisicos o quimicos, dificultando asi su
tratamiento. Esto ha provocado una excesiva cantidad de desechos que terminan sus
dias en vertederos, convirtiéndolo en uno de los mayores contaminantes ambientales.
Todo esto ha desencadenado un incremento en la conciencia medioambiental, lo que
en general ha permitido que se promueva un uso inteligente de materiales poliméricos,
resultando indirectamente en una disminucién en la enorme huella de carbono y emisién

de diéxido de carbono (CO;) que se genera en su produccioén. Ademas, esto ha ayudado
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a implantar una cultura del reciclado, facilitando el tratamiento de estos desechos. Esto
se ve reflejado en las estadisticas de estos Ultimos afos, ya que el tratamiento de
desechos poliméricos ha mejorado. En el 2018 en Espafia se ha llegado a reciclar el
41,9 % de los desechos poliméricos generados y se ha logrado disminuir la cantidad de
vertederos de 1686 (2006) a 996 (2018) [2].

A pesar de que el interés global acerca del tratamiento de polimeros posconsumo
va en aumento, la sociedad requiere el desarrollo de nuevos materiales con un bajo
impacto ambiental. Como se mencioné anteriormente, la mayoria de estos materiales
son derivados de productos petroquimicos, y presentan una dificultad en degradarse.
Varias investigaciones se han dedicado al desarrollo de biomateriales que por disefio
correspondan a un modelo sostenible, generalmente relacionados a materiales

termoplasticos ya que son los que mas problemas medioambientales causan.

El concepto de bio-materiales se puede relacionar a dos factores, el primero de
estos factores es su origen, es decir la materia prima de donde se obtienen. La industria
petrolifera que brinda esta materia prima para la produccion de la mayoria de los
polimeros, aparte de producir grandes cantidades de diéxido de carbono (CO.), es una
fuente no renovable por lo cual se busca reducir su dependencia. Con este fin, en los
ultimos afios varios investigadores se han dedicado a buscar una fuente renovable de
materia prima para la obtencion de materiales termoplasticos con propiedades
comparables con los convencionales. El segundo de estos factores se puede englobar
en el término “biodegradabilidad”, refiriéndose a la capacidad que tienen los materiales
a degradarse bajo condiciones controladas de compost, esta degradacion implica
actividad bioldgica, es decir el material sufre una descomposicién (metano, CO,, agua,
etc.) por la accion de microorganismos como los hongos, bacterias y algas. [3,4]. Por lo
tanto, teniendo en cuenta lo planteado, se puede considerar biomaterial a aquel material

que cumpla con uno de estos factores o los dos.

La figura I.1. presenta una vista global de la clasificacién de los polimeros
termoplasticos basados en su origen (renovable o no renovable) y en su capacidad de

biodegradabilidad (biodegradable o no biodegradable).
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Figura I.1. Clasificacion de los polimeros termoplasticos basados en su origen y en su
capacidad de biodegradabilidad.

Se pude observar que los biomateriales o en su término mas estricto, los
biopolimeros se pueden englobar en tres grupos. El primer grupo corresponde a los
polimeros que se obtienen de fuentes renovables y que presentan la capacidad de
biodegradarse. El segundo grupo estd conformado por los polimeros derivados de
compuestos petroquimicos, pero que presentan la capacidad de biodegradarse. El
ualtimo grupo engloba a los polimeros que se obtienen de fuentes renovables pero que
carecen de la capacidad de biodegradarse en condiciones de compost controlados. Para
completar el panorama de los polimeros se presenta un cuarto grupo, en este se
encuentran los polimeros que provienen de fuentes no renovables y que no presentan

la capacidad de biodegradarse.

[.1.1.1. Polimeros de origen no renovable no biodegradable

El desarrollo y auge de estos polimeros empez6 desde mediados del siglo XIX,

ganando popularidad debido al amplio abanico de composiciones quimicas que se
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pudieron obtener, ademas de su bajo coste de produccién. Las buenas propiedades
mecanicas, quimicas, de barrera, su rigidez, y la facilidad de moldeo han provocado que
su popularidad aumente. En este grupo se encuentran polimeros comuinmente
denominados “commodities”, término que hace referencia al gran volumen de su
produccién y a su bajo precio [5]. En esta categoria se encuentra el polipropileno (PP),
el polietileno de alta y de baja densidad (HDPE, LDPE), el poliestireno (PS), el
policloruro de vinilo (PVC) y el polietilén tereftalato (PET) [6]. EI PP, LDPE, y el HDPE
encabezan la lista de los termoplasticos mas utilizados en Europa en el 2019 con una
presencia en el mercado del 19,4 %, 17,4 %y 12,4 %, respectivamente. La facilidad que
tiene este grupo a ser moldeados por moldeo por inyeccién, moldeo por soplado,
termoconformado, extrusion, entre otras [7], hacen que estén presentes en sectores
como el del envasado de alimentos (envolturas de alimentos, botellas de agua, botellas
de champdu...), sectores de construcciéon (tuberias, marcos de ventanas, perfiles,
aislamiento eléctrico...), sector de automocion (partes de automovil), sector de
esparcimiento y deportes (juguetes, equipamiento deportivo), agricultura, entre otros. En

la figura 1.2. se puede observar la estructura quimica de estos materiales poliméricos.

H
Polietileno de alta densidad Polietileno Polietileno de baja densidad —— i
[}

\./

ﬁ Polipropileno . Polietileno tereftalato
M O

O
Polipropileno N
Polietilén tereftalato
Poliestireno Policloruro de vinilo

i Q A

Poliestireno Policloruro de vinilo

n

Figura I.2. Estructura quimica de polimeros “commodities”.
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En general la composicion de estos polimeros son cadenas de carbono,
hidrégeno, oxigeno, nitrégeno y cloro, dando como resultado un material inerte incapaz
de degradarse y/o descomponerse en el medioambiente, por ende, resultan en
materiales resistentes a la biodegradacion. Como se menciond anteriormente esto
provoca una acumulacién incontrolable de desechos, derivados principalmente de la

industria del envase y embalaje.

A diferencia de los ya mencionados polimeros “commodities” que su empleo se
suele hacer en aplicaciones que tengan bajos requerimientos mecanicos. Sectores
como el de ingenieria e industrial son necesarios una nueva gama de materiales
poliméricos de alto rendimiento, conocidos comunmente como “polimeros de ingenieria”
en general se buscan materiales con propiedades superiores, pudiendo ser una alta

resistencia mecanica o térmica, o con propiedades de aislamiento térmico o eléctrico.

Dentro de esta subcategoria se encuentra las poliamidas (PA), las poliamidas
aromaticas se destacan por su sobresaliente resistencia térmica y propiedades
mecanicas [8]. Teniendo su aplicacion en la industria de armamento en la fabricacién de
chalecos antibalas, o en productos textiles resistentes al fuego, ademas de su aplicacion
en ingeniera en productos con alta resistencia a la corrosion quimica o la abrasién [9,10].
El policarbonato (PC) es otro polimero que se encuentra en esta subcategoria, el PC es
un polimero amorfo utilizado en ingenieria debido a su buena estabilidad térmica y
dimensional, ademas de su alta transparencia y buenas propiedades mecéanicas que
mantienen las piezas después del moldeo. Dando como nicho de aplicacion el sector de
la construccion, transporte, en aplicaciones de iluminacién o como reemplazo al vidrio
[11]. También se encuentra el polibutilén tereftalato (PBT); el PBT es un poliéster que
posee buenas propiedades mecanicas, elevadas velocidades de cristalizacion y
facilidad de moldeo, resistencia a la intemperie y a productos quimicos. Esto ha hecho
gue gane terreno en la fabricacién de fibras, en el sector automotriz con la fabricacion
de piezas, en el sector de ingenieria electrénica con la fabricacion de componentes
[12,13]. En la figura I.3. se puede observar la estructura quimica de estos polimeros de

ingenieria.
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Figura 1.3. Estructura quimica de polimeros de ingenieria.

Sectores especiales como el aeroespacial, microelectrénico, medicina,
energeético, o aviacion de alta velocidad donde se necesitan requerimientos especificos
como alta resistencia, buena estabilidad térmica, excelsa estabilidad dimensional y
retencion de propiedades mecanicas a altas temperaturas y a condiciones externas
adversas. Existe un pequefio grupo de polimeros, los denominados polimeros de alto
rendimiento, donde materiales como el poli(éter-éter-cetona) (PEEK), o poliéter imida
(PEI) son requeridos [14,15]. La estructura de estos polimeros de alto rendimiento se

puede observar en la figura 1.4.
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Figura 1.4. Estructura quimica de polimeros de alto rendimiento.

[.1.1.2. Polimeros de origen renovable no biodegradables

Como se citd en la seccién anterior, parte del aumento en la huella de carbono
generada por el uso de materiales poliméricos deriva en las emisiones de CO- resultante
de la produccién de estos polimeros cuya materia prima es de origen fésil. La busqueda
de reducir y/o eliminar la dependencia que se tiene del uso del petrleo como materia
prima ha provocado que el desarrollo de materiales poliméricos provenientes total o

parcialmente de materias primas renovables sea inminente.

Polimeros termoplasticos como el bio-polipropileno (bio-PP), bio-polietileno (bio-
PE), bio-polietilén tereftalato (bio PET), o bio-poliamida (bio-PA), entran en este grupo
de biopolimeros [16]. Estos biopolimeros tienen la ventaja de presentar las mismas
propiedades que sus homologos de origen petroquimicos, caracteristica que los hacen
una opcion llamativa desde el punto de vista industrial y ambiental, ya que, son una
alternativa viable a polimeros de uso comun, con un evidente menor impacto
medioambiental. A pesar de esto, dentro las caracteristicas que heredan de sus
homdlogos petroquimicos esta la incapacidad de biodegradarse en condiciones
controladas de compost. Esto se debe a que los monémeros que se utilizan para su
sintesis son los mismos, como es el caso del bio-PE, donde se utiliza un monémero
derivado del etileno, el cual se puede obtener por deshidratacion del bio-etanol que se
obtiene de la glucosa de productos como la cafia de azUcar o rabanos, en lugar de la
destilacion de productos petroquimicos [17]. Caso similar ocurre con el bio-PP el cual
se puede sintetizar de la deshidratacién del butileno del bio-isobutanol que se obtiene

de la glucosa [16].
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El aumento de interés por parte de la sociedad en el uso de estos biomateriales
se refleja en el crecimiento de su industria y produccién, donde se observa una mejora
constante en la tecnologia de sintesis, ayudando a que su disponibilidad en el mercado
aumente. Esto les coloca en una situacibn muy competitiva con sus homdélogos de
origen petroquimico, donde el precio volatil que tiene su precursor los coloca en una

ligera desventaja.

[.1.1.3. Polimeros de origen no renovable biodegradables

La incorporacion de materiales poliméricos biodegradables en la vida cotidiana
se ha convertido en una opcion factible para controlar los residuos sélidos generados
por el consumo de plasticos de origen petroquimico, ya gue muchos de estos residuos
terminan sus dias en vertederos, ya sean estos controlados o no. En esta categoria se
pueden encontrar varios tipos de materiales como poliésteres con estructuras alifaticas

0 aromaticas.

En general, los poliésteres alifaticos estdn compuestos por monémeros unidos
por grupos éster, estos grupos se pueden hidrolizar con facilidad, ademas, las enzimas
que degradan a estos polimeros se encuentran en casi cualquier organismo. Esto es de

gran utilidad ya que se puede biodegradar en cualquier ambiente bi6tico [18].

Dentro de los poliésteres alifaticos existen varios materiales que han ganado
relevancia como es el caso de la poli(e-caprolactona) (PCL) y el poli(acido glicélico)
(PGA), los dos materiales son termoplasticos semicristalinos con una alta cristalinidad
de aproximadamente un 50% que aparte de ser biodegradable, son biocompatibles con
el cuerpo humano, propiedad que les abre un gran abanico de oportunidades en
aplicaciones en sectores de la medicina y la biomedicina. El PCL y PGA se suelen
emplear en la fabricacion de dispositivos para el suministro contralado de
medicamentos, y al ser compatible con los tejidos se suele utlizar en suturas
reabsorbibles o en la fabricacion de soportes para la regeneracion de huesos o
ligamentos [19,20]. El envase y embalaje es otras de las areas de mayor empleabilidad
del PCL y el PGA como sustitutos a termoplasticos convencionales [21]. Ventajas como
la rapida degradacién y buenas propiedades barrera colocan al PGA como una buena
opcién para aplicaciones de vida Util corta o de un solo uso, como el envasado de

alimentos [22]. La estructura de estos materiales se puede observar en la figura I.5.
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Figura 1.5. Estructura quimica de poliésteres alifaticos de origen no renovable
biodegradables con alta cristalinidad.

El poli(butilén succionato) (PBS) y el poli(butilén succionato-co-adiapato) (PBSA)
cuyas estructuras se pueden observar en la figura 1.6., son biopolimeros que se han
comercializado desde hace varios afios, el PBS es un poliéster semicristalinos que
presenta buenas propiedades mecanicas y una buena procesabilidad muy similares al
polipropileno, lo que lo hace muy llamativo del punto de vista industrial, para
aplicaciones como el envase y embalaje o productos de usos cotidianos.
Tradicionalmente sus monémeros se obtienen del butanediol y acido succinico; en la
actualidad estos mondémeros se pueden obtener de la fermentacion de productos
agroindustirales [23,24]. EI PBSA es un poliéster que se sintetiza por la policondensacion
de butanediol, acido succinico y acido adipico. Este biopolimero llama la atencién debido
a su baja cristalinidad que le concede una alta biodegradabiliad por procesos
enzimaticos al compararlos con otros polimeros, ademas de su alta ductilidad y buena
resistencia quimica, propiedades que lo hacen apropiados para fabricacion de bolsas

compostables, productos de agricultura, “films”, entre otros [25].
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Figura 1.6. Estructura quimica de poliésteres alifaticos de origen no renovable
biodegradables con baja cristalinidad.

Adicional a los poliésteres alifaticos citados anteriormente, se encuentra el
poli(butilén adipato-co-tereftalato) (PBAT) que es el resultado de la copolimerizacién
entre monomeros alifaticos (poli(butilén adipato) (PBA)) y mondmeros aromaticos
(poli(butilén terftalato)(PBT)) (figura 1.7.). Este biopolimero tiene una baja cristalinidad y
buena procesabilidad lo que lo hace candidato a sustituir materiales como el polietileno,
ya que posee propiedades mecanicas (elevada ductilidad) y térmicas similares, ademas
de un alto caracter hidréfilo lo que lo hace adecuado para el sector del envasado de
alimentos (“films”) y en el sector agricola [26].

Es verdad que la capacidad que tienen estos biopolimeros de biodegradarse en
condiciones de compost ayuda enormemente con el control de desechos generados, no
obstante, no podemos olvidar el origen de su materia prima (origen fosil) y por lo tanto
el impacto medioambiental que esto genera. Actualmente esto se esta tratando de
mitigar con la posibilidad de obtener los mismos materiales a partir de recursos

renovables.

O/\/\/O O\/\/\O

O Oln m

Poli(butilén succinato-co-tereftalato)

-0

Polibutilén tereftalato

Figura 1.7. Estructura quimica de poliésteres aromaticos de origen no renovable
biodegradables.
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[.1.1.4. Polimeros de origen renovable biodegradable

De los grupos de biopolimeros mencionados anteriormente podemos concluir,
que a pesar de que su uso disminuye en algun porcentaje el impacto medioambiental,
ya sea cambiando el origen de su materia prima, es decir de productos derivados del
petréleo a productos derivados de recursos renovables, o debido a su capacidad de
biodegradarse; no podemos eliminar completamente la huella de carbono que se deriva

del uso de materiales poliméricos.

Para solventar estas carencias, se plantea un interesante grupo de biopolimeros
que presentan estas dos caracteristicas, es decir, su materia prima es de origen

renovable y tienen la capacidad de biodegradarse en condiciones de compost.

Dentro de estos polimeros naturales se encuentran los polisacaridos y proteinas,
polimeros derivados de la biomasa. Los polisacaridos mas abundantes son la celulosa,
el almidén, y la quitina o quitosano. Estos presentan una gran importancia en la industria
ya que contienen grupos funcionales polares, que pueden formar puentes de hidrégeno
al mezclarlo con otros polimeros (poliésteres, poliamidas, entre otros). Generalmente
son utilizados para la fabricacién de “films”, membranas e hidrogeles [27]. El almid6n es
un polisacéarido que se pude obtener de una gran variedad de fuentes como la cafa de
azucar, las patatas, remolacha, entre otras, razén por la cual genera una gran
abundancia de materia prima y por ende bajo costo. El almidén es el precursor de los
conocidos como almidones termoplasticos (TPS) y del poli(acido lactico) o acido
polilactico (PLA), uno de los polimeros con mayor presencia en diferentes areas

industriales, debido a su gran potencial.

Por otro lado, estan las proteinas que pueden ser de origen vegetal y animal. La
soja y el gluten son de las proteinas vegetales con mayor popularidad, debido en gran
manera a su bajo costo. La soja industrialmente se suele utilizar tanto en la fabricacién
de materiales termoestables o de polioles de soja, dandole una gran versatilidad en el
mundo de los materiales compuestos, 0 en sectores industriales en forma de adhesivos,
“films”y recubrimientos, aplicaciones que no requieren altas prestaciones [28]. El gluten
de trigo o gluten como se le conoce comunmente se obtiene de la planta del trigo y es
uno de los subproductos mas baratos y abundantes. Esta proteina presenta alta
viscosidad, elasticidad y capacidad de absorciébn de agua la cual hace que sus
propiedades a largo tiempo dependan de su contenido de humedad, lo que limita su uso

en ingenieria [29].
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Proteinas de origen animal como la gelatina y el colageno presentan una alta
biocompatibilidad, biodegradabilidad y muy baja antigenicidad. En si, el colageno
constituye la mayor parte de la estructura de tejidos como tendones, cartilagos o piel,
razén por la cual uno de sus mayores campos de aplicacion es la biomedicina. La
gelatina se obtiene de la hidrolisis parcial del colageno y tiene una gran presencia en el
sector alimentario, cosmético, farmacéutico y envasado biodegradable debido a su
biocompatibilidad, biodegradabilidad, propiedades viscoelasticas y presentar
caracteristicas como la transparencia o la carencia de olor y sabor [30].

Finalmente, se tiene un grupo denominado polimeros bacterianos, aqui se
encuentran los polihidroxialcanoatos (PHAS) y se refirieren a aquellos biopolimeros
sintetizados completamente por microrganismos en condiciones especificas (exceso de
carbono y bajas concentraciones de otros minerales) [31]. Propiedades como
biocompatibilidad, biodegradabilidad, buena resistencia a la luz ultravioleta, y su facil
procesado lo estdn colocando como posible sustituto al PLA. A pesar de esto sus
propiedades dependen mucho de la longitud de su cadena, la distancia entre el grupo
R y el enlace éster. Dentro de los mas utilizados podemos nombrar al poli(3-
hidroxibutirato) (P3HB) o (PHB) como se le conoce comunmente, el poli(3-
hidroxivalerato) (PHV), o el poli(4-hidroxibutirato) (P4HB), estos PHAs presentan
cadenas cortas (3-5 carbonos) (figura 1.8.) que los dotan de una alta rigidez y fragilidad,
factor que limita su uso en aplicaciones de alto rendimiento. PHAs con cadenas medias
(6-14 carbonos) como el poli(3-hidroxioctanoato) (P3HO) son elastomeros que
presentan una baja resistencia mecanica, o PHAs con cadenas largas (> 15 carbonos)

como el poli(3-hidroxipentadecanoato) [32].

Por desgracia, aunque estos materiales medioambientalmente son
practicamente perfectos, existen varios problemas relacionados a sus propiedades
guimicas, fisicas y mecanicas, ademas de su coste de produccion. Estas carencias han
abierto puertas para que grupos de investigacion dediquen sus esfuerzos a la mejora de
estas propiedades sin sacrificar su biodegradabilidad, con ansias de obtener materiales

gue puedan competir y sustituir a los convencionales.
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Figura 1.8. Estructura quimica de algunos polimeros de origen renovable biodegradables.

[.1.2. Polimeros termoestables

Los polimeros termoestables son otro de los grandes grupos que forma parte de
esta familia de los materiales poliméricos. Estos materiales a diferencia de los materiales
termoplasticos sufren un cambio quimico (polimerizacion o curado), es decir, pasan de
un estado liquido a un estado sdlido rigido al sufrir un proceso de entrecruzamiento. El
proceso de curado hace referencia a la formacién de estructuras tridimensionales por la
unién quimica de sus moléculas. El proceso quimico que se genera es irreversible, es
decir una vez formado la interconexién de las moléculas no se puede deshacer
térmicamente, provocando una descomposicion quimica y/o alteraciones en su
estructura al incrementar su temperatura, lo que por consecuencia hace imposible su

refundido y su posible reconformado (reciclado) [33].

Por desgracia, la gran mayoria de polimeros termoestables son derivados de
productos petroquimicos, lo que sumado a su incapacidad de reciclaje implica un
notable impacto ambiental. Esto conlleva un gran problema, tomando en cuenta que
cada vez se estd expandiendo su uso a ya no solo aplicaciones industriales, sino a
articulos cotidianos. A pesar de que en las ultimas décadas se ha logrado un avance en
el desarrollo de materiales termoestables de origen renovable, todavia no se alcanza a
el punto de ser comercialmente viable, debido al elevado coste y las limitadas

prestaciones que estos materiales ofrecen.

Dentro de los polimeros termoestables mas utilizados en la industria se
encuentran las resinas epoxi, resinas de poliéster insaturado, poliuretanos, fenol-

formaldehido, viniliésteres, entre otros.
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[.1.2.1. Resinas epoxi

Las resinas epoxi (EP) acufian su nombre debido a la presencia de grupos
oxirianos (al menos uno) en su estructura (figura 1.9), este grupo suele ubicarse
generalmente en los terminales de cadena, factor por el cual lo hacen altamente reactivo
[34]. Propiedades como alta resistencia quimica, buena estabilidad dimensional, alta
resistencia de adhesidn, excelentes propiedades mecéanicas y térmicas han marcado su
gran presencia en aplicaciones industriales como adhesivos, recubrimientos, electrénica
y materiales compuestos. No hay que olvidar una de las grandes desventajas que
presenta este tipo de resinas, su fragilidad debido a su alto grado de entrecruzamiento.

O

/N

Anillo oxiriano

Figura 1.9. Representacion esquemaética de la estructura de un anillo oxiriano.

Dentro las resinas epoxi mas utilizadas actualmente se encuentran las basadas
en diglicidil éter de bisfenol A (DGEBA) (figura 1.10.), diglicidil éter de bisfenol F (DGEBF)
y tetra glicidil metileno dianilina (TGMDA). En términos generales las propiedades del
sistema dependen de su peso molecular, donde resinas con bajo peso molecular suelen
ser liquidas y resinas con un peso molecular mayor suelen ser viscosas o sélidas. El
sistema epoxi se completa con la incorporacion de algun agente de entrecruzado o
endurecedor, este agente es el que en su mayoria influencia a las propiedades finales
del sistema, lamentablemente al igual que la resina, los agentes de entrecruzado con
mayor presencia en el mercado provienen de productos petroquimicos y presentan una
alta toxicidad previo a su curado, pudiendo causar dafio en la piel, ojos y pulmones. La
eleccion del agente de entrecruzamiento en general depende de los requerimientos de
procesado, con eso se tiene que los mas utilizados son de tipo amina, anhidridos,

acidos, por nombrar los principales [35].

Resina epoxi derivada del bisfenol A y el epicloroidrin (DGEBPA)

Figura 1.10. Representacion esquematica de la estructura quimica de una resina epoxi
DGEBPA.
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Resinas epoxi de alto rendimiento medioambiental

Con ansias de disminuir el uso de resinas epoxi de origen petroquimico, varios
avances se han conseguido en la formulacion de resinas epoxi derivada total o parcial
de origenes renovables, el uso de aceites vegetales (VOs) es de los recursos con mayor
auge para la formulacion de resinas termoestables, debido a su estructura, que presenta
insaturaciones (C=C) las cuales pueden ser modificadas y dotadas de grupos
funcionales especificos, siendo la epoxidacion una de las mas utilizadas, donde dichas
insaturaciones son convertidas en grupos oxirianos. Entre los aceites mas utilizados se
encuentran los de canola, palma, soja, ricino, lino, entre otros. Industrial y
comercialmente el aceite epoxidado de soja (ESBO), aceite epoxidado de ricino (ECO)
y el aceite epoxidado de lino (ELO) son los que tienen mayor presencia [36,37]. En la
figura 1.11. se puede observar las estructuras de estos aceites vegetales epoxidados. El
bajo precio y la abundancia de la materia prima es lo que los hace muy atractivos, pero
en muchos casos presentan propiedades mecanicas que todavia no pueden rivalizar

con resinas epoxi sintéticas.
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Figura I.11. Representacion esquematica de la estructura quimica de algunos aceites
epoxidados.
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A pesar de esto, el uso de estas resinas epoxidadas han encontrado un nicho
muy valioso como plastificantes, estabilizantes o como diluyentes reactivos [38,39].
Varias resinas epoxi sintéticas disponibles comercialmente tienen ya un contenido
parcial de origen renovable sin que este comprometa sus propiedades. Con esto se ha

logrado mitigar en cierto nivel la huella de carbono que causa el uso de estos materiales.

[.1.2.2. Resinas de poliéster insaturado

Las resinas de poliéster insaturado o resinas de poliéster (UP) como se le conoce
cominmente, se obtiene a través de la condensacién de acidos o anhidridos insaturados
y un dialcohol [40]. El bajo coste, la buena procesabilidad y las relativamente buenas
propiedades mecdénicas y quimicas, son caracteristicas que la han ubicado dentro de
las resinas comerciales con mayor uso en aplicaciones de uso comin como en la
fabricacion de piscinas, tanques de agua, sillas, o en aplicaciones de ingenieria en el
sector automotriz, naval y de aviacién. El balance que se tiene entre el coste y
rendimiento es quiza la mayor ventaja que se tiene con este tipo de resinas. Como en
las resinas epoxi, las propiedades finales van a depender del tipo de agente
entrecruzador (diacido o diol), catalizadores y aceleradores. En general el uso de
anhidrido maleico suele ser mayor, debido a su bajo costo, aunque las resinas de
fumarato y maleato suelen ofrecer una mayor densidad de entrecruzamiento [41], entre
los dialcoholes suelen estar el etileno glicol y polipropileno glicol. En la figura 1.12. se

puede observar la estructura quimica de una resina de poliéster insaturado.

O/\/Ol(\) k/\o n

Resina de poliéster insaturado

Figura 1.12. Representacion esquematica de la estructura quimica de una resina de
poliéster insaturado.
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Resinas de poliéster insaturado de alto rendimiento
medioambiental

En la actualidad el uso de compuestos de origen natural, como los carbohidratos
0 aceites vegetales se han utilizado como reemplazo a los reactivos sintéticos de las

actuales resinas de poliéster insaturado.

Como se menciond las resinas UP dependen del tipo de diacido que forma su
estructura principal, los diacidos de origen natural mas desarrollados son el acido
itacdnico, &cido succinico y el butaneidiol [42]. Otra estructura con gran potencial es la
de base isosorbida ya que posee una estructura de anillo biciclico y dioles quirales,
teniendo como ventaja que se puede obtener ya sea del almidén (hidrolisis enzimatica)

o del sorbitol (deshidratacion catalitica), [43].

De los problemas que desde el punto de vista industrial se tiene, es encontrar un
diluyente reactivo (RD) capaz de sustituir al estireno, ya que deberia poseer
caracteristicas como: baja viscosidad, buena compatibilidad con el prepolimero, ademas
de una capacidad suficiente para copolimerizar con las insaturaciones de los
prepolimeros. En este sentido, varios avances se han realizado, logrando con éxito
utilizar monémero derivados de acidos grasos acrilados y metacrilados, monémeros
aromaticos, levulinato de vinilo, entre otros. La limitante que se encuentra al sustituir al
estireno con alguno de estos compuestos es una baja temperatura de transicion vitrea

y bajas propiedades mecanicas [44,45].

[.1.2.3. Resinas de viniléster

Las resinas de viniléster (VE) son resinas que se encuentran formados por una
estructura principal y por dos terminales que pueden ser un acrilato o un metacrilato,
donde, para controlar su procesabiliad se suele utilizar diluyentes reactivos durante el
proceso de copolimerzacion. A pesar de ser consideradas como parte de las resinas
poliéster insaturado debido a que presentan un proceso de entrecruzamiento muy
similar, la verdad es que, su estructura principal se puede obtener a partir de resinas
epoxi, resinas de poliéster, por nombrar las principales, siendo las derivadas de resinas

epoxi la que tiene una presencia mayor en el mercado.

La resina derivada en diglicidil éter de bisfenol A y esterificada con &cido de
metacrilato son de las més utilizadas. Este tipo de resinas presentan excelente
resistencia quimica, razén por la cual se suele utilizar en la fabricacion de tuberias,
conductos, depuradores, entre otros. Ademas, presenta una relativamente buena

estabilidad dimensional, ligeramente menor a las resinas epoxi, pero superior a las
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resinas de poliéster insaturado, asi como una buena resistencia eléctrica [46,47]. Como
diluyente reactivo se suele utilizar el estireno debido a la facilidad y rapidez que
reacciona con endurecedores con funcionalidad acrilato o metacrilato. En la figura 1.13.

se puede observar la estructura de una resina derivada del bisfenol A y el epicloroidrin.

Resina vinil éster derivada del bisfenol A y el epicloroidrin

Figura 1.13. Representacion esquematica de la estructura quimica de una resina vinil
éster obtenida del bisfenol A y el epicloroidrin.

Resinas de viniléster de alto rendimiento medioambiental

Haciendo simil con las resinas presentadas anteriormente, las resinas de
viniléster también presenta una variante de origen ecoldgico, la ventaja que tiene este
tipo de resinas es que sus precursores son similares a los utilizados tanto en las resinas
epoxi, asi como en las resinas de poliéster. Dentro de los principales precursores se

encuentran productos lignoceluldsicos y aceites vegetales [48].

Los aceites vegetales han sido un punto clave en el desarrollo de resinas
termostables debido a la facilidad que tienen en ser modificados y dotados de grupos
funcionales especificos, en el caso de las resinas de viniléster el mas utilizado es el
aceite de soja, el cual debe ser funcionalizado por medio de la insercion de grupos
acrilatos 0 metacrilatos, este proceso se debe realizar subsecuente a un proceso de
epoxidacion. Otros de los aceites utilizados es el aceite de cardanol, este puede ser
modificado para obtener un entrecruzador o un diluyente reactivo. Ademas, se puede

utilizar la sacarosa, materiales lignoceluldsicos (furanos, isosorbida, lignina) [49,50].

Como se mencion6 anteriormente, se han presentado varias alternativas al
estireno como diluyente reactivo, entre estos se encuentra monémero de acidos grasos
acrilados y metacrilados siendo los principales los derivados de aceite de soja, cardanol,

furanos, asi como los derivados de la lignina [51].

[.1.2.4. Resinas fendlicas

Las resinas fendlicas (PF) son aquellas que se obtienen por la policondensacion

de compuestos fendlicos (m- cresoles, p-fenifenol, xilenol) con el formaldehido en un
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ambiente acido o basico como se puede observar en la figura 1.14. Las PFs desde su
descubrimiento se han utilizado en el sector automotriz, aeroespacial en la fabricacion
de elementos de alto rendimiento, en la fabricacion de adhesivos, en el sector de
procesamiento de madera, material eléctrico y computacion, debido a que presenta alta
resistencia mecanica, quimica y térmica, infusibilidad, e inflamabilidad, excelentes
caracteristicas de aislamiento y facil procesamiento. Sin embargo, estas resinas
presentan varias desventajas siendo una de las principales su alta fragilidad, asi como

la emanacion de fuertes olores durante el proceso de curado.

De la reaccién del fenol con el formaldehido se puede obtener dos clases de PF,
que puede ser de tipo resol o de tipo novolaca formandose cuando la relacion molar
fenol: formaldehido es mayor que 1 en condiciones basicas o cuando la relacion molar

fenol: formaldehido es menor que 1 en condiciones acidas, respectivamente [52,53].

H
O
2x + )]\ =
H H
CH \

3 CH:

m-cresol formaldehido resina fendlica

Figura 1.14. Reaccion quimica de condensacién para la obtencion de una resina fendlica
a través de un cresol y formaldehido.

Resinas fendlicas de alto rendimiento medioambiental

El esfuerzo de disminuir el uso de productos sintéticos, han hecho que se genere
innovacion en la sintesis de resinas fendlicas de origen natural, dentro de los
compuestos utilizados estan los derivados de la biomasa, encabezados por la lignina
(figura 1.15.), o el cardanol que es un subproducto del liquido de la cascara del anacardo

(CNSL), donde se suelen utilizar como sustitutos del fenol.
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Figura 1.15. Estructura de la lignina.

En la literatura se presentan varias investigaciones donde se aprovecha la lignina
como sustituto del fenol en la preparacién de resinas fendlicas de curado rapido, esto
se debe a que la su estructura (alcohol p-cumarico, alcohol coniférilico, y alcohol
sinapilico) es muy similar. Para que la lignina pueda ser utilizada se suele modificar con
el propésito de aumentar su reactividad. Varias técnicas suelen ser utilizadas como la
metilacion, fenolacién y desmetilacion, donde la desmetilacién es una de las mas
efectivas para obtener grupos hidroxilos fendlicos y disminuir el contenido de grupos
metoxilos [54,55].

La utilizacioén del cardanol para la preparacion de resinas fendlicas es de gran
relevancia debido a que gracias a la presencia de grupos fendlicos en su estructura se
pueden sintetizar resinas novolacas o resoles, al reaccionarlas con formaldehido. Con
esto se puede obtener resinas con buenas propiedades mecanicas, con alta dureza y
transparencia, o incluso una mejor estabilidad térmica. Estas propiedades pueden ser

similar o incluso mejores que las resinas fendlicas convencionales [56,57].
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La disminucion en el uso de formaldehido debido a los problemas de salud y el
efecto ambiental que este acarrea [58], han hecho que varias alternativas de origen
organico sean propuestos, entre estos esta el hidroximetilfurfural, el furfural, y la
vainillina. Estos compuestos se pueden obtener de productos ricos en carbohidratos y

celulosa [59].

|.2. Tecnologia del poli(acido lactico)

El poli(acido lactico) (PLA) o é&cido polilactico es un polimero termoplastico
perteneciente a la familia de los poliésteres alifaticos, este bioplastico es de los mas
relevantes y con mayor presencia a nivel comercial, debido en gran manera a que
presenta una buena procesabilidad semejante a los “commodities polymers”, buenas
propiedades mecanicas, ademas a que gracias a su estructura es biocompatible y
biodegradable.

Su mondmero iniciador es el &cido lactico, este se puede obtener por medio de
sintesis quimica de productos derivados del petréleo, o de fuentes completamente
renovables [22]. ElI PLA se puede obtener naturalmente de la fermentacion bacteriana
de productos ricos en almidén como la batata, maiz, patatas, cafia de azlcar,
remolacha, por nombrar algunos [60,61], dando como resultado una molécula de
estructura quiral presente en dos estereoisdmeros hombrados L(+)-acido lactico y D(-)-
acido lactico (figura 1.16) [62].

O

OH

CH,
L-acido lactico D-acido lactico

Figura 1.16. Estructura quimica de los isémeros del 4cido lActico.

La presencia de estos dos isomeros le da la capacidad al PLA a que su estructura
pueda ser facilmente modificada al controlar la mezcla de estos, pudiendo obtener

polimeros amorfos de alto peso molecular o polimeros cristalinos.

En general el PLA presenta tres formas isoméricas tipicas que dependen del

mondmero utilizado. El primero es el poli(L-acido lactico)(PLLA), el poli(D-acido
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lactico)(PDLA) y el poli(DL-acido lactico)(PDLLA), siendo los dos primeros Opticamente

activos y cristalizables, y el ultimo épticamente inactivo y no cristalizable [61].

1.2.1. Obtencidn del poli(acido lactico)

La sintesis del PLA se pude realizar por tres vias las cuales determinaran las
propiedades finales del mismo, la primera es a través de la policondensacion del acido
lactico, la segunda a través de la polimerizacién por apertura de anillo (ROP, ‘ing
opening polymerization”) de la lactida y la dltima es a través de la condensacién por
deshidratacion azeotropica. En la figura 1.17. se puede observar un esquema
representando las diferentes vias de obtencion del PLA.

La policondensacion del acido lactico es el método mas barato para la
produccién de PLA, el material resultante es un PLA de bajo peso molecular, fragil y
practicamente inutil en aplicaciones industriales. El bajo peso molecular es el resultado
del agua que se genera en el proceso y la dificultad en eliminarla debido a que la difusion
de la humedad en el polimero fundido es muy lenta, razén por la cual se debe utilizar
diferentes tipos de solventes, altas temperaturas y alto vacio para la eliminacién de esta.
La remocién de solventes en el sistema hace practicamente imposible la obtencién de
polimeros de alto peso molecular, factor por el cual es necesario la incorporacion de
agentes de acoplamiento y/o aditivos que ayuden a la esterificacion. Haciendo que se
encarezcay se complique el proceso de produccion, provocando que la practica de esta

ruta vaya disminuyendo [63,64].

Por otro lado, se tiene la sintesis atreves de la apertura de anillo de la lactida.
Este proceso es el mas utilizado industrialmente, ya permite obtener grados de PLA con
alto peso molecular (Mw>100000 g/mol). La clave de este método es el uso de lactida
(dimero ciclico) de un alto grado de pureza, la cual puede ser obtenida por medio de la
despolimerizacion catalitica del polimero (bajo peso molecular) producido por la
condensacién que posteriormente es purificado por un proceso de destilaciéon. Asi
finalmente, el PLA puede ser obtenido por la reaccién de apertura de anillo de ésta
lactida purificada a temperaturas por encima del punto de fusién de la lactida e inferiores
a la temperatura de degradacion del PLA [22,65]. Gracias a que el proceso de sintesis
tiene un mayor grado de control, es posible controlar de igual manera las propiedades
finales del polimero, pudiendo modificarlas y generar diferentes grados para

aplicaciones especificas.

El ultimo método de obtencién del PLA es por medio de la deshidratacién

azeotropica, método en donde el acido lactico y un catalizador se deshidratan
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azeotropicamente en un disolvente aprético de alto punto de ebullicion a reflujo, bajo

presiones reducidas. Por medio de este método se pueden obtener PLA de un peso

molecular superior a 300000 g/mol [66].
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Figura I.17. Representacion esquematica de las vias de obtencion del PLA.
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1.2.2. Propiedades generales del poli(acido lactico)

Las propiedades del PLA dependen de varios factores como el peso molecular,
la estereoquimica del monémero, la cristalinidad, etc. Donde la estereoquimica se puede
controlar a través de la polimerizacion de los isbmeros L-acido lactico, D-&cido lactico,
o D, L-&cido lactico para formar estructuras aleatorias, y el peso molecular se controla

a través de la adicion de compuestos hidroxilos, y de la pureza de la lactida.

El grado de cristalinidad en el PLA aumenta con el aumento de porcentaje del
isébmero (L-), asi, un PLA con un porcentaje mayor al 93 % del isémero (L-) son
semicristalinos. Un PLA completamente amorfo se obtiene cuando el porcentaje del
isébmero (L-) esta entre un 50 y 93 % o cuando el porcentaje del isémero (D-) es mayor
al 15 % [67,68].

[.2.2.1. Propiedades mecanicas

Como se coment6 anteriormente las propiedades mecanicas dependen en gran
manera de la estereoquimica del PLA, asi como de su grado de cristalinidad. Esta ultima
depende de la concentracion del isébmero (L-) asi como de la presencia de agentes

nucleantes, el tiempo y temperatura de procesado.

Un material con un mayor grado de cristalinidad presenta una mayor rigidez y
resistencia, por ende, un PLA semicristalino tiene una mayor resistencia, que esta
caracterizada por un elevado médulo de Young, una elevada resistencia a la traccion,
ademas de una baja capacidad de deformacion. Por otro lado, se tiene que un PLA
amorfo suele tener un comportamiento mas ductil representados por valores de médulo

menores pero un mayor alargamiento a la rotura.

En general, el PLA es un material muy rigido con un comportamiento fragil, una
baja resistencia al impacto, baja ductilidad y escasa capacidad de deformacién. En este
aspecto, varias investigaciones se estan llevando a cabo para superar estas carencias,

por medio de varias técnicas de modificacion.

.2.2.2. Procesabilidad

El PLA presenta propiedades muy similares a materiales termoplasticos clasicos
0 “comodities” como el poliestireno (PS), polipropileno (PP), o el polietilén tereftalato
(PET), factor por el cual facilita su procesado por diferentes métodos convencionales
como el moldeo por inyeccioén, extrusion, soplado, laminado, termoconformado, entre

otros. Esta caracteristica lo coloca en una posicion muy competitiva a nivel industrial.
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Al igual que los polimeros derivados de productos petroquimicos, este
biopolimero tiene limitaciones al procesarlo, como la degradacién que sufre al calentarlo
a altas temperaturas o a la cizalla. Ademas de que, es un material sensible al agua y
puede sufrir degradacién por hidrélisis, factor que hay que tener en cuenta antes de

procesarlo.

El tipo de PLA va a dictar la temperatura de procesabilidad, teniendo que para
un PLA amorfo la temperatura de trabajo tienen que ser superior a la temperatura de
transicion vitrea (Tg) y en el caso de un PLA semicristalino la temperatura tiene que ser
superior a su temperatura de fusién (Tn), con el propdsito de asegurar que los dominios
cristalinos sean fundidos [69]. Hay que tener en cuenta que antes de cualquier tipo de
procesado, el PLA debe secarse para eliminar o minimizar la humedad absorbida al
maximo, asi evitar la degradacion hidrolitica que puede sufrir durante la etapa de
fundido.

[.2.2.3. Propiedades térmicas

Al tener la capacidad de modificar su estructura (amorfo o semicristalino), se
tiene que parametros como la transicion vitrea (Tg) o la temperatura de fusion (Tm) tienen
mayor relevancia dependiendo el tipo de PLA. Donde para un PLA completamente
amorfo la Ty tiene mas importancia, ya a que grandes cambios con respecto a la
movilidad de sus cadenas ocurren por encima de este valor. Pasando de un estado
definido por un comportamiento fragil (< T4) a un comportamiento ddctil, hasta llegar a
la transicibn de un estado caucho a viscoso, hasta finalmente llegar a su

descomposicion (>300 °C).

Por otro lado, para un PLA semicristalino se tiene que tanto la transicién vitrea
(Tg) como la temperatura de fusion (Tm) son pardmetros que definen cambios fisicos
importante [70]. La T4 define la transicion de un comportamiento fragil a uno ddctil. Y la
Tm identifica el cambio desde un estado cristalino a un estado viscoso liquido, hasta

finalmente llegar a la temperatura de degradacion.

Generalmente un PLA presenta una Tg4 en el rango de los 50 a los 80 °C, una Tn,
entre el rango de 130 a los 180 °C y una temperatura de inicio de degradacion por
encima de los 190 °C [4,71].

[.2.2.4. Propiedades barreras

Actualmente uno de los principales usos del PLA es en aplicaciones de envase-

embalaje de alimentos, por lo que se hace necesario denotar las propiedades de barrera
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que este material posee. En general los polimeros biodegradables suelen tener
propiedades de barrera media- baja a los gases o vapores [72]. A pesar de esto, se tiene
que a temperatura ambiente el PLA presenta una mayor permeabilidad de CO; que un
PET, pero menores que un poliestireno cristalino, siendo mas notorio para PLASs con

alto grado de cristalinidad.

Otro factor que es determinante en la industria del envase-embalaje de alimentos
es la capacidad de permeabilidad que tiene el oxigeno a trevés del material, ya que este
es el causante de la oxidacion de los alimentos. En este aspecto se tiene que menor es
la capacidad de difusion del oxigeno cuanto mayor es el porcentaje de cristalinidad del
PLA, debido a que el ordenamiento de las cadenas dificulta el movimiento de las
moléculas de oxigeno. También tiene buenas propiedades barrera contra compuestos

organicos como el acetato de etilo y el D-limoneno [70].

Ademas, se tiene que al ser un material hidrofébico absorbe bajos porcentajes
de agua y presenta buena resistencia al contacto con la grasa, incluso mejor que el

polietileno de alta densidad.

1.2.2.5. Biodegradabilidad

De lo citado anteriormente tenemos que la biodegradacion de un material implica
la descomposicion de estos en CO,, metano, agua y biomasa. Este proceso ocurre por
medio de diferentes mecanismos como la hidrdlisis, oxidacion, o degradacién catalizada
por encimas. En el caso del PLA la biodegradacion ocurre en dos etapas, siendo la
predominante la descomposicion por hidrélisis, donde se produce una ruptura de los
grupos éster de las cadenas, produciendo una disminucién en el peso molecular del
polimero y obteniendo oligébmeros de bajo peso molecular capaces de disolverse y ser
asimilados por microorganismos, para transformarlos en CO, y agua, como se puede

observar en la figura 1.18. [73].

Asi como las propiedades mencionadas anteriormente, la biodegradabilidad
depende de la composicidén estereoquimica, en especial del grado de cristalinidad.
Teniendo que la degradacion hidrolitica que sufre un PLA con alta cristalinidad suele
ocurrir en grandes periodos de tiempo (varios meses o afios), y un PLA amorfo se suele

degradar en semanas.
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Figura 1.18. Representacion del proceso de hidrélisis auto catalitico del PLA.

1.2.3. Tecnologias de modificaciones del poli(acido
|actico)

La alta fragilidad, baja ductilidad, baja capacidad de alargamiento a la rotura,
entre otras, son carencias que han limitado el uso del PLA en varias aplicaciones. Esta
es la razon por la que en los Ultimos afios se han realizado varios trabajos centrados en
mejorar las propiedades del PLA. A continuacion, se va a detallar algunas de las

tecnologias de modificacion mas utilizadas actualmente a nivel industrial.

[.2.3.1. Mezclas fisicas “blend”

La modificacidbn de un polimero a través del mezclado fisico es uno de los
métodos mas sencillos y econémicos que se utiliza en la industria con el objetivo de
obtener un material con nuevas propiedades. Estas propiedades pueden ser
modificadas mediante la seleccidn de los polimeros constituyentes y/o dependiendo del

uso final que se le vaya a dar al material [74].

Las propiedades del nuevo material van a depender en gran medida de la
miscibilidad (homogeneidad) o inmiscibilidad (heterogeneidad) que tienen los polimeros

constituyentes. Teniendo en cuenta esto, las mezclas pueden llegar a ser
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completamente miscibles, parcialmente miscibles o inmiscibles. Las interacciones mas
comunes gque se generan en la fabricacion de las mezclas son los puentes de hidrogeno,
dipolo-dipolo, y las idnicas [75]. Por practicidad se suele realizar mezclas binarias o
ternarias con el objetivo de llevar un mejor control de las propiedades y por no complicar

la procesabilidad del material, factor que encareceria el producto final.

Una de las carencias que presenta el PLA es su baja tenacidad, con ansias de
mejorar esta propiedad se suele utilizar polimeros flexibles o blandos para la realizacion
de los ‘blends”. En un principio se utilizaban polimeros de origen petroquimico como el
polietileno (PE) [76], el acrilonitrilo-butadieno-estireno (ABS) [77], o el poliuretano (PU)
[78]. Pero debido a la concienciacion medioambiental con respecto al uso indiscriminado
de productos derivados del petréleo, se ha buscado utilizar biopolimeros, ya sean estos
de origen renovable o biodegradables. En este sentido, autores como Matta, et al. [79],
prepararon y caracterizaron mezclas con una matriz de PLA y poli(e-caprolactona) (PCL)
(un polimero biodegradable) a porcentajes variables (10, 20 y 30 %), donde se
observaron una inmiscicbilidad entre el PLA y PCL, caracterizados por la formacion de
esferulitas de la fase dispersa (PCL) en la matriz de PLA, a pesar de esto se pudo
observar un aumento de la elasticidad y viscosidad de la mezcla con el aumento del
porcentaje de PCL, ademas de acelerar la cristalizacion del PLA. Supthanyakul, et al.
[80], utilizaron poli(butilén succionato) (PBS) junto con PLA para la fabricacion de “films”
en presencia de un copolimero tribloque poli(L-lactida-b-butileno succinato-b-L-
lactida)(PLLA-b-PBS-b-PLLA) para mejorar la miscibilidad entre el PLA y PBS. De los
resultados se pudo observar que la presencia de (PLLA-b-PBS-b-PLLA) mejord la
miscibilidad, viéndose reflejado en el aumento de uniformidad de las superficies como
se observaron en las imagenes de AFM. Ademas, se observd que para una mezcla de
(80/20 %) (PLA/PBS) con un porcentaje de 3 phr de (PLLA-b-PBS-b-PLLA) disminuy6
su T4 a valores inferiores que el PLA (55 °C) y en términos de las propiedades mecénicas
se observo una disminucion del médulo de Young y un incremento en el alargamiento a
la rotura. Przybytek, et al. [81] prepararon formulaciones de polimeros completamente
biodegradables basados en PLA y en almidon termoplastico de patata (TPS) con aceite
epoxidado de soja (ESBO) como aditivo reactivo con el propésito de mejorar la
ductilidad. Acorde con los resultados presentados, se pudo concluir que la incorporacion
de ESBO provoco6 un efecto plastificante en la mezcla (PLA/TPS) siendo este mayor con
el aumento de porcentaje de ESBO. Esto provoc6 un aumento en la flexibilidad de las
mezclas, en el alargamiento a la rotura y en la resistencia al impacto, asi como una

ligera disminucion de la resistencia a la traccion.
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Para poder aprovechar de todo el potencial que tiene la mezcla de polimeros se
debe superar en muchos casos la baja o falta de miscibilidad que se tiene en el sistema,
esto se debe generalmente a la diferencia de polaridades (polar o no polar) de los
polimeros constituyentes. Para ello es muy comun el uso de agentes de acoplamiento
que suelen ser copolimeros injertados o en bloque cuya funcién es interactuar
gquimicamente con los polimeros del sistema. En general la doble funcionalidad que
tienen este tipo de aditivos suelen interaccionar entre los dos polimeros inmiscibles y

generar un puente entre los dos, asi incrementar su interaccion [17].

Ferri, et al. [82] realizaron un estudio con el fin de observar el efecto que tienen
diferentes agentes compatibilizantes en la miscibilidad de una mezcla binaria entre una
matriz de 4cido polilactico (PLA) y de polietileno de alta densidad biobasado (Bio-
HDPE), los compatibilzantes utilizados fueron el polietilén vinil acetato (EVA), alcohol
polivinilico (PVA) incorporados por medio de extrusion no reactiva y peréxido de dicumil
(DPC) incorporado por extrusion reactiva. La incorporacion de los diferentes agentes
compatibilizantes es facilmente perceptibles ya que se puede observar una mejora en
las propiedades ductiles (alargamiento a la rotura) y la tenacidad (resistencia al impacto)
de la mezcla (PLA/BioHDPE), al compararlo con las propiedades de la mezcla sin
compatibilizantes. Este efecto es mas notorio con el EVA, donde mejora la de interaccién
entre los dos polimeros es mayor, y se pudo evidenciar en el aumento de un 86 % y
63 % en el alargamiento a la rotura y resistencia al impacto, respectivamente. Debido a
gue el EVA presenta una mayor afinidad ya que posee dos co-mondmeros (etileno y
acetato de polivinilo) que por un lado interaccionan de mejor manera con las cadenas
del polietileno y por el otro reaccionan con los grupos polares del PLA. Ademas, se pudo
diferenciar una disminucion entre la formacién de la fase dispersa de BioP-HDPE en la

matriz, lo que es indicativo de una mejora en la interaccién PLA/BioHDPE.

Continuando por linea de investigacion de mezclas binarias de origen renovable
se tiene que Ferri, et al. [83] utilizaron aceite maleinizado de lino (MLO) en una mezcla
de PLA y almidén termopléstico (TPS) que posee un contenido de poliéster
aliftico/aroméatico. En un inicio se observo que la mezcla a pesar de que presenta una
baja miscibilidad tiene un incremento de alargamiento a la rotura y una mejora en la
resistencia al impacto al compararlo con el PLA. La incorporacion de bajos porcentajes
de MLO (6 %) muestran una increible mejora en estas propiedades llegando a ser hasta
de un 500 % mayor en el caso de la resistencia al impacto, al compararlo con el PLA
virgen. Este efecto que se relaciona directamente con el aumento de interaccion entre
los dos polimeros, adicional al efecto compatibilizante se puede observar un ligero

efecto plastificante, marcado por la disminucion de la temperatura de transicion vitrea,
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debido a que el MLO reacciona con relativa facilidad con los grupos (-OH) presentes en

los terminales del PLAy en el TPS.

[.2.3.2. Plastificacion

La plastificacién es entre otras, una de las vias que se tiene para mejorar el
rendimiento del PLA de una manera econdmica. El objetivo de la incorporacion de un
agente plastificante dentro del sistema es ayudar a la movilidad de las cadenas, con
esto se busca mejorar la flexibilidad y la ductilidad del polimero, asi como facilitar su
procesamiento, debido a la disminucién de la viscosidad y su indice de fluidez. Esto es
posible ya que la funciéon del plastificante es interrumpir la formacion de enlaces entre
las cadenas del polimero produciendo que estas se separen y se facilite su movimiento,
a la vez que las moléculas del plastificante generen enlaces con la matriz. Varios
agentes plastificantes como el poli(etilén glicol) (PEG), glicerol triacetato, ésteres de
acidos grasos, aceites vegetales epoxidados, oligdbmeros de acido lactico, entre otros,

han sido utilizados con el fin de disminuir la fragilidad que tiene el PLA.

Wang, et al. [84] formularon mezclas de PLA con PEG como agente plastificador
con una relacién (PLA/PEG) (100/0, hasta 50/50). En base a los resultados obtenidos
para muestras con un porcentaje superior al 10 % de PEG se puede diferenciar dos
fases cristalinas, denotando la poca miscibilidad entre estos dos elementos. A pesar de
esto, se aprecia una mejora en las propiedades ductiles del material, confirmando la
actuacion del PEG como plastificante del PLA. Esto se expone de mejor manera en el
claro aumento de la capacidad de deformacion y la disminucién del médulo de Young
gue se observaron en las muestras. Burgos, et al. [85] estudiaron el uso de un oligébmero
de &cido lactico (OLA) en porcentajes que van del 5 % al 20 %. Donde se report6 el
efecto que tiene un OLA en peliculas obtenidos a través de mezcla por fundido y
posteriormente por moldeo por compresién. Se pudo apreciar el efecto plastificante que
tiene el oligdbmero en la matriz de PLA, se identific6 por un lado la disminucion de los
valores de modulo elastico y la resistencia a la traccion, y, por otro lado, se pudo
observar un notorio aumento en el alargamiento a la rotura pasando de un 4 % del PLA
virgen hasta un 200 % aproximado con un 15 % de OLA. Asi también, se tuvo que los
valores de T4 paso de 63 °C del PLA virgen a 50 °C de la mezcla con un 15 % de OLA.
Ademas, de que con esta formulacién se obtuvo un aumento increible en la tenacidad
(resistencia al impacto) donde aumento casi un 200 % en comparacion con el PLA

virgen.
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Dentro de otra linea de plastificantes se encuentran los basados en aceites
vegetales (VOs), estos han llamado la atencién debido a que su materia prima se
encuentran en abundancia y a que generalmente suelen ser extraidos de desechos
agroalimentarios (biomasa), ademas de que no afectan propiedades como
biodegradabilidad y biocompatibilidad que tiene el PLA. En este contexto se encuentran
varios trabajos interesantes, como es el caso del presentado por Bouti, et al. [86] que
comparo el efecto que tiene el aceite epoxidado de girasol (ESO) y el aceite epoxidado
de soja (ESBO) como plastificante del PLA, para esto se vario el porcentaje constitutivo
de estos dos plastificantes de 10 al 40 %. En general se pudo observar una marcada
tendencia de incremento de la ductilidad de los dos materiales, disminuyendo a su vez
su fragilidad. Esto se ve reflejado en la disminucion de los valores de modulo, asi como
el aumento en el alargamiento a la rotura. Este efecto es mas notorio en las mezclas
plastificadas con un 20 % ESBO, que llega a ser hasta un 570 % mayor que el PLA
virgen. Este efecto se debe a que el plastificante provoca una disminucién de los enlaces
intermoleculares entre las cadenas de la matriz y sustituyéndolos por puentes de
hidrégeno que se forman entre el ESBO y el PLA como se pudo observar por los
ensayos FTIR. A pesar del efecto positivo que se tiene en las propiedades mecanicas,
no se puede decir lo mismo de la temperatura de transicion vitrea, siendo el caso que

solo se observé una ligera disminucién al compararlas con el PLA virgen.

Hay que tener en cuenta que la eficacia del plastificante deriva de la estructura
molecular del mismo, asi como la compatibilidad que tenga con el polimero base, es
decir la capacidad de solubilidad en este. Si la compatibilidad entre el plastificante y
polimero base es baja o la cantidad utilizada sobrepasa la capacidad que puede admitir
este, se puede producir un efecto anti-plastificante que va a producir la aparicién de una
fase dispersa resultado de la ausencia de la formacion de enlaces, provocando asi un
efecto concentrador de tensiones lo que es contraproducente para las propiedades

finales del polimero.

1.2.4. Compuestos con base de poli(acido lactico)

Los materiales compuestos o “‘composites” son una de las piedras angulares en
el desarrollo de la industria de polimeros. Su aplicacién en productos convencionales es
casi tan habitual como el uso de materiales puros. El concepto basico de un material
compuesto es la union de un material base o matriz que dota de una fase continua y un
relleno que va a formar una fase dispersa, todo esto con la finalidad de obtener un nuevo

material con propiedades diferentes a sus partes constitutivas.
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En la industria de los polimeros el enfoque por el cual la incorporacion de cargas
o rellenos en una matriz polimérica es empleado son muy variadas, empezando por la
modificacion de propiedades: mecdnicas, térmicas, barrera, para que actien como
agentes nucleantes y asi aumentar su cristalinidad o como en la mayoria de los casos
para abaratar costes. Las propiedades finales del material compuesto van a depender
de varios factores como la naturaleza del relleno (organico o inorgénico), dimensiones
(particula o fibra), el volumen en peso incorporada, la distribucion de la carga en la
matriz, el direccionamiento de la carga, y la calidad de cohesion entre el relleno y la

matriz.

Se han presentado estudios donde se utiliza particulas inorganicas como relleno
como es el caso de MgsSisO10(OH). 0 talco como se le conoce comunmente para la
fabricacion de materiales compuestos con una matriz de PLA. La incorporacion de este
tipo de rellenos ayuda a sobrellevar la baja velocidad de cristalizacion que tiene el PLA
[87]. El incorporar particulas inorgéanicas en la estructura en cantidades relativamente
bajas actian como agentes nucleantes, incrementado la cristalinidad lo que dota de una
mayor estabilidad térmica si se compara con el PLA virgen. Este resultado es de gran
valia ya que una de las desventajas del PLA es su poca estabilidad térmica. A pesar de
la mejora en la estabilidad térmica, la incorporacion del talco suele perjudicar a sus
propiedades mecéanicas disminuyendo su resistencia a la traccion y elongacién a la
rotura, debido al efecto de concentracidn de tensiones que genera la poca interaccion
gue tiene estas particulas con la matriz [88]. Un efecto similar sucede al incorporar
carbonato de calcio, donde se observa que la presencia del relleno intensifica la
cristalizacion en frio, reflejandose en la disminucion la temperatura de cristalizacion en
frio, disminuyéndola alin mas cuando se incrementa su contenido. El efecto nucleante
que genera estas particulas esta relacionado a la cantidad de carga incorporada y a su
dispersion, ya que se ha observado una disminucion en la cristalizacion en grandes
cantidades de cargas o por la formacién de aglomerados. Para evitar esto y mejorar su
dispersion se suelen realizar tratamientos superficiales, como por ejemplo el uso de

acido estearico [89].

Tomando en cuenta que una de las principales aplicaciones que tiene el PLA es
el envase- embalaje de alimentos, se han realizado estudios donde se incorpora nano
particulas de didxido de titanio (TiO2), debido a que este compuesto presenta buena
resistencia ante la radiacién UV, buenas propiedades antibacterianas, baja toxicidad y
buena biocompatibilidad. Se ha observado que la adicién del TiO, a pesar de no producir
grandes cambios en las propiedades del PLA dota de un ligero aumento en la

degradacion térmica. Sin embargo se pudo observar que la presencia del diéxido de
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titanio disminuye considerablemente la cantidad de sustancia polimérica extracelular,
influenciando esto en el tamafo de las bacterias [90]. Cabe mencionar que el efecto
antibacterial que proporciona el diéxido de titanio aumenta con el aumento de la carga
de este compuesto, ademas de que depende del tamafio, forma y area superficial de las
nano particulas; teniendo que nano particulas con grandes areas superficiales

presentan mayores propiedades antibacterianas [91].

Debido a la gran relevancia que ha tenido el PLA en el area de la biomedicina,
varios tipos de relleno con base de calcio se han utilizado, como es el caso hidroxiapatita
(HA). Estas particulas inorganicas llaman mucho la atencién ya que presentan buena
compatibilidad con estructuras éseas, debido a que poseen caracteristicas similares a
los huesos, y suelen ser utilizadas para tratamientos de regeneracion de huesos. La
buena afinidad que se genera resultante de la reaccién quimica de sus grupos polares
(PLA-HA) y a la buena interaccion fisica debido a la alta porosidad de la HA, da origen
a un material altamente rigido, ademas de una reducida capacidad de absorcion de
energia en condiciones de impacto. Siendo este efecto més intenso cuando el

porcentaje de carga es mayor [92].

[.2.4.1. Compuestos con refuerzos lignoceluldsicos

La alta demanda de materiales amigables con el medioambiente ha provocado
que se busque una alternativa a los refuerzos sintéticos utilizados en la industria de los
polimeros. Los materiales lignocelulésicos son atractivos para su uso industrial debido
a que presentan varias ventajas empezando por que su origen es totalmente natural y
su fuente es renovable, lo que derivaba en un costo menor y alta disponibilidad, ademas
de presentar alta resistencia especifica. Este tipo de relleno se suele utilizar en forma
de harina o en forma de fibra. En general un compuesto lignoceluldsico esta constituido

principalmente de celulosa, hemicelulosay lignina.

La celulosa (figura 1.19.) suele ser el mayor constituyente de la estructura, y es
un polimero de condenacioén lineal que consta de tres grupos hidroxilos (-OH) de los
cuales dos forman enlaces (puentes de hidrégeno) dentro de la molécula y la otra forma
enlaces con otras moléculas de celulosa. Las propiedades mecanicas van a depender
del tipo de celulosa que lo constituyen (tipo | o tipo Il) ya que cada una tiene su propia
geometria, siendo su principal funcién dar resistencia, rigidez y estabilidad a la carga,
[93,94]. La hemicelulosa comprende un grupo de polisacaridos que se asocia a la
celulosa después de la eliminacion de la lignina, en este grupo se excluye a la pectina.

Este compuesto contiene diferentes unidades de azlcares, su cadena presenta un alto
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grado de ramificaciones, y presenta un grado de polimerizacibn mucho menor que la
celulosa [95]. La lignina es un polimero complejo que consta de hidrocarburos complejos
con componentes alifaticos y aromaticos, estd constituido por tres unidades de
repeticién fenilpropanos llamados guayacil-propano, siringil-propano y p-hidroxi-fenil-
propano. Este compuesto tiene una gran variedad de grupos funcionales hidroxilos y
carboxilos [96]. Generalmente la lignina suele dotar de un incremento de propiedades

mecanicas térmicas y suele retrasar la oxidacion.
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Figura 1.19. Representacion de la estructura de la celulosa.

Los rellenos lignocelulésicos ademés de reducir la huella de carbono presentan
varias ventajas como buenas propiedades térmicas y biodegradabilidad. Del punto de
vista de produccion reduce el desgaste de las herramientas, asi como de reducir

problemas respiratorios a operarios.

El uso de rellenos lignocelulésicos o “biofillers” ha llevado al desarrollo de los
llamados “Wood plastic composites (WPC)”, este término hace referencia a la
fabricacion de elementos que combinan una matriz polimérica (termoplastica o
termoestable) con una carga derivada de la madera, generalmente en forma de
particula. El objetivo de este tipo de materiales es la obtencién de productos con
apariencia de madera con propiedades balanceadas y con un alto contenido de origen
organico [97]. En las ultimas décadas su produccion ha ganado el interés de varios
investigadores, debido en gran manera al extenso desarrollo de los biopolimeros, ya
gue es factible combinar una matriz polimérica de origen organico como es el caso del
PLA con alguna carga natural y asi obtener compuestos altamente respetuosos con el
medioambiente y con propiedades comparables a materiales convencionales. Como
sucede con los rellenos sintéticos, uno de los objetivos de su incorporacion es mejorar
propiedades de la matriz (generalmente propiedades mecanicas y térmicas), y a su vez
abaratar el precio del producto final que visto del punto de vista industrial es beneficioso.
Como se menciond anteriormente, las similitudes que tiene el PLA a materiales

termoplésticos convencionales hacen posible que la fabricacion de los WPC con base
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de PLA sea mas sencilla, las principales técnicas de fabricacion son el moldeo por

extrusion, inyeccion, moldeo por compresién o termoconformado.

Teniendo esto en cuenta Borysiuk, et al. [98] estudiaron el efecto que tiene el
tamafio de un relleno de corteza de arbol en altas cantidades concentracion (40, 50 y
60 %) en una matriz de PLA en la conformacién de un material compuesto, Este material
fue fabricado por medio de extrusién seguido de termoconformado, obteniendo
muestras con dimensiones uniformes. En general se pudo determinar que el tamafio de
particula tiene un efecto importante en las propiedades mecénicas, siendo el caso de
los compuestos cargados con particulas grandes presentan un mejor comportamiento
mecanico. Se pudo determinar también que el compuesto tiene propiedades mecanicas
balanceados con un 40 % porcentaje de cargas indistintamente del tamafio de la
particula. El incremento en el porcentaje de carga hasta los 60 % llevan a una
disminucion en las propiedades resistente acentuadas con particulas de un tamafio

menor.

En un principio las cargas lignoceluldsicas se limitaban al uso de desechos
provenientes Unicamente de la industria maderera como es el caso del serrin o corteza
de madera, hoy en dia esta area ha aumentado su aplicabilidad a residuos o desechos
provenientes de la industria agroalimentaria. En este sentido investigadores como
Balart, et al. [99] desarrollaron un biocompuesto con base de &cido polilactico (PLA) con
un relleno de harina de cascara de avellana (HSF) a través de moldeo por inyeccion.
Acorde con los resultados presentados se puede observar que la incorporacion de la
HSF provoca discontinuidades en la matriz de PLA, debido a la poca interacciéon que
tiene el PLA con la carga. Esto repercute directamente en las propiedades mecanicas,
ya que la usencia de interaccion evita la correcta transmision de esfuerzo lo que termina
produciendo un efecto de concentracion de tensiones, a pesar de esto se observa que
la HSF promueve la cristalizacion del PLA debido a un efecto nucleante lo que ayuda a
la estabilidad dimensional de los compuestos, asi también aumentando su rigidez siendo
més acentuado este efecto cerca de los 100 °C. Quiles-Carrillo, et al. [100] fabricaron
compuestos con base de PLA y harina de cascara de almendra (ASF) donde se afiadio
aceite maleinizado de lino (MLO) como plastificante por medio de extrusion reactiva. Se
pudo observar que al incorporar elevadas cantidades de ASF en la matriz de PLA
incrementa la dureza de los compuestos, a su vez reduce la ductilidad y la estabilidad
térmica. Al afadir pequefias cantidades de MLO (<5 phr) aumenta las propiedades
ddactiles, térmicas y termomecanicas de los materiales, debido a un doble efecto
(plastificante-compatibilizante) que produce el MLO, lo que ayud6 a que se mejora la

interaccion entre las particulas de ASF y la matriz de PLA.
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A pesar de que los “biofillers” abren una puerta al desarrollo de compuestos
amigables con el medioambiente, presentan varias desventajas como es su alta
hidrofilidad, que suele ser la causante de la poca compatibilidad con la mayoria de las
matrices termoplastica. Como se observé anteriormente, a pesar de que la conformacion
de WPC es factible, el decaimiento de sus propiedades es el resultado de la baja

compatibilidad entre el relleno y la matriz.

Compatibilizacién

Se demostr6 que el mayor problema que tienen los “Wood plastic composite” es
la poca interaccion que se genera entre los compuestos lignocelulésicos y la matriz
termoplastica. Por un lado, se tiene que la mayoria de los termoplasticos utilizados entre
estos el PLA tienen caracter hidrofobico. Por otro lado, se tiene que las cargas
lignocelulésicas poseen una naturaleza altamente hidréfila debido a la gran cantidad de
grupos hidroxilos (-OH) presentes en la celulosa y en la hemicelulosa. Esto ademas
facilita la formacién de aglomerados debido a los puentes de hidrégeno que se generan
durante su procesado, dificultando su dispersion en la matriz produciendo que las

propiedades mecéanicas sean menores [95].

Varios enfoques se han propuestos con el fin de aumentar la afinidad entre los
‘biofillers” y matrices poliméricas. Industrialmente se suelen realizar modificaciones
quimicas a la carga con el propésito de reducir el caracter hidréfilo que tienen estos
compuestos naturales. Las modificaciones son de caracter permanente y ademas de
reducir la capacidad de absorcion de agua, los tratamientos proveen de una mayor
estabilidad dimensional a la carga. Es bien conocido que componentes como la
hemicelulosa es de los constituyentes con un marcado caracter amorfo, inestable e
hidrofilo, asi que varios de estos tratamientos se basan en la remocion de este

compuesto [101].

Dentro de las modificaciones mas comunes esta el mercerizado y el acetilado.
El mercerizado es un tratamiento que consiste en sumergir los compuestos
lignocelulésicos en una solucién de hidroxido de sodio (NaOH) como se observa en la
figura 1.20. A través de esta modificacion se logra eliminar algunos componentes no-
celulésicos como la hemicelulosa, la lignina, e impurezas, que cubren a la celulosa. Asi,
tenemos que al eliminar estos compuestos resulta en un aumento de los grupos
hidroxilos (-OH) de la celulosa lo que produce un aumento de la rugosidad, que
desemboca en un aumento del &area superficial y por consecuencia aumenta la

capacidad de un entrelazamiento mecanico de la carga con el PLA [102,103].
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lignocelulésicas OH-Na* +H,O

Figura 1.20. Representacion del proceso de mercerizado de refuerzos lignocelulésicos.

La acetilaciébn es otro de los procesos por el cual se logra disminuir la
hidrofilicidad de las cargas ligonoceluldsicas. Este tratamiento se basa en la introduccion
de un grupo funcional acetilo en la estructura en lugar de los grupos hidroxilos través de
un proceso de esterificacion, como se puede observar en la figura 1.21. Al igual que el
proceso de mercerizacion, este proceso aumenta la rugosidad de la superficie de la
carga lo que facilita el anclamiento con la matriz. El tratamiento consiste en sumergir la
carga en una concentracion de anhidrido acético, donde se produce acido acético como
subproducto de la reaccion. Debido a que tanto el acido acético como el anhidrido
acético presentan una baja reactividad con las cargas naturales, se suele realizar un
pretratamiento con &cido acético, seguido del tratamiento con anhidrido acético, para

finalmente ser lavadas con agua destilada [104].

particulas
lignoceluldsicas

OH + CH; —-C(=0) -0 -C(=0) —-CH;

particulas
lignocelulésicas

OCOCH; + CH,;COOH

Figura 1.21. Representacion del proceso de acetilado de refuerzos lignocelulosicos.
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Otra via de modificacion es la incorporacion de agentes de acoplamiento, estos
agentes de acoplamiento suelen tener dos funcionalidades. La primera es reaccionar
con los grupos hidroxilos presentes en la celulosa de la carga y la segunda es reaccionar
con los grupos funcionales de la matriz. Existen varios tipos de agentes de acoplamiento

entre estos estan los derivados de silanos.

La silanizacion es un tratamiento que se basa en la incorporacion de una
molécula multifuncional con estructura R-Si-X, donde “R” corresponde al grupo alkoxi
(grupo silicofuncional), y “X” es el grupo organofuncional. La efectividad de la
silanizacion radica en que las moléculas de silanos tienen una doble funcionalidad. El
grupo organofuncional reacciona con la matriz y el grupo silicofuncional que reacciona
con la superficie de la carga. Para esto, el grupo alcoxi silanos (grupos silicofuncional)
de la molécula deben ser previamente hidrolizados para la formacién de silanoles. Estos
silanoles interaccionan fuertemente con los grupos hidroxilos de la superficie de la carga
a través de puentes de hidrégeno. Esta interaccion produce que se disminuyan el
ndamero de grupos hidroxilos presentes en la superficie de la carga, lo que a su vez
disminuye su capacidad de interactuar con el agua, desembocando en una mejora en la
adhesion con la matriz. Finalmente se produce una reaccion de condensacion entre la
superficie de la carga y los grupos silanoles por medio de la formacién de enlaces
covalentes, obteniendo una capa de polixiloxano anclada a la superficie de la carga
lignocelulodsica [105]. En la figura 1.22. se puede apreciar un esquema donde se detalla

el proceso de silanizacion de un refuerzo lignocelulésico.

La eleccion del grupo organofuncional de silanos dependera del tipo de matriz
gue se utilice, ya que de esto dependera de que sea quimicamente compatible y asi
poder establecer un enlace estable entre la carga y la matriz. Los grupos
organofuncionales de silanos suelen ser de tipo amino, mercapto, glicidoxi, vinil o
metacriloxi [106]. En la tabla 1.1 se puede observar alguno de los grupos

organofuncionales mas utilizados, con sus respectivas matrices.

Tabla I.1.Silanos: grupos organofuncinales con sus respectivas matrices poliméricas.
Adaptado de Xie, et al. [106].

Organofuncionalidad Matriz
Epoxi
Polietileno
Amino Poliacrilato
PVC

Caucho butilico
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Polietileno
Vinil Polipropileno
Poliacrilato
Metacri Polietileno
Poliéster
Mercapto Caucho natural
PVC
Epoxy
Glicidoxi Caucho butilico
Polisulfuro
Clorino Polietileno
PVC
Alll Polietileno
Caucho natural
o) TN e :
- :/\Si\/\/o\/Q hidlj;;?sis :{?WO¢\ +  3CHOH

alcoxisilinano hidrolizado
silano con funcionalidad glicidil

tratamiento

OH OH OH OH OH

proceso de adhesion de los silanosJ

condensacion

O:g
o
—_—
secado )
+ 3 H,0O
si
7N
OH OH OH
N\
o]

_A

Si

7

OH OH OH OH OH O O OH OH

Figura 1.22. Esquema del proceso de silanizacion de refuerzos lignocelulésicas.
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La eficacia de este tipo de agentes de acoplamiento se ha observado en trabajos
como el presentado por Qian, et al. [107] donde estudiaron el efecto que tiene diferentes
concentraciones de trietoxivinilsilanos en las propiedades finales de biocompuestos
basados en PLA y reforzados con “hanowhiskers” de bambu, donde para obtener
mejores resultados en el tratamiento con silanos todas las particulas fueron previamente
sometidos a un tratamiento de mercerizado y de blanqueado. Los resultados de FTIR
demuestran la correcta condensacion de los silanos con la superficie de las particulas
de bambd, lo que mejord la compatibilidad entre estas y la matriz de PLA. Esto se ve
reflejado en varias de sus propiedades, empezando por las propiedades mecanicas
donde se observé que los compuestos presentan un aumento de resistencia ademas de
un aumento considerable en el alargamiento a la rotura de aproximadamente un 100 %,
debido al efectivo trabajo que realizaron los silanos como agentes de acoplamientos lo
que permite la correcta transmisién de esfuerzo. O como el presentado por Lee, et al.
[108] que estudiaron el efecto que tienen los silanos con funcionalidad amina en el
tratamiento de particulas de madera y talco en la fabricacién de compuestos con PLA,
para esto se vari6 el porcentaje de de silanos en 1 wt % y 3 wt %. Se pudo observar que
el tratamiento con silanos condujo a una mejora en la resistencia térmica, llevando su
temperatura de degradacion a temperaturas mas altas para el caso donde se utilizé una
concentracion de 1 wt % que los que contenian una concentracion de 3 wt % de silanos.
Se observ6 también que la incorporacién de 1wt % en compuestos mixtos con harina de
madera y talco disminuyé su cristalinidad, ademas de mejorar el médulo y la resistencia

a la traccion.

Otra de las rutas de mejorar la interaccién entre compuestos lignocelulésicos y
la matriz de PLA es la preparacion y el uso de PLA modificado como por ejemplo con
anhidrido maleico (MAH) (MAPLA) como agente compatibilizante. Esta modificacion se
suele realizar a través de extrusion reactiva y se ha reportado que el nUmero de grupos
AM enlazados con el PLA aumenta con la cantidad de AM, asi como su efectividad. Una
representacion de este proceso se puede observar en la figura 1.23. Resultando en un
aumento en la resistencia y en la calidad del refuerzo que proporciona la carga en la
matriz, debido a la mejora en la interaccion entre relleno y matriz lo que permite una
correcta transmision de esfuerzos, por la reaccién entre los grupos AM con los grupos

hidroxilos de la carga lignocelulésica [109].
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PN

Figura 1.23. Esquema del proceso de reaccion entre un refuerzo lignocelulésico y un PLA
modificado con anhidrido maléico (MAgPLA).

Los isocianatos se han establecido como buenos agentes compatibilizantes,
donde producen una mejora en las propiedades mecanicas, asi como una disminucion
en la capacidad de absorcion de agua de los compuestos. Con estos agentes
compatibilizantes los grupos [-N=C=0] reaccionan con los grupos hidroxilos de la
celulosa y forma enlaces covalentes. En compuestos basados en PLA, los isocianatos
reaccionan con los grupos hidroxilos o carbonilos del PLA, asi como con los grupos
hidroxilos del almidén de maiz para formar enlaces de uretano. A pesar de esto, estos
agentes compatiblizantes tienden a hidrolizar en presencia de humedad, por lo que se
limita su aplicacion. Los compuestos mas utilizados (tabla 1.2.) son el diisocianato de
metilendifenilo (MDIC), polimetileno polifenil isocianato (PMPPIC), tolueno 2,4-
diisocianato (TDIC) y diisocianato de hexametileno (HMDIC) [110].
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Tabla |.2. Agentes de acoplamiento isocianatos para biopolimeros. Adaptada de Ghaffar,
et al. [110].

Compuesto Estructura

Diisocianato de
metilendifenilo
Polimetileno
polifenil isocianato ‘
(PMPPIC) O——C——N

n

CH,
Tolueno 2,4- N=—=C=—=0
diisocianato

(TDIC)

Diisocianato de o C—N

hexametileno P
(HMDIC) N=C=0

N=—-C=—=0

También se ha observado que agentes de acoplamiento reactivos como el N, N-
(1,3-fenileno dimaleimida) (BMI) o el 1,1-(metilendi-4,1-fenileno)bismaleimida (DBMI)
aumentan la interacciébn entre compuestos lignocelulésicos y matrices de PLA,
mostrando una fuerte adherencia de las particulas a la matriz y por consecuencia se

observa un aumento en la rigidez, resistencia y capacidad de deformacion [111].

[.2.4.2. Compuestos con fibras de refuerzo.

La incorporacion de fibras en matrices de PLA es otra de las alternativas que
industrialmente se utiliza para sobrellevar las carencias que presenta este material. De
manera similar como ocurre con particulas se puede mejorar propiedades mecanicas,
térmicas o sobrellevar la pobre capacidad de cristalizacion. Las fibras presentan algunas
ventajas a comparacion de los rellenos en forma de particula, ya que no solo pueden
promover eficazmente propiedades como la cristalizacién, sino también mejorar
significativamente la matriz del polimero, lo que se denomina refuerzo. En general para
este proposito se suele utilizar dos tipos de fibras como son: fibras sintéticas y fibras

naturales.
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Durante varias décadas las fibras sintéticas como las de carbono, aramida o de
vidrio han dominado el mercado, debido a sus excelentes propiedades mecénicas y a
su relativo bajo costo. Estas fibras ademas presentan propiedades como alta resistencia
mecanica, peso ligero, buena resistencia al agua y a productos quimicos, entre otras.
Razones por las cuales han sido empleados en sectores con altos requerimientos como

el automotriz, aeronautica, o construccion [112].

En los ultimos afios la creciente concienciacién medioambiental y la busqueda
de la sostenibilidad, han provocado un gran cambio en la industria donde se busca
reemplazar el uso de materiales sintéticos por materiales sostenibles y asi dejar de
depender de productos no renovables como el petréleo. En este contexto el uso de fibras
naturales en lugar de fibras sintéticas en la fabricacibn de materiales compuestos es
mas frecuente. Las fibras naturales presentan varias ventajas sobre las fibras sintéticas,
desde el punto de vista medioambiental el uso de fibras naturales reduce la dependencia
de recursos no renovables, disminuye la emision de productos contaminantes y de
gases de tipo invernadero derivados de su produccion, ademas de ser biodegradables
lo que reduce significativamente su impacto ambiental. Del punto de vista industrial, las
fibras naturales presentan un menor costo de produccién, una densidad menor, unas

propiedades de resistencia especifica aceptables y facilidad de procesado [113].

Las fibras naturales se caracterizan dependiendo su origen, pudiendo ser este
de origen animal, vegetal o mineral, una vista global de su clasificacion se pude observar
en la figura 1.24.
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Figura 1.24. Clasificacion de fibras naturales segun su origen. Adaptada de Anbupalani,
et al. [114].

Las fibras animales se componen generalmente de proteinas y suelen ser
extraidas del pelaje de animales o plumas de aves, asi también pueden ser producidas
por insectos como es el caso de la seda [115]. Histéricamente este tipo de fibras se han
utilizado en el sector textil, en la fabricacién de vestimenta. Pero en los Ultimos afios han
ganado presencia en el sector de los polimeros, donde se han desarrollado compuestos
con lana o plumas de pollo con matrices termoplasticas sintéticas u de origen biolégico
[116-118]. Por otro lado, tenemos las fibras minerales, estas fibras son obtenidas a partir
de recursos minerales o rocas y han ganado relevancia en sectores como la
construccion o en el sector ingenieria de polimeros, debido a su baja o nula toxicidad,
su origen ecoldgico, su facilidad de procesamiento y su relativo bajo costo. Este tipo de
fibra han surgido como una alternativa a la fibra de vidrio, y las mas utilizadas son las
fiboras de pizarra, cuarzo y basalto. Esta relevancia se ve reflejado en varias

investigaciones donde desataca el uso de fibras como las de basalto como fibra de
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refuerzo en matrices de PLA en la fabricacibn de materiales compuestos o en la
fabricacion de filamentos para impresion 3D, asi también como en la fabricacién de
materiales compuestos con matrices termoestables de origen sintético u organico [119-
121], este apartado se detallara en el desarrollo de este documento. Se tiene también
que la fibra de pizarra se ha utilizado en la fabricacion de materiales compuestos con
matrices termostables de origen organico o en el desarrollo de compuestos con matrices

termoplasticas [122].

Como se pude observar en la figura 1.24., debido a la gran diversidad de fibras
vegetales, éstas se han convertido en una de las fibras naturales mas utilizadas como
refuerzo en materiales compuestos de origen organico. Las fibras vegetales se pueden
catalogar como primarias y secundarias tomando en cuenta su aplicaciéon. Teniendo
esto en cuenta, fibras extraidas de plantas como el yute, lino, sisal, cafiamo, el kenaf, o
el bambd son consideradas como primarias, ya que estas especies son cultivadas
exclusivamente para la extraccion de fibras, mientras plantas que se cultivan por el fruto
como el coco, platanos, o pifias, donde las fibras son un subproducto son consideras

secundarias.

Dentro del mundo de los materiales compuesto, fibras como las de yute, lino,
cafamo, kenaf, sisal, algoddn, entre otras son las mas utilizadas, debido en gran medida
al bajo coste de produccién, asi como la baja densidad que presentan al compararlas
con fibras convencionales, ademas de una alta resistencia especifica y rigidez. La
estructura y composicién quimica de este tipo de fibras dependen de varios factores
como pueden ser la especie y la parte de la planta donde son extraidas. En general las
fibras vegetales estdn compuestas por tres componentes principales que son la
celulosa, hemicelulosa y lignina. La celulosa es un polimero natural que brinda
estabilidad estructural a la fibra, el puente de hidr6geno que unen sus unidades
constitutivas (glucosa) regula su cristalinidad que es la causante de propiedades fisicas
de la fibra como la resistencia, estabilidad y rigidez. Ademas, tenemos la hemicelulosa
que estd conformada por cadenas cortas y ancladas a la celulosa, este constituyente
influenciara directamente las propiedades térmicas y la capacidad de biodegradabilidad.
Finalmente tenemos a la lignina que es un hidrocarburo aromético que aporta parte de
la rigidez a la fibra. Debido a la constitucién de la celulosa y la lignina son los
constituyentes que controlan la capacidad de absorcion de humedad de las fibras [123].

En la tabla 1.3. se puede observar la composicion de las fibras vegetales mas utilizadas.
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Tabla 1.3. Composicién quimica de fibras vegetales. Adaptada de Awais, et al.
[123],Gholampour and Ozbakkaloglu [124].

o _ Anaul Contenido
_ Celulosa Lignina Hemicelulosa Cera  ~Nguio de
Fibra 0 microfibrilar
(Wt%) (Wt%) (Wt%) (Wt%) ©) humedad
(Wt%)
Abacé 56 - 63 20-25 7-9 3 15
Algodsn  85-90  O:12- 40 - 45 . 20 - 30
g 0,25
. 18,6-
Lino 71 20.6 2,2 0,6 5-10 7
Yute 61-71 14 - 20 12 -13 0,5 8 12
Kenaf 72 20,3 9 - -
Kapok 64 23 - - -
Cafamo 68 15 10 0,8 6 9
Bambu 26 -43 30 21-31 - 8,9
Sisal 65 12 9,9 2 10 - 22 11

Su estructura se basa en una pared principal la cual se encuentra en la parte
exterior de la fibra que esta constituida por redes de microfibras y de celulosa cristalina
desordenada y de tres paredes secundarias que se encuentran en el interior y en el
lumen constituidas por microfibrillas cristalinas de celulosa con direccion helicoidal
alineada con la direccion de la fibra principal, como se puede observar en la figura 1.25.
[125].

subcapa terciaria (S3) lumen

subcapa secundaria (S2) T
emicelulosa

angulo microfibrilar
fase cristalina subcapa primaria (S1)
(microfibrillas de celulosa)

capa primaria

fase amorfa

(hemicelulosa y lignina)) celulosa

Estructura de fibras vegetales

Figura 1.25. Estructura general de fibras vegetales y organizacidon microestructural de sus
principales constituyentes.

Las fibras vegetales que presentan propiedades mecéanicas interesantes se

pueden observar en la tabla 1.4. Estas propiedades las hacen candidatos para sustituir
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a fibras sintéticas como la fibra de vidrio, ya que presentan alrededor de la mitad de su
densidad, son biodegradables, ademas de que la relacién costo-rendimiento, es muy

superior a las presentadas por fibras sintéticas.

Tabla I.4. Composicion quimica de fibras vegetales. Adaptada de Li, et al. [105].

Resistencia a Médulo

Fibra Alarg(ao/om)lento latraccion Elastico D(Zn:r'ﬁ_?)d
(MPa) (GPa)

Algoddn 3-10 287 - 597 55-12,6 15-16
Yute 15-18 393 - 800 10-30 1,3-1,46
Lino 1,2-32 345 - 1500 27,6 - 80 1,4-15

Cafamo 1,6 550 - 900 70 1,48
Sisal 2-38 400 - 700 9-38 1,33-15

Vidrio-E 25-3 2000 - 3500 70 2,5

Debido a que el mayor constituyente de las fibras vegetales es la celulosa,
presentan las mismas carencias que las particulas lignocelulésicas, anteriormente
presentadas. Es decir, presentan un alto caracter hidréfilo, debido a la gran cantidad de
grupos hidroxilos presente en este compuesto. Esta hidrofilicidad produce dificultades
en la adhesién con matrices termoplasticas hidrofdbicas, limitando su interaccién, lo que
repercute en el efecto de refuerzo que se busca con la incorporacion de estas fibras.
Con relacién a compuestos basados en PLA, el PLA posee atomos polares de oxigeno
que podrian formar puentes de hidrégeno con los grupos hidroxilos presentes en las
fiboras naturales, a pesar de estos enlaces formados tienen poca influencia en la
interaccion fibra matriz, por lo que la modificacion quimica es una de las opciones mas

viables y necesarias para aumentar esta interaccion.

Al tener una constitucion similar a las cargas lignocelulésicas las modificaciones
quimicas suelen ser similares, como por ejemplo el mercerizado y el acetilado. Verma
and Goh [126] describieron como un tratamiento de mercerizado con élcalis aumento el
comportamiento hidréfobo de fibras naturales debido a la interaccion que tuvo el NaOH
con los grupos (-OH) de la celulosa y ademas se produjo una remocién parcialmente de
compuestos como lignina, pectina, hemicelulosa y cera de la superficie de la fibra, lo
gue ayudo a la mejor interaccién con matrices hidréfobicas. Esto se tradujo en una
mejora en la unién intersuperficial entre la fibra y la matriz. Esta buena interrelacion tuvo
una repercusion directa aumentando sus propiedades mecanicas, el cual es la finalidad

de la fabricacion de compuestos de origen orgéanico.
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De la misma manera se tiene que la incorporacion de agentes de acoplamiento
(silanos) o mondmeros injertados de anhidrido maleico (MAH) ayudan a mejorar la
interaccion fibra/matriz. Autores como Aguero, et al. [127], comprobaron como el
proceso de mercerizacion combinado con agentes de acoplamiento como el glicidil
silano mejoraron la interaccién entre fibras cortas de lino en una matriz de PLA, viéndose
reflejado en la mejora del rendimiento mecanico y térmico. Asi también Zhang, et al.
[128] que utilizo &cido polilactico injertado con anhidrido maleico (MAH-g-PLA) como
agente compatibilizador en la fabricacion de compuestos de PLA reforzados con fibras
de madera. Donde el buen trabajo efectuado por MAH-g-PLA como agente
compatibilizador se observé en el efecto de refuerzo que proporcionaron las fibras

aumentando la resistencia a la traccién y a la flexion, asi como su cristalinidad.

Como se menciond anteriormente uno de los propdsitos de incorporar fibras en
una matriz termoplastica es reforzarla. Las fibras pueden ser catalogadas como cortas
o largas, siendo asi que su efecto de refuerzo puede ser de manera continua o
discontinua. Este efecto dependera de la direccionalidad o arquitectura de las fibras. La
tecnologia de textiles cataloga a estas telas como tejidas, tejida de punto, no tejidas y
trenzadas, de las cuales las telas no tejidas son las Unicas que pueden estar fabricadas

por fibras cortas o largas, las demas estructuras estdn conformadas por fibras largas.

Las telas de fibras no tejidas se caracterizan porque las fibras no pasan por un
previo proceso de hilado y se suelen fabricar enredando fibras y posteriormente unidas
por medios mecanicos, térmicos o quimicos. Estas fibras suelen tener una distribucién
aleatoria y esto les da un caracter anisétropo a las mantas y a los materiales
compuestos. En cambio, en las estructuras tejidas, las fibras deben pasar por un previo
proceso de hilado, y una vez conformados los hilos estos se entrelazan en una
estructura perpendicular, lo que cominmente se le conoce como urdimbre (sentido
longitudinal) y trama (sentido transversal). Este direccionamiento de 0° y 90 ° le dota de
una buena resistencia mecénica en estas dos direcciones. Existe una infinidad de
formas de entrelazar los hilos de la urdimbre y la trama, este entrelazado, asi como el
namero de hilos utilizados (densidad de tejido) y la cantidad de fibra, van a determinar
las propiedades finales del tejido. Los tejidos mas comunes son el plano, la sarga y el
satén. Otra de las técnicas de fabricacion de tejidos es el tejido de punto. En este método
un hilo va haciendo bucles y pueden ser en sentido de la trama o de la urdimbre. Esta
estructura presenta algunas ventajas sobre las mantas tejidas como una mayor
elasticidad, su procesamiento es mas barato, ademas de una gran versatilidad en sus
disefios. Como desventaja se tiene que presenta una menor estabilidad dimensional, al

compararlo con las mantas tejidas. Finalmente, se tiene los tejidos trenzados, estos se
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fabrican entrelazando tres o mas hilos en una misma direccion. Estos hilos suelen formar
angulos entre 30 y 80° con respecto a su eje principal, y generalmente se utilizan en

estructuras con seccién constante [123,129,130].

En los materiales compuestos reforzados por fibras o “fiber reinforced
composites, (FRC)”, la arquitectura de los tejidos tiene una influencia directa en sus

propiedades finales, asi como que determinara el método de fabricacion de los mismos.

Comunmente estructuras basadas en fibras largas suelen ser fabricadas por
técnicas como el moldeo por compresion, donde lo que se busca es que, durante el
procesado, este no interfiera con la distribucion de las fibras. Se ha observado que en
biocompuestos formados por una matriz de PLA y reforzados por telas con fibras
lignocelulosicas no tejidas y tejidas, a pesar de que este proceso de fabricacién toma un
tiempo considerable, se logra impregnar completamente las fibras. Esto se pude
comprobar en la alta resistencia a la flexién, traccién e impacto que presentan estos
compuestos, comparandolos con la matriz [131]. Ademas, se ha observado que al
someter previamente las fibras a tratamientos quimicos (NaOH, NaClO, acrilonitrilo,
entre otros), se obtiene una mejora en las propiedades mecdnicas, debido al aumento
en la interaccidon mecanica y quimica de las fibras con la matriz. El tratamiento quimico
ayuda a eliminar parte de la hemicelulosa, lo que provoca que la region interfibrilar sea
menos densa y rigida, lo que en el caso de las fibras no tejidas ayuda a que las fibras
se puedan ordenar y alinear en direccion de la deformacién y asi aumentar ligeramente
su resistencia [132]. También se tiene que al utilizar telas con fibras tejidas los
compuestos tienen mejores prestaciones con respecto a propiedades mecanicas
(traccion, flexién e impacto) comparadas con compuestos con fibras no tejidas, debido
generalmente al direccionamiento de las fibras pero hay que tener en cuenta que al ser
mantas compuestas por fibras perpendiculares, se suelen producir cargas transversales
en las secciones de solapamiento, lo que reduce la transmisién de esfuerzo,

disminuyendo a largo plazo su rendimiento [133].

Por otro lado, tenemos que el uso de fibras cortas abre un abanico mas grande
en técnicas de fabricacion de FRC, ya que generalmente ofrecen menores tiempos de
procesamiento, mejor control dimensional, una mejor distribucién de la fibra en la matriz
y en general una mayor facilidad en su procesamiento. Técnicas como la extrusion,
moldeo por inyeccion, o combinadas son de las mas utilizadas. Se ha observado que la
ruta de procesamiento influencia en la distribucion, orientacion y desgaste de las fibras,
lo que repercutira en las propiedades mecénicas, termomecénicas, o en su cristalinidad.

Teniendo mejores resultados con respecto a la distribucion y orientacion de las fibras
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cuando se realiza un proceso de extrusion, seguido de un proceso de inyeccion, lo que
se refleja en un mejor comportamiento en condiciones de traccidon y compresion
[127,134].

Otras estructuras basadas en PLA

Varias alternativas han surgido a los materiales compuestos convencionales,
como el trabajo presentado por Luedtke, et al. [135], en donde fabricaron materiales
compuestos tipo sandwich con “films” de PLA como medio de unién de dos chapa de
madera. Donde el proceso de fabricacion influencié directamente en la calidad de unién
entre el nlcleo y la matriz, obteniendo mejores resultados cuando se trabajé por encima
de la temperatura de fusién del PLA, ya que al bajar su viscosidad aumento la capacidad
de migrar a hacia el nlcleo, resultando en una unién de alta resistencia, lo que dio paso

a la obtencién de materiales con buenas propiedades mecanicas.

O el presentado por Rebelo, et al. [136] donde fabricaron materiales tipo
sandwich con placas de aluminio con un nucleo de PLA en forma de panal de abeja
(honeycomb) impreso en 3D, con el propdsito de estudiar el comportamiento no lineal
de estos compuestos expuestos a explosiones y analizar su capacidad de absorcién de
energia. Se observé una buena respuesta de este tipo de nicleos ya que la capacidad
de absorcion de energia de estos compuestos dependié de la densidad relativa del
ndcleo de PLA, ademas ayudé a controlar de mejor manera el aplastamiento de las
caras exteriores. Dichos resultaros fueron alentadores ya que presentan valores

similares a materiales convencionales utilizados para este fin.

|.3. Tecnologias de compuestos de
resina epoxi de origen renovable

Como se comentd anteriormente la presencia de resinas epoxi de origen
organico ha ido aumentando, esto se debe en gran manera al aumento en el interés de
dejar de depender de resinas termoestables provenientes de fuentes no renovables y
gue ademas presentan problemas para la salud humana. Una de las fuentes preferentes
para el desarrollo de resinas termoestables de origen renovable son los aceites
vegetales (VOs), estos han ganado el interés de la industria gracias a su enorme
disponibilidad, facilidad de obtencion, bajos costes, ademas de ser biodegradables y
presentar una baja o nula toxicidad. La mayoria de los VOs son extraidos de granos y

semillas, a través de prensado. Dentro de los aceites vegetales mas utilizados para la
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formulacién de resinas termoestables estan el aceite de soja, aceite de lino, aceite de

algoddn, aceite de canola, aceite de ricino, y aceite de cafilamo nombrar los principales.

1.3.1. Triglicéridos y aceites vegetales

Una de las principales razones por la cual los aceites vegetales han ganado
interés en la industria es debido a su estructura que le brinda una gran versatilidad.
Dicha estructura se basa principalmente en triglicéridos, estos estan caracterizados por
tener columna vertebral de tres carbonos con una larga cadena de hidrocarburos unida
a cada uno de los carbonos [137]. De esta estructura se ha dado paso a la produccion
de una gran variedad de configuraciones poliméricas, pasando por polimeros lineales
hasta llegar a polimeros reticulares. En la figura 1.26. se puede observar la estructura
genérica de una molécula triglicéridos. [138].

Molécula de triglicérido

Figura 1.26. Representacion esquematica de la estructura de una molécula de
triglicéridos genérica.

En general los aceites vegetales estan formados por una molécula de glicerol a
la cual estan ligados tres acidos grasos, estos pueden ser acidos grasos saturados o
insaturados, y suelen tener una longitud entre 14 y 22 atomos de carbono. Los acidos
grasos saturados contienen un enlace simple entre dos atomos de carbono, y los acidos
grasos insaturados contienen varios dobles y triples enlaces entre los 4tomos de
carbono. El origen y el tipo de aceite va a determinar la composicion de acidos grasos
gue lo constituyen, esto determinard el grado de instauraciones presentes, lo que
posteriormente dictara la facilidad de ser modificados. Los &cidos grasos mas comunes

se pueden observar en la tabla I.5.
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Tabla I.5. Estructura de acidos grasos presentes en aceites vegetales.
Acido Graso CT:C=C Estructura

Lauritico 12:0 M
Miristico 14:.0 /M
H;C OH
Palmitico 16:0 /\/\/\/\/\/\/\)k
H,C
Estearico 18:0 /\/\/W\/\/\/\)I\
H,C OH
Oleico 18:1 “-‘C\/\/\/\/:\/W\)‘L
O
Linoléico 18:2 /\/\/:\/:\/\/\/J\
HC OH
Linolénico 18:3 H.C — — _
Araquidico 200 H‘C\/\/V\/W\N\)J\
OH
Behénico 22:0 N\N\/\/\/\/W\)J\
. OH

Esta marcada distribucion de acidos grasos permite conocer cual de los
diferentes aceites vegetales pueden cumplir con requerimientos especificos en
aplicaciones industriales. Teniendo que aceites vegetales con un alto contenido de
ésteres de &cidos grasos con fraccion insaturada, como el 4cido linolénico, presentan
mejores propiedades que aceites vegetales con un menor grado de insaturaciones como
el acido linoleico u oleico. La composicién de los diferentes acidos grasos presentes en
los principales aceites vegetales utilizados en la industria se puede observar en la tabla
1.6.

Tabla 1.6. Porcentaje en peso de acidos grasos de los aceites vegetales principales.
Adaptada de Giakoumis [137]

Aceite Acidos grasos (wt%)

Vegetal ~14:0 16:0 180 181 182 183 200 22.0 24.0
Maiz - 11,88 2,1 27,23 57,74 0,64 0,32 - 0,14
Semilla

de 0,72 2519 1,79 16,47 5483 0,19 0,22 0,11 -
algodén
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Lino 0,04 518 3,26 19,04 16,12 54,59 0,09 0,1 0,03
Palma 1,13 42,31 4,27 40,90 10,07 028 031 0,04 0,05
Canola - 4,52 199 6043 21,19 942 057 035 0,16

Soja 0,12 11,50 4,11 2350 5333 6,76 032 027 0,13
Colza 0,04 406 154 6229 2065 871 087 027 0,04
Girasol 0,04 6,35 392 2091 6758 017 022 066 0,26

1.3.2. Modificacion de aceites vegetales

A pesar de que los aceites vegetales presentan una gran cantidad de
instauraciones por molécula de triglicéridos, estas instauraciones presentan una baja
reacciéon durante el proceso de polimerizacibn, ademas carecen de estructuras
aromaéticas o cicloalifaticas, lo que resulta en una falta de rigidez y de resistencia en el
compuesto. Para aumentar la reactivad de los aceites vegetales es necesario un
proceso de funcionalizacion de estas instauraciones (dobles enlaces) previo a su

polimerizacién por medio de una modificacién quimica.

Hay que tener en cuenta que los triglicéridos presentan varias posiciones
reactivas como son los grupos éster, los dobles enlaces carbono-carbono (C=C),
posiciones alilicas y la posicion o de los grupos éster, que facilitan la modificacion
quimica [139]. Entre las modificaciones mas comunes estan la epoxidacioén, la acrilacion,
maleinizacion, entre otros, donde se introducen grupos funcionales oxirianos, acrilatos,

anhidridos, respectivamente.

[.3.2.1. Epoxidacion

El proceso de epoxidacion de los dobles enlaces de los &cidos grasos es una de
las modificaciones mas utilizadas en los aceites vegetales, de este proceso resultan los
comunmente llamados aceites vegetales epoxidados (EVO). Estos EVOs tienen una
presencia importante en la industria de los materiales termoestables como iniciadores

de resinas epoxi, debido a que son econémicos y que provienen de fuentes renovables.

La epoxidacion consiste basicamente en la conversién de las insaturaciones
(C=C) presentes en los acidos grasos en un anillo oxirano, lo que dota la funcionalidad
epoxi al VO, eso ocurre por medio de la incorporacion de un atomo de oxigeno activo,

como se puede observar en la figura 1.27.
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molécula de triglicérido

aceite vegetal

proceso de epoxidacion

H,0, | CH;COOH

Aceite vegetal epoxidado (EVO)

Figura 1.27. Esquema del proceso de epoxidacion de un aceite vegetal.

La epoxidacion de los dobles enlaces de los aceites vegetales se puede realizar

por medio de diferentes rutas, donde se destacan:

e Epoxidacién con acidos percarboxilicos catalizados por acidos o
encimas.

e Epoxidacion con peroxidos catalizados por una transicién metalica.

e Epoxidacion con halohidrinas (como acidos hipohal6genos) y sus sales.

e Epoxidacion con oxigeno molecular.

A nivel industrial el proceso de epoxidacion a través de peracidos organicos es
de las rutas mas aceptadas, donde gran variedad de acidos organicos son utilizados,
aqui la reactividad de cada acido afecta de diferente manera en el proceso de
epoxidacién. De los acidos mas utilizados son el acido acético y acido férmico, donde
se suele preferir el acido acético, debido a la facilidad de obtencion en estado liquido y
su bajo costo. En la reaccion, el acido acético actia como catalizador proporcionando
el oxigeno requerido de la fase acuosa a la fase oleosa para producir la formacién de
un anillo oxiriano [140]. Ademas se ha observado el uso de &cido sulfurico y acido

fosforico como catalizadores, donde se han obtenido un mayor grado de conversion en
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aceites con alto nimero de insaturaciones, como el aceite de lino, de soja o el de ricino
[141,142].

A pesar de que comercialmente las resinas epoxi obtenidas de aceites vegetales
no pueden competir directamente con sus contrapartes de origen petroquimico en
términos de resistencia, se han presentado varias investigaciones que han demostrado
resultados alentadores en este campo. Carbonell-Verdu, et al. [143] desarrollaron una
resina termoestable basada en aceite epoxidado de algodén (ECSO) entrecruzado con
anhidridos ciclicos como el anhidrido metilico nadico (MNA) vy anhidrido
dodecenilsuccinico (DDSA). Los resultados demostraron la versatilidad que tienen los
OVE, donde estableciendo una adecuada mezcla con el endurecedor, se pueden
obtener materiales termoestables flexibles (entrecruzados con anhidrido
dodecenilsuccinico, DDSA) o materiales rigidos (entrecruzado con anhidrido metilico
nadico, MNA) con unas propiedades interesante. De igual manera Samper, et al. [144]
formularon una resina termoestable utilizando como base aceite epoxidado de lino
(ELO) y una mezcla dos entrecruzadores, el primero de origen petroquimico (anhidrido
metilico nadico, MNA) el segundo de origen de organico (aceite maleinizado de lino,
MLO). Al aumentar la cantidad de MLO en el sistema se obtuvo resinas con una mayor
flexibilidad. La incorporacioén del MLO es favorable del punto de vista medioambiental.
Al combinar un 10 % de MLO y un 40 % de MNA como sistema entrecruzador, se obtuvo
un material termoestable con propiedades balanceadas con un alto contenido de origen
organico. A pesar de que la mayoria de los sistemas termoestables nombrados estan
basados en aceites vegetales epoxidados, infortunadamente para obtener buenas
propiedades mecanicas y térmicas, es necesario utilizar productos de origen
petroquimico, ya sean estos agentes acelerantes o endurecedores. En los Ultimos afios
varios autores han apostado por el desarrollo de un sistema epoxi (resina:endurecedor)
derivados completamente de origen natural. En este sentido Ding, et al. [145]
desarrollaron un sistema termoestable basado en una resina basada en aceite
epoxidado de soja, y un endurecedor de tipo polifenol, quercitina. A pesar de que el gran
porcentaje del sistema es de origen natural, se utilizaron diferentes aceleradores de tipo
imidazol de origen petroquimico, y uno de origen natural. Se obtuvo materiales con
excelentes propiedades a traccion y flexion sobresaliendo, los que tuvieron
componentes de origen petroquimico, aunque el material formulado con el imidazol
natural presento valores a impacto incluso mayores a los de resinas convencionales.
Continuando con el esfuerzo de obtener materiales completamente de origen renovable
Qi, et al. [146] formularon un sistema epoxi utilizando aceite epoxidado de soja (ESBO)

en donde para superar la tipica flexibilidad que presentan los aceites vegetales debido
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a su estructura, aprovecharon la estructura aromatica del acido tanico (TA) como agente
de curado, y utilizaron histidina, un imidazol natural para acelerar la reaccién. Los
resultados fueron alentadores, ya que el material resultante presento buenas
propiedades térmicas y mecanicas, debido en gran manera a la alta densidad de
entrecruzado y los segmentos rigidos formados, ademas se observé el excelente trabajo
gue la histidina realizé como agente acelerador ya que se obtuvo una baja energia de

activacion.

Estos estudios son una muestra alentadora para materiales termoestables
completamente de origen natural y abre la puerta para su futuro uso en aplicacion con

mayores requerimientos como sectores de la construccién e industriales.

[.3.2.2. Acrilacion

A diferencia del proceso de epoxidacion donde las insaturaciones que contienen
los &cidos grasos pueden ser funcionalizados directamente en grupos epoxi, el proceso
de incorporar funcionalidades acrilatos en la estructura se suele realizar con triglicéridos
ya epoxidados. Estos triglicéridos epoxidados pueden ser de origen natural como los
que se encuentran o en el aceite de veronia, o sintentizado de cualquier aceite vegetal,

por medio del proceso de epoxidacion [147].

La sintesis de funcionalidades acrilatos es a través de la reaccion de acidos
carboxilicos sustituidos etilénicamente como, el acido acrilico con triglicéridos
epoxidados. En la figura 1.28. se puede observar un esquema del proceso de acrilacion
de un aceite vegetal epoxidado. Esta reaccién ocurre por sustitucion estandar y tiene
dependencia de primer orden con respecto a la concentracion de grupos epoxi y de
segundo orden con respecto a la concentracion de acido acrilico [148]. También se han
presentado trabajos donde el proceso de acrilatado se puede realizar en un solo paso
como reporta Zhang and Zhang [149], donde obtuvieron aceite de soja acrilatado al
reaccionar aceite de soja con &cido acrilico directamente catalizado por BFs-Et,O, o por
medio de la reaccion de Ritter [150]. Su, et al. [151] reportaron el proceso de sintesis
para la obtencién de aceite de lino acrilatado en un solo paso, donde se utiliz6 trifluoruro
de boro éter dietilico como catalizador para introducir con éxito el acido acrilico en el

doble enlace de la cadena larga del aceite de lino.
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aceite vegetal epoxidado (EVO)

proceso de acrilacién
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Aceite vegetal epoxidado acrilado (AEVO)

Figura 1.28. Esquema del proceso de acrilacion de un aceite vegetal epoxidado.

En la literatura el aceite acritlatado epoxidado de soja (AESO) es de los que mas
tiene relevancia en la fabricacién de resinas termoestables donde generalmente se
suele utilizar agentes de curado con bajo peso molecular y estructura rigida como
anhidridos, isocianatos o estireno, para poder compensar la alta viscosidad y la baja
capacidad de entrecruzado que inherentemente tienen los VOs [152,153], por desgracia
la mayoria de estos compuestos son de origen petroquimico. Es verdad que el uso de
estireno provoca un notable incremento en el rendimiento mecanico, pero la busqueda
de sistemas con alto rendimiento medioambiental ha provocado el reemplazo de este
compuesto por compuestos de origen natural, como productos derivados de
carbohidratos o lignina. Autores como Liu, et al. [154] utilizaron una matriz termoestable
tomando como base AESO copolimerizado con isosorbida metacrilada (Ml) (derivado
de la lignina) para la fabricacion de materiales compuestos reforzados por fibras
naturales, donde la resina formada se modifico con anhidrido metacrilato para injertar
mas enlaces C=C. Se observo que la resina aparte de presentar un alto contenido
bioldgico presenté buenas propiedades mecanicas, facilidad de procesado, lo que

proporciond un mejor rendimiento a los materiales compuestos. De igual manera Chen,
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et al. [155] sintetizaron una resina termostable utilizando monémero derivados de la
lignina como el alcohol vanilico metacrilado (MVA) con AESO, obteniendo materiales

con excelentes propiedades a flexién y buena estabilidad térmica.

[.3.2.3. Maleinizacion

El proceso de maleinizacién se refiere a la incorporacion de grupos anhidridos
en la estructura de los aceites vegetales. En este proceso el compuesto anhidrido
maléico reacciona con los dobles enlaces de un acido graso insaturado. El anhidrido
maléico puede reaccionar tanto con los dobles enlaces conjugados como con los dobles
enlaces aislados [156]. La representacién de este proceso se puede observar en la

figura 1.29.

Esta reaccion se produce a través de una reaccion “eno” con temperaturas
superiores a los 200 °C, para el caso de los ésteres de acidos grasos monoinsaturados,
donde un grupo anhidrido se adiciona a la posicion alilica del acido graso. Lo que implica
el desplazamiento alilico de un doble enlace a través de la transferencia del hidrégeno
alilico al endfilo y la union de las dos moléculas. En cambio, para el caso de &acidos
grasos diinsaturados no conjugados, la reaccion “eno” resulta en la conjugacion de dos
dobles enlaces, que resulta en un isbmero trans-trans, para posteriormente producirse

una reaccioén Diels-Alder [157].
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molécula de triglicérico
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aceite vegetal

proceso de maleinizacién
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anhidrido maleico

Aceite vegetal maleinizado (MVO)

Figura 1.29. Representacion esquemética del proceso de maleinizacion de un aceite
vegetal por reaccion con anhidrido maléico.

Dentro de los aceites maleinizados, el aceite maleinizado de lino (MLO) ha
ganado relevancia en el sector de los materiales termoestables de origen natural. Donde
autores como Samper, et al. [144] propusieron el uso de MLO como parte del sistema
endurecedor formado junto con anhidrido metilico nadico (MNA) en una resina epoxi
basado en aceite de lino epoxidado (ELO), aqui se pudo aprovechar la estructura

alargada que tiene el MLO para proporcionar mayor ductilidad al sistema, a la par que
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incrementa el porcentaje de origen organico, obteniendo propiedades balanceadas al
incorporar un 10 % MLO. Tomando estos prometedores resultados Fombuena, et al.
[158] fabricaron materiales compuesto con una matriz de ELO endurecido por una
mezcla de (MNA:MLO) y reforzados con fibras naturales (lino y basalto), en este estudio
a diferencia del presentado por Samper, se pudo aumentar el contenido de MLO hasta
un 25 % logrando obtener materiales con una buena densidad de entrecruzamiento, con
buenas propiedades ductiles (resistencia al impacto y elongacién a la rotura) y con un
alto porcentaje de origen organico, ademas se observo que el MLO ayudd a promover
la interaccidon superficial entre las fibras de refuerzo y la matriz. Por otro lado, Motoc, et
al. [159] fabricaron materiales compuestos reforzados con fibras naturales (lino y
basalto), tomado como matriz una resina epoxi basada en ELO y un endurecedor
producido por la mezcla de anhidrido glutarico (GA) y MLO. Los materiales obtenidos
ademas de poseer un alto porcentaje de origen natural, los materiales tuvieron
propiedades termomecanicas y térmicas interesantes, ya que el sistema
resina:endurecedor se comporté como una resina epoxi convencional, derivando el

rendimiento de los compuesto directamente a la distribucién y apilamiento de los tejidos.

[.3.3. Cinética de entrecruzamiento

En la fabricacibn de materiales compuestos, conocer completamente las
caracteristicas y propiedades tanto de la matriz como de los materiales de refuerzo es
de gran valia. Se ha comentado las diferentes caracteristicas y propiedades que
presentan las fibras de refuerzo, dependiendo su tipo, naturaleza, distribucion, etc., y
como afecta esto a las propiedades finales de los compuestos que estan reforzando, de
igual manera ocurre con la matriz, que en el caso de materiales compuestos es una
resina termoestable. El estudio del comportamiento de una matriz termoestable o el
estudio de la cinética de curado de una resina es de gran importancia desde el punto de

vista industrial, ya que interviene directamente con el desarrollo de estos materiales.

Este estudio se basa en utilizar la tecnologia de analisis térmico para seguir los
cambios fisicos (de liquido a sd6lido) y las reacciones quimicas que ocurren, utilizando
un enfoque matematico para entender el mecanismo de reaccién [160]. Desarrollando
e implementando el modelo cinético de curado adecuado, se puede optimizar los ciclos
de curado, lo que se traduce en una mejora en la calidad del producto final, asi como la

disminucion del tiempo de produccion.

La metodologia del analisis térmico se puede enfocar tanto de un punto de vista

isotermo como no isotermo, debido a la fiabilidad en la obtencién de datos, los métodos
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no isotermos se han establecido como los principales métodos para el desarrollo del
analisis térmico cinético, dentro de este método (no isotermo) se recomienda el método
con programas con varias tasas de calentamiento, sobre aquellos que utilizan una sola
tasa de calentamiento, ademas segun los diferentes métodos mateméaticos estos se

pueden dividir en métodos diferenciales y métodos integrales [161].

El estudio de la cinética de un proceso térmicamente activado se encuentra
. . ., d . .
relacionado a la velocidad de conversion (d—‘:), la misma que puede ser parametrizada

por la temperatura (T), el grado de conversion () y la presion (P), siguiendo la expresion
1.1.1 [162]:

Z—(; = k(T)f(a)h(P) (1.1.1)

Cabe recalcar que la mayoria de los analisis térmicos relacionados con el estudio
cinético, la dependencia de la presién suele ser ignorada. Por lo que la expresion se ve
reducida en términos mas generales, donde la rapidez de reaccion puede ser expresada

por solo dos variables, la temperatura y el grado de conversion:

da

— = k(Df@ (1:12)

Donde la dependencia del proceso esta representada por la constante de rapidez
k(T) que depende de la temperatura, y el modelo de reacciéon f(a) que depende a su
vez del grado de conversion « que va desde 0 a 1. La funcion f(a) se presenta en
diferentes formas dependiendo del tipo de reaccién que se esta produciendo, algunos
de los cuales representan reacciones de estado solido y se muestran en la tabla 1.7.; y

la funcién k(T) se describe por medio de la ecuacion de Arrhenius:

k(T) = 4 (7% (.1.3)

Donde A es el factor pre exponencial, Ea es la energia de activacion aparente, R

es la constante universal de los gases (8,314 J mol K1) y T es la temperatura absoluta.

La expresion general que representa el estudio cinético del curado de una resina

se puede apreciar en la ecuacion 1.1.4 y resulta combinando la ecuacién 1.1.2 y 1.1.3.
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2 _ 4el7%) f) (1.1.4)

Los parametros A, Ea, ¥y f(a) se conoce como el triplete cinético, y su obtencion
es de gran importancia para la comprensién de la cinética del proceso de entrecruzado.
Como se comentd anteriormente el analisis no isotermo es de los mas utilizados, en
este caso la temperatura es funcion del tiempo (T = T(t)), en donde la temperatura suele
variar linealmente con el tiempo, lo que se conoce como la tasa de calentamiento () y

Se representa por siguiente expresion:

dT

I = (1.1.5)

Introduciendo la tasa de calentamiento en la expresion 1.1.4 obtenemos una
ecuacion general para el analisis cinético de métodos diferenciales aplicable para

programas de calentamiento dinamicos.

d Eq
d_; = 47 fa) (1.1.6)

Esta expresion puede ser representada en su forma integral, la cual se puede

observar en la ecuacion I.1.7, esta expresion es la base para varios métodos integrales.

“da A

N (‘%)dT= 9(@) (1.1.7)

Donde la g(a) es la forma integral de los modelos de reaccién, los cuales se

pueden ver resumidos en tabla I.7.

Tabla |.7. Ecuaciones cinéticas utilizadas en analisis isotérmicos. Adaptada de Dickinson

and Heal [163].
Modelo de .
reaccion  C°d f(a) 9(a)
Potencia/exponencial
Ley de
potencia P2 202 a2
(mitad)
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Ley de
potencia P3 3a*/3 a3
(tercio)
Ley de
potencia P4 4a/a atls
(cuarto)
Exponencial El a In(a)
Orden/interfaz
Orden cero FO constante a
Primer orden F1 1-a —In(1 - a)
Segundo w2 N
orden F2 (1-a) 1/1-a) -1
Area de L : "
contraccion 2 2(1—a) /2 1-(1—a)/2]
Volumen de 2 PR,
contraccion 0 3(1—a)7s 1-(1-a)/s]
Interfaz de 1 2]
contraccion 7 3/2(1—a)/3 1-(1-a)7’3]

Avrami-Erofeev (JMA) nucleacion y crecimiento

Avrami-

Erofeev Al 4(1—a)[—In(1 — a)]3/4 [—In(1 — a)]1/4
pvremt A2 2(1 - @)~ In(1 — )] 2 [~ In(1 - )] "2
preme a3 31— @)~ In(1 — )]s [~ In(1 - @)]"/5
A i-
ooy A4 4301 —)[-In(1 - )]s [~ In(1 — a)] s
A i-
E\r/(;?ene“v AS 1,5(1 — &)[=In(1 — )]/ [—In(1 — a)]*/3
Ecuaciones de difusion
Una
dimension D1 1/(2a) a?
(parabdlica)
_ Dos
d'R‘ZTSL"sTe D2 ~1/In(1 - a) 1-a)h(l-a)+a
Barrer)
Tres ) 1 2
dimensiones D3 1,5(1 — @) /3/[1 -(1-a) /3] [1 —(1- a)l/s]
(Jander)
(Ginstling- -1 2
Brounshtein) D~ 1'5/[(1 —a) /- 1] [1 —2/3a-(1-a) /3]
(Zhuravlev) D5 1,5(1 - a)4/3/[1/(1 — a)1/3 — 1] [1/(1 — a)l/s — 1]2
(Anti-Jander) D6  1,5(1+ a)2/3/[1/(1 +a)/s— 1] [(1 +a)ls— 1]2
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K - 2
(Zi;%?;r) D7 {151 -)3/[1- 1 -a) 3|}t [1- -0 =10gt)
Dos
dimensiones D8 1- a)1/2/[1 -(1- a)1/2] [1 -(1- 0()1/212
(Jander)
Dos
dimensiones D9 1+ a)1/2/[(1 + a)1/2 — 1] [(1 4+ a)l/z — 1]2
(Anti-Jander)
Transferenci 4 1
ainterfacial D10 31 -a)73 [1/(1 —a) /3 - 1]
Transmision N 1N 1/(1 - a)_1/3 -1
y difusién D11 3/[(1 o) k-(-a) 1] +1/3In(1 — )
Difusién en -5
dos D12 3/[a-0s-a-a k] /PO /_34/
direcciones +1/4(1—a) 73+1/20

Una de las limitaciones que presenta la ecuacion 1.1.2, es que esta descrita para
procesos que se producen en un solo paso (“single-step process”), lo que aplicarlo en
procesos que ocurren en multiples pasos, puede ocasionar procesos mas complejos, a
pesar de esto, el uso de este método no lo limita. Cuando se trata de procesos de
reacciéon que se producen en mudltiples pasos, es recomendable utilizar modelos
computacionales que detectan y tratan procesos que envuelven multiples pasos. En este
sentido la ICTAC, propone el uso de métodos isoconversionales o como se les conoce

“‘model-free kinetics methods (MFK)” para solventar estos problemas [164].

.3.3.1. Métodos isoconversionales: “model-free kinetics
methods”

Los métodos isoconversionales han sido ampliamente utilizados en el estudio
del curado de resinas termoestables debido a su practicidad, ya que permite identificar
si el proceso de curado se rige por la reaccién o por la difusion. En términos generales
nos permite determinar la energia de activacion aparente (Ea) parametro importante del
triplete cinético. Esto se puede obtener ya se por métodos diferenciales (ecuacion 1.1.6)
o integrales (ecuacion 1.1.7), se comentd anteriormente que estas ecuaciones son
vélidas para procesos en los cuales su reaccion se produce en un solo paso, siendo
limitante en procesos que ocurren en multiples pasos. Aqui es donde la utilidad de los
métodos isoconversionales es notoria ya que a pesar de que estos métodos se derivan
de este mismo principio, es decir en lo que se conoce como el principio de isoconversion.
Estos métodos se pueden aplicar también en el estudio de procesos que ocurren en

multiples pasos ya permite describir la cinética de un proceso complejo utilizando
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multiples ecuaciones cinéticas de un solo paso, donde cada una esté ligada a un grado
de conversion y que el rango de temperatura entre estos sea estrecho como se observa
en la figura .30 [164].

Conversion, o

T,1 T

2 Tl T

al? al? a2

Temperatura, T

Figura 1.30. Ecuacion de Arrhenius aplicada a los métodos isoconversionales, asociado
a un determinado grado de conversidn « para una region estrecha de temperatura AT

Estos métodos tienen su origen en el principio de isoconversion el cual establece
gue la velocidad de reaccion a una conversioén constante («) es solo funcion de la
temperatura, es decir que es aplicable cuando ocurre en un Unico grado de conversién
y en la regién de temperatura que esta relacionada con esta. Este principio se puede
demostrar tomando como punto de partida la expresion de la velocidad de reaccién
(ecuacion 1.1.4) y aplicando logaritmo natural para obtener la ecuacion 1.1.8,
seguidamente aplicando la derivada parcial con respecto al inverso de la temperatura

para un « constante, obteniendo la ecuacion 1.1.9.

In (d—“) = k(T + In f (@)
dt (1.1.8)
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da
an (%%
n () z[alnk(T) +[alnf(a)] (19

aT 1 aT 1 aT—* |
[243 ¢

Aplicando el principio de isoconversion en la ecuacion 1.1.9, donde « es
constante (a = ), se tiene que también la f(a) es constante, esto da como resultado
que el segundo término de la parte derecha de la ecuacion 1.1.9 sea igual a 0.
Substituyendo la ecuacion 1.1.3 en la expresion, y aplicando la derivada parcial con
respecto a la inversa de la temperatura, se obtiene la ecuacién 1.1.10. Esta expresion
permite estimar valores de la energia de activaciéon aparente (para un determinado
grado de reaccion constante) sin la necesidad de asumir ni determinar ningin modelo
de reaccion, razén por la cual toman el nombre de métodos sin modelo o “model-free
methods” [165].

da
oiniar) (E) = L (1.1.10)
0T 1 R o

ai

Varios métodos se basan en el principio de isoconversion, en términos generales

se pueden dividir en dos tipos, métodos diferenciales o métodos integrales.

Métodos isonversionales diferenciales

Método de Friedman

De los métodos isoconversionales diferenciales mas utilizados para estimar la
energia de activacion aparente (Ea) es el planteado por Henry Friedman, el denominado
método de Friedman [166]. Este método se basa en aplicar el principio de isoconversion
a la ecuacion 1.1.5 (ecuacion general para el andlisis cinético de métodos diferenciales),
donde al emplear logaritmo natural se obtiene la ecuacién 1.1.11, siendo la expresion
gue regira este método. El método de Friedman asume que la funcién de reaccion f(«)
permanece constante para valores constantes del grado de conversion ¢, y puede ser

utilizada para cualquier programa térmico.

da E,
In (ﬁ E) =4 f@ - % (.1.11)
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Para programas no isotermos donde se utiliza diferentes velocidades de

calentamiento (f), la energia de activacion aparente se puede obtener de la pendiente

v d .. . 1
del grafico In (ﬁ ﬁ) en funcion del inverso de temperatura (ﬁ) Al permanecer la f(a)
constante para un cierto valor de «, no existe la necesidad de conocer ni asumir ningin
modelo de reaccion, lo que resulta en valores de Ea con una alta precision incluso puede

tener mayor precision que la obtenida por métodos integrales.

Métodos isonversionales integrales

Estos métodos se derivan de la aplicacion del principio de isoconversion en la
forma integral de la ecuacion 1.1.7. Donde el término derecho de la ecuacion, es decir la

Eq
integral de la constante de Arrhenius que depende de la temperatura (fOTe_ﬁ dT ) no

tiene una solucién analitica directa. Es debido a esto que varios autores han propuesto

métodos numéricos, a través de aproximaciones, para resolverlo [167]. Para esto, se
. .. E, . L. . . .
puede reducir la expresion =7 Por X, y asi obtener una funcién polinomial p(x), conocida

como la integral de Arrhenius. Substituyendo esto en la ecuacién 1.1.7 obtenemos la

siguiente expresion:

_AE,
g(a) = FR p(x) (1.1.12)

La funcion p(x) se puede resolver por métodos numéricos o por aproximaciones,
las cuales estan definidas por una seria de funciones asintética. Varios autores han
presentado diferentes aproximaciones a través de los afios, las cuales siguen vigentes
[168-170]. Sin embargo, estas aproximaciones se pueden englobar en la siguiente
expresion:

p(x) = ? m(x) (1.1.13)

Donde m(x) es la forma racional de estas aproximaciones. Senum and Yang [171]
sugirieron varias expresiones las cuales estan enlistadas en la tabla 1.8. En la presente
tabla se puede observar una correccién realizada por Flynn [167] para la aproximacion
racional de cuarto grado. Con respecto a esto, Pérez-Maqueda and Criado [172] han
realizado un magnifico trabajo validando la precision de las aproximaciones de la

integral de Arrhenius hasta expresiones polinomiales de ocho grados. En su trabajo
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determinaron que con el aumento de grado aumenta la precision. A pesar de esto, se

concluyd que para el analisis cinético se obtiene una precision suficiente con el uso de

de cuarto grado.

s

una aproximacion

Tabla 1.8. Aproximaciones racionales de la integral de Arrhenius expresiones desde
grado 1 al 8. Adaptada de Senum and Yang [171] y Pérez-Maqueda and Criado [172].

T x-

2

(x)d

opeis
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Partiendo de las aproximaciones de la integral de Arrhenius, Starink [173],
establecié una expresion general para lo que nombré métodos isoconversionales p(x),

dicha ecuacion se observa a continuacion:

ﬁ > Ea
ln< 5) = constante C ( )

Donde B y C son valores relacionados a una aproximacion particular de la
temperatura integral. En este tipo métodos la energia de activacion se puede determinar
de la gréfica derivada de los parametros T y S, es decir de la pendiente del ajuste lineal
al graficar In (TEB) con respecto a %

Aplicando diferentes aproximaciones en la ecuacion 1.1.4 se pueden obtener una
gran cantidad de métodos. Esté claro que, la precisién de cada método, esta ligado por
un lado a la fiabilidad en la parte practica, es decir, en las posibles imprecisiones en la
medicion de la temperatura, y, por otro lado, la correcta aplicacion de los métodos.
Teniendo esto en cuenta varios métodos integrales se han desarrollado utilizando

diferentes aproximaciones.

Método de Flynn-Wall-Ozawa

El método integral planteado por Flynn and Wall [174] y Ozawa [175]
comunmente conocido como el método Flynn-Wall-Ozawa (FWQO). Es de los métodos
isoconversionales mas utilizados, se basa en la aproximacion de Doyle [176] siendo esta
aproximacion una de las mas sencillas y burdas (ecuacion 1.1.15), donde se proponen
como valores de By C 0y 1,052, respectivamente. Lo que resulta la siguiente expresion
(1.1.16):

p(x) ~ e(—1,0518x—5,330) (|_1_15)

E
In(B) = constante — 1,052 R—‘;, (I.1.16)

La energia de activacion (E,) se obtiene de la pendiente de la curva obtenida al
graficar In(B) con respecto a % Debido a que la aproximacion de la temperatura integral

utilizada es muy bésica los valores de Ea presentan una baja exactitud. Lo que resulta

en un método con poca precision.
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Método de Kissnger-Akahira-Sunose

Otro de los métodos utilizados es el denominado Kissnger-Akahira-Sunose
(KAS) [177], este parte de una aproximacion mas precisa para p(x), la planteada por
Murray and White [178], que se obtiene integrando por partes y truncando la serie para
una reaccion de estado sélido a la integral de Arrhenius resultando la ecuacién 1.1.17.
En donde para una fraccion constante de conversion o, el valor de By Ces 2y 1.
Resultando la expresiéon 1.1.18:

-X

p(x) = ex—z (1.1.17)

a
By _ E 1.1.18
In (TZ) = constante 7T ( )

Del gréfico resultante de la representacion de In (%) VS % obtenemos lineas
rectas, donde a través de su pendiente podemos estimar la energia de activacion %.
Método de Starink

Se observé que la aproximacion de Doyle y de Murray y White son parte de una

aproximacion mas grande descrita por la expresion:

e (ZAX+B)
p(x) = xk (Illg)

De este grupo de aproximaciones para cada valor de k, Ay B, se puede optimizar
por medio de la disminucién de la desviacion entre la funcién de aproximacion y la
integral exacta. Starink [173] establecié que si A no es igual a 1 se puede obtener

aproximaciones con una alta precision, y esta dada por la siguiente ecuacion:

o (~1,008X-0,312)

p(x) = — (1.1.20)

Basandose en la ecuacion 1.1.20 y en la ecuacion 1.1.4 propone un nuevo método
utilizando B=1,92 y C=1,008. Dando como resultado la ecuacion 1.1.21., al igual que los

métodos mencionados anteriormente (FWO y KAS). La energia de activacion se puede

T1,92

obtener a través de la pendiente del ajuste lineal al graficar ln( B ) VS %
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E
In (Tf"z) = constante — 1,0008 ﬁ (1.1.22)

El método de Kissinger se recomienda sobre los métodos FWO y KAS ya que
los valores de E. obtenidos mediante la ecuacion 1.1.21, presentan mayor precision que

los obtenidos por otros métodos isoconversionales integrales.

Método de Kissinger

El método de Kissinger [179] debido a la facilidad de su aplicabilidad es otro de
los métodos mas utilizados para la determinacion de la energia de activacion a través
de mudltiples tasas de calentamiento. Este método asume que la tasa maxima de
transformaciéon se puede aproximar a una etapa fija y tiene su punto de partida en la

., . . L. ., d (d
ecuacion 1.1.4, bajo la condiciébn de la tasa maxima reaccion, donde a(d—‘:) =0.

Derivando la ecuacion 1.1.6 donde se toma cuenta la velocidad de calentamiento (f) se

obtiene la siguiente expresion:

()< (L (1)

da

. L, d . .
Aplicando la condicién donde - (E) = 0, se obtiene:

BEa <d ng)> A FT 0 (1.1.23)

Finalmente, tomando logaritmo natural obtenemos, la ecuacion que rige el

método, como se observa a continuacion:

B\ . (AR df@\ E,
In <T_p2) _ (E_a) +in <— — ) &7 (1.1.24)

Donde la T, es la temperatura en la maxima tasa de reaccion, temperatura del

pico.

El método presenta varias limitaciones, una de las cuales es que aporta con un

solo valor de la energia de activacion (en am), lo que quiere decir que no se puede hacer
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seguimiento de la evolucién de E, a través del proceso de conversién, ademas, de
asumir que todo el proceso ocurre en un solo paso. Esta energia de activacion se puede

obtener de la pendiente del ajuste lineal al graficar In (T—BZ) VS Ti cuando el término
17 P

(— %:x)) es constante en la (ecuacion 1.1.14). Por otro lado, hay que tener en cuenta

que el termino (— %((x“)) deber ser independiente de la velocidad de calentamiento para

que los valores de E, sean precisos.

Debido a la sensibilidad que tiene el método de Kissinger con lo que respecta a
procesos cinéticos que ocurren en un solo paso, varios métodos se han propuesto para
verificar esto y validar el analisis cinético. Dentro de los més interesantes esta el
planteado por Farjas, et al. [180], donde plantean el uso de la amplitud del pico de la
velocidad de reaccion, debido a que es un pardmetro muy sensible a la aparicién de

transformaciones que ocurren en multiples pasos.

Para esto hay que tener en cuenta que todas las curvas termo analiticas
obtenidas a diferentes temperaturas solo varian por un factor de escala de tiempo r,
como se indica a continuacion:

1

) (1.1.25)

T

Ademas de que existe una relacién directa entre la amplitud total a la altura del

maximo (Atewnm) Y la escala de tiempo correspondiente a la temperatura del pico (7).

Atpwym = Atpwam Tp (1.1.26)

Donde Atgywym €S la amplitud total a la altura del méaximo de la curva obtenida al
normalizar el valor de 7, = 1. Donde el valor es constante y depende exclusivamente del
modelo cinético. Reemplazando el valor de 7, en la ecuacién 1.1.26, y aplicando

logaritmo natural a los dos lados se obtiene una ecuacion la cual presenta una relacién

. 1 . .
lineal entre Atgywym Y 12 = Como se observa a continuacion:
p

E At;'WHM

p

(1.1.27)
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Esta relacion es similar a la ecuacion de Kissinger. Por lo tanto, el valor de la
pendiente debe coincidir con el valor absoluto obtenida por el método de Kissinger, para
que se cumpla con la premisa de que el proceso de reaccién esta ocurriendo en un solo

paso, caso contrario el método de Kissinger no se pudiera utilizar en ese caso particular.

Determinacion del modelo cinético

Los métodos descritos anteriormente permiten evaluar la energia de activacion
Ea con una alta precision sin determinar ni conocer el modelo de reaccién f(a). Pero
una vez conocido el valor Ea, es necesario determinar el modelo cinético que mejor se
ajusta al proceso de reaccion. Como establecen Criado, et al. [181] y Malek [182] el
modelo se puede determinar definiendo dos funciones y(a) y z(a), que se puede

obtener a través de datos experimentales, como se observa a continuacion:

y(a@) = (C:i—f) e* (1.1.28)
z(a) = CIZ—O;) (x) ‘[Z; (1.1.29)

. E
Donde la temperatura reducida se expresa por x = R—;.

Refiriéndonos a la funcion y(a), si substituimos la ecuacion 1.1.3, resulta en una
expresion la cual es proporcional a la funcién f(a), como se observa en la ecuacion
1.1.30. Donde si se normaliza se puede comparar las funciones teéricas (tabla 1.7.) y
determinar el modelo cinético. Cabe recalcar la importancia de conocer el valor de E,
con anticipacion ya que, seria practicamente imposible obtener el mecanismo de

reaccion desconociéndolo.

day _Fq
(@) = (d—f) e R = A f(a) (1.1.30)

Se puede hacer un analisis similar con respecto a la funcién z(a), la cual
corresponde a un modelo de reaccion diferente. Esta funcién hace referencia tanto a la
funcion integral g(a) y la funcion f(a) como se muestra en la ecuacion 1.1.31. Esta
expresion se obtiene sustituyendo la ecuacion 1.1.4, 1.1.12 y 1.1.13 en la funcion z(a)

(ecuacion 1.1.29).
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z(a) = f(a) g(@) (1.1.31)

La funcidn z(a) obtenida a partir de datos experimentales no isotermos se puede
comparar con las curvas teoricas para determinar el modelo cinético adecuado. La
funcién z(a) experimental se puede obtener incluyendo la funcién n(x) y la expresién
de la temperatura reducida, obteniendo la expresion (1.1.32):
da) E,

Eq
) BR erRT p(x) (1.1.32)

2(a) = ( R

Donde p(x) corresponde a los diferentes modelos cinéticos de transformaciones
en estado solido representados en la tabla 1.8. En la figura 1.31 se puede observar

algunos “master plots” tedricos que representan los modelos de reaccion a la funcion

g(@)y z(a).
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Figura 1.31. “Master plots”tedricos de las funciones g(a) y z(a).

1.3.4. Materiales compuestos de alto rendimiento
medioambiental con matrices termoestables

Durante el desarrollo del presente documento se ha mostrado el avance logrado

en el estudio y aplicacién de diferentes compuestos de origen natural en la constitucion
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de materiales compuestos. Se presentd como varios tipos de aceites vegetales se estan
utilizando como base para la formulacion matrices termoestables, ademas del potencial
que tienen las fibras y/o particulas de origen natural. Es verdad que el mayor avance se
esta realizando en el campo de los materiales termoplasticos, pero el area de los
materiales compuestos termoestables con alto rendimiento medioambiental ha

avanzado considerablemente.

[.3.4.1. Materiales compuestos con particulas

Se manifestd como el uso de particulas de origen organico como por ejemplo
particulas lignoceluldsicas dio paso al desarrollo de los “Wood plastic composites”. Este
campo tiene también su area de aplicacién dentro de los materiales termoestables [183],
asi también como los denominados “particle boards” (PB), aunque el uso matrices
termoestables de origen petroquimico sigue siendo preferente [102,184]. Pero con el
avance gue se ha conseguido en los ultimos afios en el desarrollo de matrices
termoestables de origen natural como los derivados de aceites vegetales, han servido
de incentivos para que varios investigadores dediquen su tiempo en el estudio y

desarrollo de materiales compuestos basados en matrices de origen natural.

Se tiene como por el ejemplo el trabajo presentado por Mandal, et al. [185], que
utilizaron particulas de madera suave para reforzar una matriz termoestable basada en
aceite epoxidado de soja (ESBO) por medio de moldeo por compresion. El ESBO fue
modificado inicialmente con 4cido metacrilico y después con anhidrido metacrilico, para
obtener aceite epoxidado de soja con anhidrido metacrilico (MAESQO). Como medio de
comparacion se formularon mezclas con y sin estireno. Se observo que al aumentar la
fraccion de anhidrido metacrilico se obtuvo un aumento en los dobles enlaces reactivos,
lo que resulté en un aumento en las propiedades mecanicas, térmicas y en la resistencia
al fuego, obteniendo ain mejores resultados en los sistemas mezclados con estireno,
donde su presencia incremento la interaccién entre la carga y la matriz. Es verdad que
la incorporacion de estireno en el sistema disminuye el contenido renovable de los
compuestos, pero es un punto de referencia para la fabricacion de materiales con
buenas propiedades y con un alto contenido biol6gico, ya que en un futuro se puede
plantear la sustitucion del estireno, como por ejemplo el aumento de la cantidad de acido
metacrilico o anhidrido metacrilico. Se tiene también el trabajo de Wechsler, et al. [186]
donde estudiaron la factibilidad de producir “particle boards” con materiales sostenibles,
para esto partieron de desechos de cascaras de la nuez de macadamia y como
reemplazo a la resina basada en formaldehido, se utilizd una resina derivada de aceite

de ricino. Donde, debido a la constitucién de la cascara de la nuez se generaron buenos

Pagina 78 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



I. INTRODUCCION

enlaces internos entre las particulas, generdndose compuestos con alta densidad,
comparado con otros compuestos basados en aceite de ricino. Asi también los
compuestos presentaron una alta resistencia a la humedad. Caracteristicas que lo
hacen atractivos para areas de la construccion ya que se pueden utilizar en entornos

hamedos como en aplicaciones de bafios o cocinas.

Cabe mencionar que el problema de baja interaccién entre particulas de refuerzo
de origen natural y matrices termoplasticas, debido a su diferente naturaleza, también
lo presentan con matrices termoestables, es decir, la mayoria de las matrices
termoestables tienen un caracter hidrofobico y las particulas de origen natural son de
caracter hidrofilico. Donde para superar esta deficiencia se suele utilizar métodos de
compatibilizacion similares a los presentados anteriormente, como por ejemplo el uso

de agentes de acoplamiento, tratamientos superficiales, etc.

1.3.4.2. Materiales compuestos con fibras de refuerzo

El aumento de la concienciacion medioambiental provocé el incremento del
interés en el uso de fibras de origen natural como sustitutos a fibras sintéticas
convencionales. Hay que recalcar que el rendimiento de las fibras naturales ain no se
acerca al rendimiento que presentan fibras técnicas como las de carbono. Pero se
observa un panorama alentador como reemplazo a fibras como la de vidrio; se han
presentado varios candidatos dentro de las cuales estan las fibras de origen vegetal y
de origen mineral. En secciones anteriores se presentaron varias fibras de origen
vegetal que presentan mas posibilidades de uso industrial como la fibra lino, de yute o
de cafamo, debido a su constitucién y estructura que se resume en la tabla 1.3. Autores
como Fombuena, et al. [158] anteriormente mencionado por formular sistemas epoxis
con un alto porcentaje de origen organico de productos derivados del lino (aceite
epoxidado de lino, ELO y aceite maleinizado de lino, MLO), fabricaron materiales
compuestos utilizando esta matriz y reforzada con fibras de lino, donde utiliz6 diferentes
tipos de agentes de acoplamiento para mejorar la interaccion entre la matriz y las fibras.
Se pudo observar que los agentes de acoplamiento cumplieron su trabajo mejorando la
interaccion intersuperficial (fibra-matriz), resultando un aceptable efecto de refuerzo por
parte de las fibras, cabe mencionar que el aumento de la cantidad de MLO resulta en

un aumento en la ductilidad de los materiales.

Tenemos también que fibras minerales como las de pizarra o de basalto han
llamado la atencién en la fabricacién de materiales compuestos de matriz termoestable,

debido en gran manera a que su composicién basada en silicio es similar a fibras de
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vidrio comerciales, incluso presentan mejores propiedades mecanicas, térmicas que
algunos grados [187]. Autores como Samper, et al. [188] habrian fabricado materiales
compuestos con un alto porcentaje de origen natural formados con una matriz basa en
aceite epoxidado de lino (ELO) y reforzada con mantas de fibras de pizarra, fabricadas
por moldeo de transferencia de resina (RTM). Donde con el propésito de mejorar la
interaccion entre la matriz y las fibras de refuerzo, estas fueron sometidas a un
tratamiento basado en silanos. Los resultados obtenidos fueron alentadores ya que
demostraron por un lado que la fabricacion de materiales basados en productos
naturales se puede realizar con procesos escalables industrialmente. Y, por otro lado,
que se pueden obtener materiales con propiedades que pueden competir con
compuestos basados con fibras de vidrio. Por otro lado tenemos que Motoc, et al. [159]
fabricaron materiales hibridos con fibras de basalto y fibras de lino, utilizando una matriz
similar a la formulada por Fombuena, et al.,, basada en una resina de ELO y un
endurecedor basado en MLO. Donde por un lado se estudi6 el efecto de hibridacion que
se obtiene al combinar fibras de lino y basalto, y por otro lado se estudi6 el efecto del
MLO en materiales reforzados completamente con fibras de lino. Se observé un mejor
comportamiento termomecénico en los materiales hibridos debido al aumento de
resistencia que aportan las fibras de basalto en el compuesto, siendo mas notorio
cuando las fibras de basalto se encuentran en las capas exteriores, ademas se tiene
que la incorporacion de MLO produce un efecto similar al presentado por Fombuena, et

al., es decir, materiales con mayor ductilidad al incrementar el porcentaje de MLO.

Pagina 80 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



I. INTRODUCCION

10.

11.

12.

|.4. Referencias

S.C. Rasmussen. Reuvisiting the early history of synthetic polymers: critiques and
new insights. Ambix 2018, 65, 356-372.

PlasticsEurope. Plastics- the Facts 2020: An analysis of European plastics

production, demand and waste data; PlasticsEurope: Belgium, Europe, 2020.

K. Leja, G. Lewandowicz. Polymer biodegradation and biodegradable polymers-

a review. Polish Journal of Environmental Studies 2010, 19, 255-266.

A. Agtero, M.d.C. Morcillo, L. Quiles-Carrillo, R. Balart, T. Boronat, D. Lascano,
S. Torres-Giner, O. Fenollar. Study of the influence of the reprocessing cycles on
the final properties of polylactide pieces obtained by injection molding. Polymers
2019, 11, 1908.

L. Lebreton, A. Andrady. Future scenarios of global plastic waste generation and

disposal. Palgrave Communications 2019, 5, 1-11.

S. Walker, R. Rothman. Life cycle assessment of bio-based and fossil-based
plastic: A review. Journal of Cleaner Production 2020, 261, 121158.

A.L. Andrady, M.A. Neal. Applications and societal benefits of plastics.
Philosophical Transactions of the Royal Society B: Biological Sciences 2009,
364, 1977-1984.

J.M. Garcia, F.C. Garcia, F. Serna, L. José. High-performance aromatic
polyamides. Progress in polymer science 2010, 35, 623-686.

J.A. Reglero Ruiz, M. Trigo-Lépez, F.C. Garcia, J.M. Garcia. Functional aromatic
polyamides. Polymers 2017, 9, 414.

A. Ramgobin, G. Fontaine, S. Bourbigot. Investigation of the thermal stability and
fire behavior of high performance polymer: A case study of polyimide. Fire Safety
Journal 2021, 120, 103060.

T. Sai, S. Ran, Z. Guo, H. Yan, Y. Zhang, H. Wang, P. Song, Z. Fang.
Transparent, highly thermostable and flame retardant polycarbonate enabled by
rod-like phosphorous-containing metal complex aggregates. Chemical
Engineering Journal 2021, 409, 128223.

B. Guo, C.M. Chan. Chain extension of poly (butylene terephthalate) by reactive
extrusion. Journal of Applied Polymer Science 1999, 71, 1827-1834.

Tesis Doctoral. Diego Sebastian Lascano Aimacafia Pagina 81 de 457



I. INTRODUCCION

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Z. Li, W. Li, L. Liao, J. Li, T. Wu, L. Ran, T. Zhao, B. Chen. Preparation and
properties of polybutylene-terephthalate/graphene oxide in situ flame-retardant
material. Journal of Applied Polymer Science 2020, 137, 49214,

Y. Niu, S. Zheng, P. Song, X. Zhang, C. Wang. Mechanical and thermal
properties of PEEK composites by incorporating inorganic particles modified
phosphates. Composites Part B: Engineering 2021, 212, 108715.

Z. Xu, L. Gehui, K. Cao, D. Guo, J. Serrano, A. Esker, G. Liu. Solvent-resistant
self-crosslinked poly (ether imide). Macromolecules 2021, 54, 3405-3412.

V. Siracusa, |. Blanco. Bio-Polyethylene (Bio-PE), Bio-Polypropylene (Bio-PP)
and Bio-Poly (ethylene terephthalate)(Bio-PET): recent developments in bio-
based polymers analogous to petroleum-derived ones for packaging and
engineering applications. Polymers 2020, 12, 1641.

S. Rojas-Lema, D. Lascano, J. Ivorra-Martinez, J. Gomez-Caturla, R. Balart, D.
Garcia-Garcia. Manufacturing and characterization of high-density polyethylene
composites with active fillers from persimmon peel flour with improved antioxidant
activity and hydrophobicity. Macromolecular Materials and Engineering 2021,
2100430.

S. Li, M. Vert. Biodegradation of aliphatic polyesters. In Degradable polymers,
Springer: 2002; 71-131.

M. Abrisham, M. Noroozi, M. Panahi-Sarmad, M. Arjmand, V. Goodarzi, Y.
Shakeri, H. Golbaten-Mofrad, P. Dehghan, A.S. Sahzabi, M. Sadri. The role of
polycaprolactone-triol (PCL-T) in biomedical applications: A state-of-the-art
review. European Polymer Journal 2020, 131, 109701.

H. Kweon, M.K. Yoo, I.K. Park, T.H. Kim, H.C. Lee, H.-S. Lee, J.-S. Oh, T. Akaike,
C.-S. Cho. A novel degradable polycaprolactone networks for tissue engineering.
Biomaterials 2003, 24, 801-808.

L. Luduefia, A. Vazquez, V. Alvarez. Effect of lignocellulosic filler type and content
on the behavior of polycaprolactone based eco-composites for packaging
applications. Carbohydrate Polymers 2012, 87, 411-421.

K.J. Jem, B. Tan. The development and challenges of poly (lactic acid) and poly
(glycolic acid). Advanced Industrial and Engineering Polymer Research 2020, 3,
60-70.

Pagina 82 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



I. INTRODUCCION

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

A. Nanni, M. Messori. Thermo-mechanical properties and creep modelling of
wine lees filled Polyamide 11 (PAl1l) and Polybutylene succinate (PBS) bio-
composites. Composites Science and Technology 2020, 188, 107974.

S.-H. Lee, S. Wang. Biodegradable polymers/bamboo fiber biocomposite with
bio-based coupling agent. Composites Part A: applied science and
manufacturing 2006, 37, 80-91.

S.S. Ray, M. Bousmina, K. Okamoto. Structure and properties of
nanocomposites based on poly (butylene succinate-co-adipate) and organically
modified montmorillonite. Macromolecular materials and engineering 2005, 290,
759-768.

C. Pavon, M. Aldas, H.d.. Rosa-Ramirez, J. Lépez-Martinez, M.P. Arrieta.
Improvement of PBAT processability and mechanical performance by blending
with pine resin derivatives for injection moulding rigid packaging with enhanced
hydrophobicity. Polymers 2020, 12, 2891.

S.Z. Rogovina, G.A. Vikhoreva. Polysaccharide-based polymer blends: Methods
of their production. Glycoconjugate Journal 2006, 23, 611-618.

R. Kumar, V. Choudhary, S. Mishra, I.K. Varma, B. Mattiason. Adhesives and
plastics based on soy protein products. Industrial crops and products 2002, 16,
155-172.

H. Wieser. Chemistry of gluten proteins. Food microbiology 2007, 24, 115-119.

R. Tylingo, G. Gorczyca, S. Mania, P. Szweda, S. Milewski. Preparation and
characterization of porous scaffolds from chitosan-collagen-gelatin composite.
Reactive and Functional Polymers 2016, 103, 131-140.

H. Matsusaki, H. Abe, Y. Doi. Biosynthesis and properties of poly (3-
hydroxybutyrate-co-3-hydroxyalkanoates) by recombinant strains  of

Pseudomonas sp. 61-3. Biomacromolecules 2000, 1, 17-22.

V. Sharma, R. Sehgal, R. Gupta. Polyhydroxyalkanoate (PHA): Properties and
modifications. Polymer 2021, 212, 123161.

R.L. Quirino, K. Monroe, C.H. Fleischer Ill, E. Biswas, M.R. Kessler.
Thermosetting polymers from renewable sources. Polymer International 2021,
70, 167-180.

N. Saba, M. Jawaid, O.Y. Alothman, M. Paridah, A. Hassan. Recent advances in
epoxy resin, natural fiber-reinforced epoxy composites and their applications.
Journal of Reinforced Plastics and Composites 2016, 35, 447-470.

Tesis Doctoral. Diego Sebastian Lascano Aimacafia Pagina 83 de 457



I. INTRODUCCION

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

F.-L. Jin, X. Li, S.-J. Park. Synthesis and application of epoxy resins: A review.

Journal of Industrial and Engineering Chemistry 2015, 29, 1-11.

S. Kumar, S.K. Samal, S. Mohanty, S.K. Nayak. Study of curing kinetics of
anhydride cured petroleum-based (DGEBA) epoxy resin and renewable resource
based epoxidized soybean oil (ESO) systems catalyzed by 2-methylimidazole.
Thermochimica Acta 2017, 654, 112-120.

G. Sudha, H. Kalita, S. Mohanty, S.K. Nayak. Biobased epoxy blends from
epoxidized castor oil: effect on mechanical, thermal, and morphological

properties. Macromolecular Research 2017, 25, 420-430.

J. Chen, Z. Liu, K. Wang, J. Huang, K. Li, X. Nie, J. Jiang. Epoxidized castor oil-
based diglycidyl-phthalate plasticizer: Synthesis and thermal stabilizing effects

on poly (vinyl chloride). Journal of Applied Polymer Science 2019, 136, 47142.

N. Khundamri, C. Aouf, H. Fulcrand, E. Dubreucq, V. Tanrattanakul. Bio-based
flexible epoxy foam synthesized from epoxidized soybean oil and epoxidized

mangosteen tannin. Industrial Crops and Products 2019, 128, 556-565.

N. Mohd Nurazzi, A. Khalina, S. Sapuan, A. Dayang Laila, M. Rahmah, Z.
Hanafee. A review: Fibres, polymer matrices and composites. Pertanika Journal
of Science & Technology 2017, 25, 1085 - 1102.

F.R. Jones. Unsaturated polyester resins. In Brydson's Plastics Materials,
Elsevier: 2017; 743-772.

L.B. Mehta, K.K. Wadgaonkar, R.N. Jagtap. Synthesis and characterization of
high bio-based content unsaturated polyester resin for wood coating from itaconic
acid: Effect of various reactive diluents as an alternative to styrene. Journal of
Dispersion Science and Technology 2019, 40, 756-765.

J.M. Sadler, F.R. Toulan, A.-P.T. Nguyen, R.V. Kayea Ill, S. Ziaee, G.R.
Palmese, J.J. La Scala. Isosorbide as the structural component of bio-based
unsaturated polyesters for use as thermosetting resins. Carbohydrate polymers
2014, 100, 97-106.

B.Z. Fidanovski, P.M. Spasojevic, V.V. Panic, S.I. Seslija, J.P. Spasojevic, |.G.
Popovic. Synthesis and characterization of fully bio-based unsaturated polyester

resins. Journal of materials science 2018, 53, 4635-4644.

Z. Dai, Q. Li, Z. Chen, R.K. Shawon, Y. Zhu, H. Lv, F. Fu, Y. Zhu, Y. Fu, X. Liu.

Reactive diluent derived from ferulic acid for the preparation of a fully biobased

Pagina 84 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



I. INTRODUCCION

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

unsaturated polyester resin. ACS Sustainable Chemistry & Engineering 2020, 8,
17379-17386.

P. Penczek, P. Czub, J. Pielichowski. Unsaturated polyester resins: chemistry

and technology. Crosslinking in materials science 2005, 1-95.

M.B. Launikitis. Vinyl ester resins. In Handbook of composites, Springer: 1982;
38-49.

S.K. Yadav, K.M. Schmalbach, E. Kinaci, J.F. Stanzione Ill, G.R. Palmese.
Recent advances in plant-based vinyl ester resins and reactive diluents.
European Polymer Journal 2018, 98, 199-215.

E. Akpan, B. Wetzel, K. Friedrich. A fully biobased tribology material based on
acrylic resin and short wood fibres. Tribology International 2018, 120, 381-390.

Y. Zhang, V.K. Thakur, Y. Li, T.F. Garrison, Z. Gao, J. Gu, M.R. Kessler.
Soybean-oil-based thermosetting resins with methacrylated vanillyl alcohol as
bio-based, low-viscosity comonomer. Macromolecular Materials and Engineering
2018, 303, 1700278.

Y. Zhang, Y. Li, V.K. Thakur, L. Wang, J. Gu, Z. Gao, B. Fan, Q. Wu, M.R.
Kessler. Bio-based reactive diluents as sustainable replacements for styrene in
MAESO resin. RSC advances 2018, 8, 13780-13788.

F. Cardona, A.L. Kin-Tak, J. Fedrigo. Novel phenolic resins with improved
mechanical and toughness properties. Journal of applied polymer science 2012,
123, 2131-2139.

J. Shafizadeh, S. Guionnet, M. Tillman, J. Seferis. Synthesis and characterization
of phenolic resole resins for composite applications. Journal of Applied Polymer
Science 1999, 73, 505-514.

J. Li, W. Wang, S. Zhang, Q. Gao, W. Zhang, J. Li. Preparation and
characterization of lignin demethylated at atmospheric pressure and its
application in fast curing biobased phenolic resins. RSC advances 2016, 6,
67435-67443.

J. Li, J. Zhang, S. Zhang, Q. Gao, J. Li, W. Zhang. Fast curing bio-based phenolic
resins via lignin demethylated under mild reaction condition. Polymers 2017, 9,
428.

P. Jia, F. Song, Q. Li, H. Xia, M. Li, X. Shu, Y. Zhou. Recent development of
cardanol based polymer materials-a review. Journal of Renewable Materials
2019, 7, 601-619.

Tesis Doctoral. Diego Sebastian Lascano Aimacafia Pagina 85 de 457



I. INTRODUCCION

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

W. Zhang, N. Jiang, T. Zhang, T. Li. Thermal stability and thermal degradation
study of phenolic resin modified by cardanol. Emerging Materials Research 2020,
9, 180-185.

K.J. Bruemmer, O. Green, T.A. Su, D. Shabat, C.J. Chang. Chemiluminescent
probes for activity-based sensing of formaldehyde released from folate
degradation in living mice. Angewandte Chemie 2018, 130, 7630-7634.

G. Sui, Y. Cheng, X. Yang, X. Wang, Z. Wang. Use of sustainable glucose and
furfural in the synthesis of formaldehyde-free phenolic resole resins. Journal of
Applied Polymer Science 2019, 136, 47733.

M.P. Arrieta, M. Perdiguero, S. Fiori, J.M. Kenny, L. Peponi. Biodegradable
electrospun PLA-PHB fibers plasticized with oligomeric lactic acid. Polymer
Degradation and Stability 2020, 179, 109226.

H. Tsuji. Poly (lactic acid). Bio-based plastics: materials and applications 2013,
171-239.

X. Pang, X. Zhuang, Z. Tang, X. Chen. Polylactic acid (PLA): research,
development and industrialization. Biotechnology Journal 2010, 5, 1125-1136.

M. Ajioka, K. Enomoto, K. Suzuki, A. Yamaguchi. Basic properties of polylactic
acid produced by the direct condensation polymerization of lactic acid. Bulletin of
the Chemical Society of Japan 1995, 68, 2125-2131.

L. Quiles-Carrillo, M. Blanes-Martinez, N. Montanes, O. Fenollar, S. Torres-
Giner, R. Balart. Reactive toughening of injection-molded polylactide pieces

using maleinized hemp seed oil. European Polymer Journal 2018, 98, 402-410.

K.M. Nampoothiri, N.R. Nair, R.P. John. An overview of the recent developments
in polylactide (PLA) research. Bioresource technology 2010, 101, 8493-8501.

W.-x. Zhang, Y.-z. Wang. Synthesis and properties of high molecular weight poly
(lactic acid) and its resultant fibers. Chinese Journal of polymer science 2008, 26,
425-432.

Y. Yang, M. Zhang, Z. Ju, P.Y. Tam, T. Hua, M.W. Younas, H. Kamrul, H. Hu.
Poly (lactic acid) fibers, yarns and fabrics: Manufacturing, properties and
applications. Textile Research Journal 2021, 91, 1641-1669.

L. Suryanegara, A.N. Nakagaito, H. Yano. The effect of crystallization of PLA on
the thermal and mechanical properties of microfibrillated cellulose-reinforced PLA

composites. Composites Science and Technology 2009, 69, 1187-1192.

Pagina 86 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



I. INTRODUCCION

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

E. Castro-Aguirre, F. Iniguez-Franco, H. Samsudin, X. Fang, R. Auras. Poly
(lactic acid)—Mass production, processing, industrial applications, and end of life.
Advanced drug delivery reviews 2016, 107, 333-366.

R. Auras, B. Harte, S. Selke. An overview of polylactides as packaging materials.
Macromolecular bioscience 2004, 4, 835-864.

A. Aguero, L. Quiles-Carrillo, A. Jorda-Vilaplana, O. Fenollar, N. Montanes. Effect
of different compatibilizers on environmentally friendly composites from poly

(lactic acid) and diatomaceous earth. Polymer International 2019, 68, 893-903.

D. Cava, E. Giménez, R. Gavara, J. Lagaron. Comparative performance and
barrier properties of biodegradable thermoplastics and nanobiocomposites
versus PET for food packaging applications. Journal of Plastic Film & Sheeting
2006, 22, 265-274.

S. Kalia, L. Avérous. Biodegradable and biobased polymers for environmental
and biomedical applications; John Wiley & Sons: 2016.

Y. Yang, L. Zhang, Z. Xiong, Z. Tang, R. Zhang, J. Zhu. Research progress in
the heat resistance, toughening and filling modification of PLA. Science China
Chemistry 2016, 59, 1355-1368.

J.J. Koh, X. Zhang, C. He. Fully biodegradable poly (lactic acid)/starch blends: A
review of toughening strategies. International journal of biological
macromolecules 2018, 109, 99-113.

A. Quitadamo, V. Massardier, C. Santulli, M. Valente. Optimization of
thermoplastic blend matrix HDPE/PLA with different types and levels of coupling
agents. Materials 2018, 11, 2527.

S. Dhinesh, P.S. Arun, K.K. Senthil, A. Megalingam. Study on flexural and tensile
behavior of PLA, ABS and PLA-ABS materials. Materials Today: Proceedings
2021, 45, 1175-1180.

B. Imre, D. Bedd, A. Domjan, P. Schon, G.J. Vancso, B. Pukanszky. Structure,
properties and interfacial interactions in poly (lactic acid)/polyurethane blends

prepared by reactive processing. European polymer journal 2013, 49, 3104-3113.

A. Matta, R.U. Rao, K. Suman, V. Rambabu. Preparation and characterization of
biodegradable PLA/PCL polymeric blends. Procedia materials science 2014, 6,
1266-1270.

R. Supthanyakul, N. Kaabbuathong, S. Chirachanchai. Poly (I-lactide-b-butylene

succinate-bl-lactide) triblock copolymer: A multi-functional additive for PLA/PBS

Tesis Doctoral. Diego Sebastian Lascano Aimacafia Pagina 87 de 457



I. INTRODUCCION

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

blend with a key performance on film clarity. Polymer Degradation and Stability
2017, 142, 160-168.

A. Przybytek, M. Sienkiewicz, J. Kucinska-Lipka, H. Janik. Preparation and
characterization of biodegradable and compostable PLA/TPS/ESO
compositions. Industrial Crops and Products 2018, 122, 375-383.

J.M. Ferri, D. Garcia-Garcia, E. Rayon, M.D. Samper, R. Balart. Compatibilization
and characterization of polylactide and biopolyethylene binary blends by non-

reactive and reactive compatibilization approaches. Polymers 2020, 12, 1344.

J. Ferri, D. Garcia-Garcia, L. Sanchez-Nacher, O. Fenollar, R. Balart. The effect
of maleinized linseed oil (MLO) on mechanical performance of poly (lactic acid)-
thermoplastic starch (PLA-TPS) blends. Carbohydrate polymers 2016, 147, 60-
68.

B. Wang, K. Hina, H. Zou, D. Zuo, C. Yi. Thermal, crystallization, mechanical and
decomposition properties of poly (lactic acid) plasticized with poly (ethylene
glycol). Journal of Vinyl and Additive Technology 2018, 24, E154-E163.

N. Burgos, D. Tolaguera, S. Fiori, A. Jiménez. Synthesis and characterization of
lactic acid oligomers: Evaluation of performance as poly (lactic acid) plasticizers.
Journal of Polymers and the Environment 2014, 22, 227-235.

M. Bouti, R. Irinislimane, N. Belhaneche-Bensemra. Properties investigation of
epoxidized sunflower oil as bioplasticizer for poly (lactic acid). Journal of

Polymers and the Environment 2021, 1-14.

H. Li, M.A. Huneault. Effect of nucleation and plasticization on the crystallization
of poly (lactic acid). Polymer 2007, 48, 6855-6866.

C. Lee, M.M. Pang, S.C. Koay, H.L. Choo, K.Y. Tshai. Talc filled polylactic-acid
biobased polymer composites: Tensile, thermal and morphological properties.
SN Applied Sciences 2020, 2, 1-6.

K. Piekarska, E. Piorkowska, J. Bojda. The influence of matrix crystallinity, filler
grain size and modification on properties of PLA/calcium carbonate composites.
Polymer Testing 2017, 62, 203-209.

E.A. Segura Gonzélez, D. Olmos, M.A. Lorente, |. Vélaz, J. Gonzalez-Benito.
Preparation and characterization of polymer composite materials based on
PLA/TIOZ2 for antibacterial packaging. Polymers 2018, 10, 1365.

N. Salahuddin, M. Abdelwahab, M. Gaber, S. Elneanaey. Synthesis and design

of norfloxacin drug delivery system based on PLA/TiO2 nanocomposites:

Pagina 88 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



I. INTRODUCCION

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Antibacterial and antitumor activities. Materials Science and Engineering: C
2020, 108, 110337.

J. Ferri, J. Jord4, N. Montanes, O. Fenollar, R. Balart. Manufacturing and
characterization of poly (lactic acid) composites with hydroxyapatite. Journal of

thermoplastic composite Materials 2018, 31, 865-881.

M. Syduzzaman, M.A. Al Farugue, K. Bilisik, M. Naebe. Plant-based natural fibre
reinforced composites: A review on fabrication, properties and applications.
Coatings 2020, 10, 973.

R. Liu, Y. Peng, J. Cao, Y. Chen. Comparison on properties of lignocellulosic
flour/polymer composites by using wood, cellulose, and lignin flours as fillers.

Composites Science and Technology 2014, 103, 1-7.

A. Bledzki, J. Gassan. Composites reinforced with cellulose based fibres.

Progress in polymer science 1999, 24, 221-274.

S. Rojas-Lema, J. Ivorra-Martinez, D. Lascano, D. Garcia-Garcia, R. Balart.
Improved performance of environmentally friendly blends of biobased
polyethylene and kraft lignin compatibilized by reactive extrusion with dicumyl

peroxide. Macromolecular Materials and Engineering 2021, 2100196.

D.J. Gardner, Y. Han, L. Wang. Wood—plastic composite technology. Current
Forestry Reports 2015, 1, 139-150.

P. Borysiuk, P. Boruszewski, R. Auriga, L. Danecki, A. Auriga, K. Rybak, M.
Nowacka. Influence of a bark-filler on the properties of PLA biocomposites.
Journal of Materials Science 2021, 56, 9196-9208.

J. Balart, D. Garcia-Sanoguera, R. Balart, T. Boronat, L. Sanchez-Nacher.
Manufacturing and properties of biobased thermoplastic composites from poly

(lactid acid) and hazelnut shell wastes. Polymer composites 2018, 39, 848-857.

L. Quiles-Carrillo, N. Montanes, C. Sammon, R. Balart, S. Torres-Giner.
Compatibilization of highly sustainable polylactide/almond shell flour composites
by reactive extrusion with maleinized linseed oil. Industrial Crops and Products
2018, 111, 878-888.

M. Gonzéalez-Lbopez, J. Robledo-Ortiz, R. Manriquez-Gonzélez, J. Silva-Guzman,
A. Pérez-Fonseca. Polylactic acid functionalization with maleic anhydride and its
use as coupling agent in natural fiber biocomposites: a review. Composite
Interfaces 2018, 25, 515-538.

Tesis Doctoral. Diego Sebastian Lascano Aimacafia Pagina 89 de 457



I. INTRODUCCION

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

D. Garcia-Garcia, L. Quiles-Carrillo, N. Montanes, V. Fombuena, R. Balart.
Manufacturing and characterization of composite fibreboards with Posidonia
oceanica wastes with an environmentally-friendly binder from epoxy resin.
Materials 2018, 11, 35.

M. Islam, K. Pickering, N. Foreman. Influence of alkali treatment on the interfacial
and physico-mechanical properties of industrial hemp fibre reinforced polylactic
acid composites. Composites Part A: Applied Science and Manufacturing 2010,
41, 596-603.

B. Koohestani, A. Darban, P. Mokhtari, E. Yilmaz, E. Darezereshki. Comparison
of different natural fiber treatments: a literature review. International Journal of

Environmental Science and Technology 2019, 16, 629-642.

X. Li, L.G. Tabil, S. Panigrahi. Chemical treatments of natural fiber for use in
natural fiber-reinforced composites: a review. Journal of Polymers and the
Environment 2007, 15, 25-33.

Y. Xie, C.A. Hill, Z. Xiao, H. Militz, C. Mai. Silane coupling agents used for natural
fiber/polymer composites: A review. Composites Part A: Applied Science and
Manufacturing 2010, 41, 806-819.

S. Qian, K. Sheng, K. Yu, L. Xu, C.A.F. Lopez. Improved properties of PLA
biocomposites toughened with bamboo cellulose nanowhiskers through silane
modification. Journal of Materials Science 2018, 53, 10920-10932.

S.-Y. Leeg, I.-A. Kang, G.-H. Doh, H.-G. Yoon, B.-D. Park, Q. Wu. Thermal and
mechanical properties of wood flour/talc-filled polylactic acid composites: Effect
of filler content and coupling treatment. Journal of Thermoplastic Composite
Materials 2008, 21, 209-223.

A. Csikés, G. Faludi, A. Domjan, K. Renner, J. M6cz06, B. Pukanszky. Modification
of interfacial adhesion with a functionalized polymer in PLA/wood composites.
European Polymer Journal 2015, 68, 592-600.

S.H. Ghaffar, O.A. Madyan, M. Fan, J. Corker. The influence of additives on the
interfacial bonding mechanisms between natural fibre and biopolymer

composites. Macromolecular Research 2018, 26, 851-863.

G. Faludi, G. Dora, K. Renner, J. M6cz0, B. Pukanszky. Improving interfacial
adhesion in pla/wood biocomposites. Composites science and technology 2013,
89, 77-82.

Pagina 90 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



I. INTRODUCCION

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

L. Kerni, S. Singh, A. Patnaik, N. Kumar. A review on natural fiber reinforced
composites. Materials Today: Proceedings 2020, 28, 1616-1621.

A.K. Mohanty, M. Misra, L. Drzal. Sustainable bio-composites from renewable
resources: opportunities and challenges in the green materials world. Journal of
Polymers and the Environment 2002, 10, 19-26.

M.S. Anbupalani, C.D. Venkatachalam, R. Rathanasamy. Influence of coupling
agent on altering the reinforcing efficiency of natural fibre-incorporated polymers—

a review. Journal of Reinforced Plastics and Composites 2020, 39, 520-544.

D. Chandramohan, K. Marimuthu. A review on natural fibers. International

Journal of Research and Reviews in Applied Sciences 2011, 8, 194-206.

M. Alzeer, K.J. MacKenzie. Synthesis and mechanical properties of new fibre-
reinforced composites of inorganic polymers with natural wool fibres. Journal of
Materials Science 2012, 47, 6958-6965.

F. Pawlak, M. Aldas, F. Parres, J. LOpez-Martinez, M.P. Arrieta. Silane-
functionalized sheep wool fibers from dairy industry waste for the development of
plasticized PLA composites with maleinized linseed oil for injection-molded parts.
Polymers 2020, 12, 2523.

A. Martinez-Hernandez, C. Velasco-Santos, M. De-lcaza, V.M. Castano.
Dynamical-mechanical and thermal analysis of polymeric composites reinforced
with keratin biofibers from chicken feathers. Composites Part B: Engineering
2007, 38, 405-410.

S. Liu, G. Wu, J. Yu, X. Chen, J. Guo, X. Zhang, P. Wang, X. Yin. Surface
modification of basalt fiber (BF) for improving compatibilities between BF and poly
lactic acid (PLA) matrix. Composite Interfaces 2019, 26, 275-290.

S. Yu, Y.H. Hwang, J.Y. Hwang, S.H. Hong. Analytical study on the 3D-printed
structure and mechanical properties of basalt fiber-reinforced PLA composites

using X-ray microscopy. Composites Science and Technology 2019, 175, 18-27.

K. Karvanis, S. Rusnakova, O. Krej¢i, M. Zaludek. Preparation, thermal analysis,
and mechanical properties of basalt fiber/epoxy composites. Polymers 2020, 12,
1785.

A. Carbonell-Verda, D. Garcia-Garcia, A. Jord4d, M. Samper, R. Balart.
Development of slate fiber reinforced high density polyethylene composites for

injection molding. Composites Part B: Engineering 2015, 69, 460-466.

Tesis Doctoral. Diego Sebastian Lascano Aimacafia Pagina 91 de 457



I. INTRODUCCION

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

H. Awais, Y. Nawab, A. Amjad, A. Anjang, H.M. Akil, M.S.Z. Abidin.
Environmental benign natural fibre reinforced thermoplastic composites: A
review. Composites Part C: Open Access 2021, 4, 100082.

A. Gholampour, T. Ozbakkaloglu. A review of natural fiber composites:
Properties, modification and processing techniques, characterization,

applications. Journal of Materials Science 2020, 55, 829-892.

M. Sanjay, S. Siengchin, J. Parameswaranpillai, M. Jawaid, C.I. Pruncu, A. Khan.
A comprehensive review of techniques for natural fibers as reinforcement in
composites: Preparation, processing and characterization. Carbohydrate
polymers 2019, 207, 108-121.

D. Verma, K.L. Goh. Effect of mercerization/alkali surface treatment of natural
fibres and their utilization in polymer composites: Mechanical and morphological

studies. Journal of Composites Science 2021, 5, 175.

A. Aglero, D. Garcia-Sanoguera, D. Lascano, S. Rojas-Lema, J. Ivorra-Martinez,
O. Fenollar, S. Torres-Giner. Evaluation of different compatibilization strategies
to improve the performance of injection-molded green composite pieces made of

polylactide reinforced with short flaxseed fibers. Polymers 2020, 12, 821.

L. Zhang, S. Lv, C. Sun, L. Wan, H. Tan, Y. Zhang. Effect of MAH-g-PLA on the
properties of wood fiber/polylactic acid composites. Polymers 2017, 9, 591.

K.M. Charlebois, R. Boukhili, O. Zebdi, F. Trochu, A. Gasmi. Evaluation of the
physical and mechanical properties of braided fabrics and their composites.

Journal of reinforced plastics and composites 2005, 24, 1539-1554.

S.K. Ramamoorthy, M. Skrifvars, A. Persson. A review of natural fibers used in
biocomposites: plant, animal and regenerated cellulose fibers. Polymer reviews
2015, 55, 107-162.

T. Katayama, K. Tanaka, T. Murakami, K. Uno. Compression moulding of jute
fabric reinforced thermoplastic composites based on PLA non-woven fabric. WIT

transactions on the built environment 2006, 85.

G.A. Khan, H. Shaikh, M.S. Alam, M.A. Gafur, S.M. Al-Zahrani. Effect of chemical
treatments on the physical properties of non-woven jute/PLA biocomposites.
BioResources 2015, 10, 7386-7404.

G.A. Khan, M. Terano, M. Gafur, M.S. Alam. Studies on the mechanical
properties of woven jute fabric reinforced poly (I-lactic acid) composites. Journal

of King Saud University-Engineering Sciences 2016, 28, 69-74.

Pagina 92 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



I. INTRODUCCION

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

U.K. Komal, M.K. Lila, I. Singh. PLA/banana fiber based sustainable
biocomposites: a manufacturing perspective. Composites Part B: Engineering
2020, 180, 107535.

J. Luedtke, M. Gaugler, W.J. Grigsby, A. Krause. Understanding the development
of interfacial bonding within PLA/wood-based thermoplastic sandwich
composites. Industrial Crops and Products 2019, 127, 129-134.

H. Rebelo, D. Lecompte, C. Cismasiu, A. Jonet, B. Belkassem, A. Maazoun.
Experimental and numerical investigation on 3D printed PLA sacrificial
honeycomb cladding. International Journal of Impact Engineering 2019, 131,
162-173.

E.G. Giakoumis. Analysis of 22 vegetable oils’ physico-chemical properties and
fatty acid composition on a statistical basis, and correlation with the degree of

unsaturation. Renewable energy 2018, 126, 403-419.

A. Kadam, M. Pawar, O. Yemul, V. Thamke, K. Kodam. Biodegradable biobased
epoxy resin from karanja oil. Polymer 2015, 72, 82-92.

M. Galia, L.M. de Espinosa, J.C. Ronda, G. Lligadas, V. Cadiz. Vegetable oil-
based thermosetting polymers. European journal of lipid science and technology
2010, 112, 87-96.

N. Karak. Overview of epoxies and their thermosets. In Sustainable Epoxy

Thermosets and Nanocomposites, ACS Publications: 2021; 1-36.

E. Budiyati, R. Rochmadi, A. Budiman, B. Budhijanto. Studies on epoxidation of
tung oil with hydrogen peroxide catalyzed by sulfuric acid. Bulletin of Chemical
Reaction Engineering & Catalysis 2020, 15, 674-686.

R. Turco, R. Tesser, V. Russo, T. Cogliano, M. Di Serio, E. Santacesaria.
Epoxidation of linseed oil by performic acid produced in situ. Industrial &
Engineering Chemistry Research 2021, 60, 16607-16618.

A. Carbonell-Verdu, L. Bernardi, D. Garcia-Garcia, L. Sanchez-Nacher, R. Balart.
Development of environmentally friendly composite matrices from epoxidized

cottonseed oil. European Polymer Journal 2015, 63, 1-10.

M.-D. Samper, J.M. Ferri, A. Carbonell-Verdu, R. Balart, O. Fenollar. Properties
of biobased epoxy resins from epoxidized linseed oil (ELO) crosslinked with a
mixture of cyclic anhydride and maleinized linseed oil. Express Polymer Letters
2019, 13, 407-418.

Tesis Doctoral. Diego Sebastian Lascano Aimacafia Pagina 93 de 457



I. INTRODUCCION

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

X.-M. Ding, L. Chen, D.-M. Guo, B.-W. Liu, X. Luo, Y.-F. Lei, H.-Y. Zhong, Y.-Z.
Wang. Controlling cross-linking networks with different imidazole accelerators
toward high-performance epoxidized soybean oil-based thermosets. ACS
Sustainable Chemistry & Engineering 2021, 9, 3267-3277.

M. Qi, Y.-J. Xu, W.-H. Rao, X. Luo, L. Chen, Y.-Z. Wang. Epoxidized soybean oil
cured with tannic acid for fully bio-based epoxy resin. RSC advances 2018, 8,
26948-26958.

F.S. Guner, Y. Yagci, A.T. Erciyes. Polymers from triglyceride oils. Progress in
Polymer Science 2006, 31, 633-670.

S.N. Khot, J.J. Lascala, E. Can, S.S. Morye, G.l. Williams, G.R. Palmese, S.H.
Kusefoglu, R.P. Wool. Development and application of triglyceride-based

polymers and composites. Journal of applied polymer science 2001, 82, 703-723.

P. Zhang, J. Zhang. One-step acrylation of soybean oil (SO) for the preparation
of SO-based macromonomers. Green Chemistry 2013, 15, 641-645.

T. Eren, S.H. Kusefoglu. Synthesis and polymerization of the acrylamide
derivatives of fatty compounds. Journal of applied polymer science 2005, 97,
2264-2272.

Y. Su, S. Zhang, Y. Chen, T. Yuan, Z. Yang. One-step synthesis of novel
renewable multi-functional linseed oil-based acrylate prepolymers and its
application in UV-curable coatings. Progress in Organic Coatings 2020, 148,
105820.

Y. Wu, K. Li. Replacement of styrene with acrylated epoxidized soybean oil in an
unsaturated polyester resin from propylene glycol, isophthalic acid, and maleic
anhydride. Journal of Applied Polymer Science 2016, 133, 43052.

S. Grishchuk, J. Karger-Kocsis. Hybrid thermosets from vinyl ester resin and
acrylated epoxidized soybean oil (AESO). Express Polymer Letters 2011, 5, 2—
11.

W. Liu, T. Chen, M.-e. Fei, R. Qiu, D. Yu, T. Fu, J. Qiu. Properties of natural fiber-
reinforced biobased thermoset biocomposites: Effects of fiber type and resin

composition. Composites Part B: Engineering 2019, 171, 87-95.

J. Chen, H. Liu, W. Zhang, L. Lv, Z. Liu. Thermosets resins prepared from
soybean oil and lignin derivatives with high biocontent, superior thermal
properties, and biodegradability. Journal of Applied Polymer Science 2020, 137,
48827.

Pagina 94 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



I. INTRODUCCION

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

R.C. Chikhalonde, M. Bhalerao, V. Karadbhajane. Study on modification
processes of vegetable oils and detrimental efects of petroleum products 2019,
707-7009.

T. Eren, S.H. Kusefoglu, R. Wool. Polymerization of maleic anhydride—modified

plant oils with polyols. Journal of applied polymer science 2003, 90, 197-202.

V. Fombuena, R. Petrucci, F. Dominici, A. Jord4-Vilaplana, N. Montanes, L.
Torre. Maleinized linseed oil as epoxy resin hardener for composites with high

bio content obtained from linen byproducts. Polymers 2019, 11, 301.

D.L. Motoc, J.M. Ferri, S. Ferrandiz-Bou, D. Garcia-Garcia, R. Balart. Dynamic—
mechanical and decomposition properties of flax/basalt hybrid laminates based

on an epoxidized linseed oil polymer. Polymers 2021, 13, 479.

H. Ma, X. Zhang, F. Ju, S.-B. Tsai. A study on curing kinetics of nano-phase
modified epoxy resin. Scientific Reports 2018, 8, 1-15.

M. Brown, M. Maciejewski, S. Vyazovkin, R. Nomen, J. Sempere, A.a. Burnham,
J. Opfermann, R. Strey, H. Anderson, A. Kemmler. Computational aspects of
kinetic analysis: part A: The ICTAC kinetics project-data, methods and results.
Thermochimica Acta 2000, 355, 125-143.

S. Vyazovkin, A.K. Burnham, J.M. Criado, L.A. Pérez-Maqueda, C. Popescu, N.
Shirrazzuoli. ICTAC Kinetics Committee recommendations for performing kinetic

computations on thermal analysis data. Thermochimica acta 2011, 520, 1-19.

C. Dickinson, G. Heal. A review of the ICTAC Kinetics Project, 2000: Part 1.
Isothermal results. Thermochimica Acta 2009, 494, 1-14.

S. Vyazovkin, N. Shirrazzuoli. Isoconversional kinetic analysis of thermally
stimulated processes in polymers. Macromolecular Rapid Communications 2006,
27, 1515-1532.

M. Stanko, M. Stommel. Kinetic prediction of fast curing polyurethane resins by

model-free isoconversional methods. Polymers 2018, 10, 698.

H.L. Friedman. Kinetics of thermal degradation of char-forming plastics from
thermogravimetry. Application to a phenolic plastic. In Proceedings of Journal of

polymer science part C: polymer symposia; 183-195.

J.H. Flynn. The ‘temperature integral’—its use and abuse. Thermochimica Acta
1997, 300, 83-92.

C.D. Doyle. Kinetic analysis of thermogravimetric data. Journal of applied
polymer science 1961, 5, 285-292.

Tesis Doctoral. Diego Sebastian Lascano Aimacafia Pagina 95 de 457



I. INTRODUCCION

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

A.\W. Coats, J. Redfern. Kinetic parameters from thermogravimetric data. Nature
1964, 201, 68-69.

S. Vyazovkin, D. Dollimore. Linear and nonlinear procedures in isoconversional
computations of the activation energy of nonisothermal reactions in solids.

Journal of chemical information and computer sciences 1996, 36, 42-45.

G.l. Senum, R. Yang. Rational approximations of the integral of the Arrhenius

function. Journal of thermal analysis 1977, 11, 445-447.

L. Pérez-Maqueda, J. Criado. The accuracy of Senum and Yang's
approximations to the Arrhenius integral. Journal of thermal analysis and
calorimetry 2000, 60, 909-915.

M. Starink. The determination of activation energy from linear heating rate
experiments: a comparison of the accuracy of isoconversion methods.
Thermochimica acta 2003, 404, 163-176.

J.H. Flynn, L.A. Wall. General treatment of the thermogravimetry of polymers.
Journal of research of the National Bureau of Standards. Section A, Physics and
chemistry 1966, 70, 487.

T. Ozawa. A new method of analyzing thermogravimetric data. Bulletin of the
chemical society of Japan 1965, 38, 1881-1886.

C. Doyle. Estimating isothermal life from thermogravimetric data. Journal of
Applied Polymer Science 1962, 6, 639-642.

T. Akahira, T. Sunose. Method of determining activation deterioration constant of
electrical insulating materials. Res Rep Chiba Inst Technol (Sci Technol) 1971,
16, 22-31.

P. Murray, J. White. Kinetics of the thermal dehydration of clays. Part IV.
Interpretation of the differential thermal analysis of the clay minerals. Trans Br
Ceram Soc 1955, 54, 204-238.

H.E. Kissinger. Reaction kinetics in differential thermal analysis. Analytical
chemistry 1957, 29, 1702-1706.

J. Farjas, N. Butchosa, P. Roura. A simple kinetic method for the determination
of the reaction model from non-isothermal experiments. Journal of thermal
analysis and calorimetry 2010, 102, 615-625.

J. Criado, J. Malek, A. Ortega. Applicability of the master plots in kinetic analysis
of non-isothermal data. Thermochimica Acta 1989, 147, 377-385.

Pagina 96 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



I. INTRODUCCION

182.

183.

184.

185.

186.

187.

188.

J. Malek. The kinetic analysis of non-isothermal data. Thermochimica Acta 1992,
200, 257-269.

S. Chandrakar, A. Agrawal, P. Prakash, I.LA. Khan, A. Sharma. Physical and
mechanical properties of epoxy reinforced with pistachio shell particulates. In

Proceedings of AIP Conference Proceedings; 040012.

A. Khazaeian, A. Ashori, M.Y. Dizaj. Suitability of sorghum stalk fibers for
production of particleboard. Carbohydrate polymers 2015, 120, 15-21.

M. Mandal, P. Begum, R.C. Deka, T.K. Maji. Wood flour thermoset composites
using chemically modified epoxidized soybean oil. European Journal of Wood
and Wood Products 2019, 77, 569-580.

A. Wechsler, M. Zaharia, A. Crosky, H. Jones, M. Ramirez, A. Ballerini, M. Nufiez,
V. Sahajwalla. Macadamia (Macadamia integrifolia) shell and castor (Ricinos
communis) oil based sustainable particleboard: A comparison of its properties
with conventional wood based particleboard. Materials & Design 2013, 50, 117-
123.

T. Czigany, J. Vad, K. Poloskei. Basalt fiber as a reinforcement of polymer

composites. Periodica Polytechnica Mechanical Engineering 2005, 49, 3-14.

M. Samper, R. Petrucci, L. Sanchez-Nacher, R. Balart, J. Kenny. New
environmentally friendly composite laminates with epoxidized linseed oil (ELO)
and slate fiber fabrics. Composites Part B: Engineering 2015, 71, 203-209.

Tesis Doctoral. Diego Sebastian Lascano Aimacafia Pagina 97 de 457



I. INTRODUCCION

Pagina 98 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



ll. Objetivos






II. OBJETIVOS

II.1. Objetivo General

El objetivo principal de esta tesis doctoral se enfoca en la blusqueda de nuevos
materiales basados en matrices poliméricas con un alto rendimiento medioambiental, y
reforzados por particulas y fibras de origen natural. Para esto se parte de una mejora y
optimizacion de propiedades de las matrices, por un lado, se pretende sobrellevar
carencias como la falta de tenacidad que presentan matrices termoplasticas como el
PLA. Y por otro lado se pretende comprender y optimizar el proceso de entrecruzado de
resinas termoestables parcial y totalmente biobasadas. Ademas de someter a los
refuerzos naturales a varias modificaciones con ansias de mejorar su interaccién con
las diferentes matrices. Finalmente se busca obtener materiales compuestos con un alto
contenido natural con propiedades mejoradas y fabricados por medios que tengan una

aplicabilidad a nivel industrial.

I1.2. Objetivos Especificos

Para lograr el objetivo general se plantearon una serie de objetivos especificos
que se han ido elaborando durante el desarrollo de la tesis doctoral. Estos objetivos
especificos se han agrupado en dos bloques dependiendo al tipo de matriz polimérica
utilizada, entre las que se encuentran mezclas y compuestos con matrices
termoplasticas de alto rendimiento medioambiental y compuestos con matrices

termoestables con alto rendimiento medioambiental.

Mezclas y compuestos con matrices termoplasticas con alto rendimiento

medioambiental

e Estudio del efecto de la incorporacion de diferentes cantidades de poli
(butileno succinato-co-adipato) (PBSA) en las propiedades mecénicas,
morfoldgicas y de memoria de forma una matriz de PLA.

e Estudio del efecto de la adicion de un nuevo tipo de oligbmero de acido
lactico (OLA) en las propiedades mecénicas, térmicas, termomecanicas,
morfoldgicas y de memoria de forma en una matriz de PLA.

e Estudio del efecto de la altura en nucleos en forma de panal de abeja
compuestos integramente de PLA sobre las propiedades a flexion y
compresion en la fabricacién de nuevas estructuras sandwich, con caras

exteriores de PLA y fibras de lino.
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o Estudio del efecto de la distribucién y cantidad de carga de fibra de yute
en las propiedades mecanicas de compuestos basados en una matriz de

PLA, fabricados por métodos convencionales

Compuestos con matrices termoestables con alto rendimiento

medioambiental

e Analisis cinético del curado de una resina epoxi con un 31 % de contenido
de origen natural a través de métodos isoconversionales en condiciones
no isotermas por medio de DSC.

e Andlisis cinético del curado de una resina epoxi basada en aceite de
linaza epoxidado (ELO) entrecruzados con anhidridos a través de
métodos isoconversionales en condiciones no isotermas por medio de
DSC.

e Optimizacion de los parametros de curado a través del estudio de
diferentes temperaturas de curado y de poscurado de una resina epoxi
con un 31 % de contenido de origen natural.

e Estudio del efecto del tamafio y cantidad de carga de particulas
lignocelulosicas obtenidas de la industria del lino en las propiedades
mecanicas, térmicas, de color, morfoldgicas y de resistencia al agua de
compuestos basados una matriz epoxi con un 31 % de contenido de
origen natural.

e Estudio del efecto de diferentes secuencias de apilamientos de fibras de
basalto y de lino tratadas con agentes de acoplamiento, en las
propiedades mecanicas, termomecanicas y morfoldégicas de laminados
fabricados con una matriz epoxi con un 31 % de contenido de origen
natural.

o Estudio del efecto de diferentes secuencias de apilamientos de fibras de
basalto y de lino tratadas con agentes de acoplamiento, en las
propiedades mecanicas de estructuras sandwich ligeras con nucleos
permeables fabricados con una matriz epoxi con un 31 % de contenido

de origen natural.

En la figura Il.1. se puede observar la planificacion de los objetivos especificos

realizados durante la tesis doctoral.
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Figura Il.1. Esquema de la planificacion del trabajo de la tesis doctoral.

Pagina 103 de 457

Tesis Doctoral. Diego Sebastian Lascano Aimacafia



II. OBJETIVOS

Pagina 104 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



IIl. RESULTS AND DISCUSSION






Ill. RESULTS AND DISCUSSION

The following section gathers the most outstanding results regarding developing
and optimizing new polymeric materials with low environmental impact and balanced
properties. For this purpose, in this work, different polymeric materials were used, e.g.,
thermoplastic materials such as PLA and thermosetting materials such as epoxy resins

with fillers and natural fibers as reinforcing materials.

The results obtained were grouped into two blocks to better understand the
document, with ten chapters. The blocks were structured, considering the polymeric

matrix used and its application.

Block 1. Blends and composites with thermoplastic matrices of high

environmental performance

This block contains the results obtained from the improvement of PLA toughness
after several modifications, one of them by binary blends with flexible thermoplastics
such as PBSA and the addition of different lactic acid oligomers. Additionally, the
document evaluates the use of PLA as the main constituent in the manufacture of
honeycomb cores and its use as a matrix in developing composites reinforced with

natural fibers.
Chapter 111.1.1.

Toughened poly (lactic acid)-PLA formulations by binary blends with
poly(butylene succinate-co-adipate)-PBSA and their shape memory behavior.

Chapter 111.1.2.

Development of injection-molded polylactide pieces with high toughness by the

addition of lactic acid oligomer and characterization of their shape memory behavior.
Chapter 111.1.3.

Manufacturing and characterization of highly environmentally friendly sandwich

composites from polylactide cores and flax-polylactide faces
Chapter 111.1.4.

A comparative study of mechanical properties of polylactide bio-composites with

woven and non-woven jute reinforcements
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Block 2. Composites based on thermosetting matrices with high

environmental performance.

This block includes the most relevant results of the kinetic study of the curing
process of epoxy resins with a partial and total content of the natural source and the
optimization of the curing process parameters. This work evaluates the performance of
these optimized matrices in the fabrication of different composite materials reinforced
with natural fillers and fibers to produce industrially scalable composite materials with
good mechanical properties and minimum environmental impact. For this purpose, this
block gathers the manufacture and characterization of WPC, laminates, and sandwich

structures with permeable cores.
Chapter 111.2.1.

Kinetic analysis of the curing of a partially biobased epoxy resin using dynamic

differential scanning calorimetry
Chapter 111.2.2.

Kinetic analysis of the curing process of biobased epoxy resin from epoxidized

linseed oil by dynamic differential scanning calorimetry
Chapter 111.2.3.

Optimization of the curing and post-curing conditions for the manufacturing of

partially bio-based epoxy resins with improved toughness
Chapter 111.2.4.

Manufacturing and characterization of green composites with partially biobased

epoxy resin and flaxseed flour wastes
Chapter 111.2.5.

Manufacturing and characterization of hybrid composites with basalt and flax

fabrics and a partially bio-based epoxy resin
Chapter 111.2.6.

Manufacturing of composite materials with high environmental efficiency using
epoxy resin of renewable origin and permeable light cores for vacuum-assisted infusion

molding.

Pagina 108 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



Ill.1. Blends and composites with
thermoplastic matrices of high
environmental performance






Ill. RESULTS AND DISCUSSION

Adaptado del articulo

111.1.1. Toughened poly (lactic acid)-PLA
formulations by binary blends with poly(butylene
succinate-co-Adipate)-PBSA and their shape
memory behaviour

Diego Lascano?!, Luis Quiles-Carrillo?, Rafael Balart?, Teodomiro Boronat? and

Nestor Montanes?

1 Escuela Politécnica Nacional, 17-01-2759 Quito, Ecuador
2 Technological Institute of Materials (ITM), Universitat Politécnica de Valéncia
(UPV),Plaza Ferrandiz y Carbonell 1, 03801 Alcoy, Spain

g ! materials

=
-

MDPI

S

Materials 2019, 12(4), 622

Tesis Doctoral. Diego Sebastian Lascano Aimacafia Pagina 111 de 457



Ill. RESULTS AND DISCUSSION

4{{ materials MbPy

Article

Toughened Poly (Lactic Acid)—PLA Formulations by
Binary Blends with Poly(Butylene
Succinate-co-Adipate)—PBSA and Their Shape
Memory Behaviour

Diego Lascano 1 Luis Quiles-Carrillo Z*{, Rafael Balart 2(*), Teodomiro Boronat 2(*) and
Nestor Montanes 2

1 Escuela Politécnica Nacional, 17-01-2759 Quito, Ecuador; dielas@epsa.upv.es

2 Technological Institute of Materials (ITM), Universitat Politécnica de Valencia (UPV),
Plaza Ferrandiz y Carbonell 1, 03801 Alcoy, Spain; rbalart@mcm.upv.es (R.B.); tboronat@dimm.upv.es (T.B.);
nesmonmu@upvnet.upv.es (N.M.)

*  Correspondence: luiquicl@epsa.upv.es; Tel.: +34-966-528-433

check for
Received: 16 January 2019; Accepted: 16 February 2019; Published: 22 February 2019 updates

Abstract: This study reports the effect of poly(butylene succinate-co-adipate) (PBSA) on the
mechanical performance and shape memory behavior of poly(lactic acid) (PLA) specimens that
were manufactured by injection molding and hot-press molding. The poor miscibility between
PLA and PBSA was minimized by the addition of an epoxy styrene-acrylic oligomer (ESAQ), which
was commercially named Joncryl®. It was incorporated during the extrusion process. Tensile,
impact strength, and hardness tests were carried out following international standards. PLA/PBSA
blends with improved mechanical properties were obtained, which highlighted the sample that was
compatibilized with ESAQ, leading to a remhrkable enhancement in elongation at break, but showing
poor shape memory behaviour. Field Emission Scanning Electron Microscopy (FESEM) images
showed how the ductile properties were improved, while PBSA loading increased, thus leading
to minimizing the brittleness of neat PLA. The differential scanning calorimetry (DSC) analysis
revealed the low miscibility between these two polymers and the improving effect of PBSA in PLA
crystallization. The bending test carried out on the sheets of PLA /PBSA blends showed the direct
influence that the PBSA has on the reduction of the shape memory that is intrinsically offered by
neat PLA.

Keywords: poly (lactic acid) (PLA); poly(butylene succinate-co-adipate) (PBSA); binary blends; shape
memory behaviour

1. Introduction

The use of polymers and plastics in our daily life is almost mandatory due to their huge range
of properties. For this reason, the demand for these materials has remarkably increased in the
last decades. Unlike their production, the treatment of these materials after their end-of-life has
been neglected, resulting in the oversaturation of plastic wastes in the environment. Since most of
these plastics are synthetic, petroleum-derived materials, they have a high resistance to microbial
degradation, so their decomposition is complex and extremely slow [1]. The development of new
environmentally friendly polymeric materials has become a leading force in this industry because of
this. The environmentally friendly properties of a polymer could be related to their origin (bio-sourced)
or to their end-of-life (biodegradable or disintegrable in controlled compost soil). Taking into account
their origin, some of the polymers have been fully or partially obtained from renewable resources,

Materials 2019, 12, 622; doi:10.3390/ma12040622 www.mdpi.com/journal / materials
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Toughened poly (lactic acid)-pla formulations by binary
blends with poly(butylene succinate-co-adipate)-pbsa
and their shape memory behaviour

Abstract

This study reports the effect of poly(butylene succinate-co-adipate) (PBSA) on
the mechanical performance and shape memory behavior of poly(lactic acid) (PLA)
specimens that were manufactured by injection molding and hot-press molding. The poor
miscibility between PLA and PBSA was minimized by the addition of an epoxy styrene-
acrylic oligomer (ESAO), which was commercially named Joncryl®. It was incorporated
during the extrusion process. Tensile, impact strength, and hardness tests were carried
out following international standards. PLA/PBSA blends with improved mechanical
properties were obtained, which highlighted the sample that was compatibilized with
ESAOQ, leading to a remarkable enhancement in elongation at break, but showing poor
shape memory behaviour. Field Emission Scanning Electron Microscopy (FESEM)
images showed how the ductile properties were improved, while PBSA loading
increased, thus leading to minimizing the brittleness of neat PLA. The differential
scanning calorimetry (DSC) analysis revealed the low miscibility between these two
polymers and the improving effect of PBSA in PLA crystallization. The bending test
carried out on the sheets of PLA/PBSA blends showed the direct influence that the PBSA

has on the reduction of the shape memory that is intrinsically offered by neat PLA.

Keywords: poly (lactic acid) (PLA); poly(butylene succinate-co-adipate) (PBSA);

binary blends; shape memory behaviour
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[11.1.1.1. Introduction

The use of polymers and plastics in our daily life is almost mandatory due to their
huge range of properties. For this reason, the demand for these materials has
remarkably increased in the last decades. Unlike their production, the treatment of these
materials after their end-of-life has been neglected, resulting in the oversaturation of
plastic wastes in the environment. Since most of these plastics are synthetic, petroleum-
derived materials, they have a high resistance to microbial degradation, so their
decomposition is complex and extremely slow [1]. The development of new
environmentally friendly polymeric materials has become a leading force in this industry
because of this. The environmentally friendly properties of a polymer could be related to
their origin (bio-sourced) or to their end-of-life (biodegradable or disintegrable in
controlled compost soil). Taking into account their origin, some of the polymers have
been fully or partially obtained from renewable resources, such as poly(ethylene) (PE)
and poly(propylene) (PP) from sugarcane, poly(amides) (PAs) from castor oil,
poly(carbonate) (PC) from corn, and so on [2-4]. These biobased polymers are identical
to their counterpart petroleum-derived polymers and despite that they are not
biodegradable, they have a positive effect on carbon footprint [3]. Another interesting
group of environmentally friendly polymers is that which includes some petroleum-
derived poly(esters), but, due to the nature of the ester group, they can disintegrate in
controlled compost conditions. This groups includes poly(e-caprolactone) (PCL),
poly(butylene succinate) (PBS), poly(butylene succinate-co-adipate) (PBSA),
poly(glycolic acid) (PGA), among others [1,5-7]. Finally, the most interesting group of
environmentally friendly polymers is that of biobased and biodegradable polymers.
Polysaccharides (starch, cellulose, chitin, and so on), protein based polymers (gluten,
soybean protein, casein, collagen, among others), and bacterial polymers, such as
poly(3-hydroxybutyrate) (PHB) or poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
are included in this group. Although these polymers are very promising, their properties

are still quite far from those of commodities and engineering plastics [8-11].

Nowadays, poly(lactic acid) (PLA) is one of the most studied aliphatic polyesters
thanks to its good mechanical properties and it can be either obtained from petroleum or
renewable resources. Bio-sourced PLA is produced by anaerobic fermentation of sugars
that are derived starch-rich plants, such as corn, sugarcane, beet sugar, potato, and so
on [12]. It can also be obtained through the direct condensation of lactic acid and by ring
opening polymerization of cyclic lactide dimer (ROP) [6,13]. The excellent tensile
strength that PLA presents is the reason why it is used as an alternative to conventional

plastics, such as high and low-density poly(ethylenes) (HDPE/LDPE), poly(styrene)
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(PS), and poly(ethylene terephthalate) (PET) [6]. It can be manufactured in a wide range
of processing methods, such as conventional extrusion, injection molding, blow molding,
film forming, three-dimensional (3D)-printed, and so on [14-17]. All of these features
make PLA exceptionally useful in the packaging industry, food containers [12,18], and in
biomedicine for controlled drug delivery and tissue engineering [19]. Although PLA
presents good balanced properties and remarkable environmental benefits, its use has
been limited due to its cost [13] and, in addition, it is a quite brittle material. With the aim
of improving the ductility and toughness of PLA [20], many research approaches have
been used. One is plasticization with conventional plasticizers, such as poly(ethylene
glycol) (PEG), poly(propylene glycol) (PPG), lactic acid oligomers (OLAs), modified
vegetable oils (MVOs), esters from citric acid or adipic acid, and so on [21-23]. All of
these plasticizers contribute to improving ductile properties due to a remarkable
decrease in the glass transition temperature, T4, but the mechanical resistant properties
are highly reduced. Another approach to overcome (or minimize) the extremely high
brittleness of PLA is by blending with other flexible polymers. Regarding blends,
compatibility/miscibility issues must be taken into account [24]. Bhatia, et al. [25] have
reported the properties of binary blends of PLA with PBS. The addition of 30 wt % PBS
to PLA resulted in a clear increase in toughness, but over 50 wt % PBS addition, the
clarity of the materials is reduced. As PLA and PBS show restricted miscibility, Harada,
et al. [26] used an isocyanate as a reactive processing aid to increase the impact strength
of PLA/PBS binary blends. PCL is another flexible aliphatic poly(ester) that can provide
increased toughness to PLA, as reported by Matta, et al. [6]. Poly(butylene adipate-co-
terephthalate) (PBAT) has great flexibility and it maintains excellent biodegradability
properties. As can be shown by Khatsee, et al. [27], binary PLA/PBAT blends can be
obtained by electrospinning for controlled antibiotic release. Poly(propylene carbonate)
(PPC) has been successfully used in PLA blends with good shape memory polymers
[28].

Taking advantage of the PLA structure and materials that are based on PLA, a
new research field has emerged, which is shape memory. Because of its particular
structure, this field is promising for PLA. PLA has crystalline domains that define the
permanent shape and switching segments that fix the temporary shape [29]. This
particular structure allows for PLA to switch from a temporary shape to its permanent
shape. The switching segments are activated by an external stimulus that can be either
physical or chemical, but temperature is the most common stimulus leading to a thermal-
responsive memory shape by selecting the appropriate temperature cycle regarding the

T4 [30-32]. Shape memory behaviour has been used in electronics [29], and one of most
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recent applications include pieces that are made by 3D printing with PLA matrix filaments
[33]. As these 3D-printed parts can change their shape by heating/cooling above/below
the Ty, this technology is known as four-dimensional (4D)-printing. Taking advantage of
the PLA biocompatibility with the human body, recent applications of PLA are focused
on tissue engineering by making scaffold systems of physical blends, with TPU for
support material in cartilage or bone repair [32,34]. The aim of this research is to enhance
PLA toughness, through physical blending with poly(butylene succinate-co-adipate)
(PBSA) to obtain flexible shape memory polymers with improved toughness. Despite that
PBSA is based on fossil resources, it can undergo disintegration in controlled compost
[35,36]. PBSA could offer high flexibility and great impact strength properties to PLA [37].
As these two poly(esters) show restricted miscibility, an epoxy styrene-acrylic oligomer
(ESAQ) will be used.

[11.1.1.2. Materials and Methods

Materials

PLA was an IngeoTM Biopolymer 6201D that was obtained from NatureWorks
(Minnetonka, MN, USA). It is a thermoplastic resin derived from annually renewable
resources. Its glass transition temperature, Tg, is comprised between 55-60 °C and the
melt peak temperature is located in the 155-170 °C range. Its density is 1.25 g cm™ and
it possesses a melt flow index, MFI of 15-30 g/10 min. With regard to the flexible polymer
for binary blends, an aliphatic poly(ester) copolymer, PBSA, was used. A commercial
Bionolle grade 3002 MD was obtained from Showa Denko Europe GmbH (Munich,
Germany). It shows good processability for extrusion and blow molding. The density
reported is for this PBSA grade is 1.23 g cm™. Regarding its thermal properties, its T is

close to -45 °C and the melt peak temperature is 94 °C.

A multi-functional epoxy-based styrene-acrylic oligomer (ESAO) was used as a
compatibilizer. A commercial ESAO grade JONCRYL® ADR-4300 that was distributed
by Basf (Barcelona, Spain) was used. This compatibilizer has a glass temperature Tg4 of
56 °C and an epoxy equivalent weight of 445 g mol. figure 111.1.1.1 shows the schematic

representation of the structures of both PLA and PBS and the ESAO generic structure.

Pagina 116 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



Ill. RESULTS AND DISCUSSION

(a) 0
O.
CH, n
(b) 0 0
/\/\/O /\/\/O
O O
O n \O m
(¢)
Where: Ry, Rz are H or alkyl

Rs is alkyl
x and y are 1-20
z is 2-20

Figure I11.1.1.1. Schematic representation of (a) poly(lactic acid) (PLA), (b) poly(butylene
succinate-co-adipate) (PBSA), and (c) epoxy styrene-acrylic oligomer (ESAO) (Joncryl®
ADR-4300).

Manufacturing of PLA/PBSA Binary Blends

Prior to processing, as both of the poly(esters) are highly sensitive to hydrolysis,
PLA and PBSA were dried at 50 °C for 48 h. Table IIl.1.1.1 shows the labelling and the
compositions of the developed blends. According to the literature [38], PLA blends with
20 wt % of PBS have a good balance between mechanical properties and shape memory
behaviour. Thus, the addition of a compatibilizer to the PLAgPBSA2 mixture was
decided to determine whether it causes any effect in its properties. To obtain
homogeneous mixtures, all of the materials were subjected to a mechanical pre-mixing
for 3 min in a zipper bag. These mixtures were extruded using a co-rotating twin-screw
extruder ZSK-18 MEGAIlab from Coperion (Stuttgart, Germany) that was equipped with
a screw diameter of 18 mm with a length to diameter ratio, L/D of 48. The dosage of each
component was controlled by a side twin-screw feeder ZS-B 18 from K-Tron (Pitman,
NJ, USA). The screw speed was set to 180 rpm using a temperature profile of 145-155-
160-180-185-190-190 °C from the feeding to the die. The feed rate was set to 2 kg h™.
Once the different blends were extruded, they were cooled down to 15 °C in a water bath

and subsequently pelletized using an air knife unit.
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Table 111.1.1.1. Composition and labelling of PLA/PBSA binary blends.

Code PLA (wt %) PBSA (wt %) Joncryl® ADR (phr)
PLA 100 - -
PLAgPBSA10 90 10 -
CPLAgPBSA2 80 20 0.5
PLAsoPBSA20 80 20 -
PLA7PBSAs30 70 30 -
PBSA - 100 -

* phr denotes the weight parts of Joncryl® per hundred parts by weight of PLA/PBSA
blend.

The pelletized compounds were shaped into standard samples for
characterization by injection molding in a Meteor 270/75 from Mateu & Solé (Barcelona,
Spain). The temperature profile was set at 175-180-185-190 °C for PLA-based blends,
while PBSA was programmed with a lower temperature profile of 105 °C for the different
heating barrels. A clamping force of 75 tons was applied. The cooling time was set to
10 s.

Mechanical Properties

The tensile test was carried out following the recommendation of the ISO 527
standard while using a mechanical universal testing machine ELIB 50 from S.A.E.
Ibertest (Madrid, Spain). It was equipped with a 5 kN load cell and the selected crosshead
speed of 10 mm min! was used. The impact strength test was performed on a Charpy
pendulum from Metrotec (San Sebastian, Spain), following the recommendations of ISO
179, using a 6 J pendulum on unnotched samples and a 1 J pendulum on notched
samples (“V” type, 2 mm depth and a radio of 0.5 mm). Hardness measurements were
obtained in a durometer 676-D from J. Bot Instruments (Barcelona, Spain) using Shore
D scale following ISO 868.

All of the tests were carried out at room temperature with at least five samples

and the corresponding properties were averaged.

Thermal Characterization

The main thermal transitions were analyzed by differential scanning calorimetry
(DSC) in an 821 DSC calorimeter from Mettler-Toledo, Inc. (Schwerzenbach,
Switzerland). The samples weight was between 5-10 mg. The samples were placed into
standard sealed aluminum pans (40 uL) and then subjected to a thermal cycle consisting

of three steps: initial heating from 30 °C to 200 °C, followed by a cooling process to -60
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°C and after that, a second heating process up to 350 °C. The heating/cooling rate was
set to 10 °C mint. These tests were carried out under a dry atmosphere with a constant
nitrogen flow of 30 mL min‘t. The glass temperature (Tg), cold crystallization temperature
peak (Tc), the melting temperature (Tm), and the melt enthalpy (AHm) were obtained from

second heating step in this analysis.

The thermal degradation (weight loss) and thermal stability were followed by
thermogravimetric analysis (TGA) in a TGA/SDTA 851 thermobalance from Mettler-
Toledo (Schwerzenbach, Switzerland). The average weight of the samples was between
5-10 mg. These samples were placed on standard alumina crucibles with a total volume
capacity of 70 uL and subsequently exposed to a heating program from 30 °C up to 700

°C at a constant heating rate of 20 °C min! in an air atmosphere.

Morphology Characterization by Field Emission Scanning
Electron Microscopy (FESEM)

To analyze the morphology of fractured surfaces from impact tests, field emission
scanning electron microscopy (FESEM) was used. A ZEISS ULTRA 55 FESEM
microscope from Oxford Instruments (Abingdon, UK) was used working at an
accelerating voltage of 2 kV. Prior to the test, the samples’ surfaces were coated by an
ultrathin gold-palladium layer in a high vacuum sputter coater EM MED20 from Leica

Microsystem (Milton Keynes, UK).

Shape Memory Behaviour Characterization

The shape memory behaviour of the materials was evaluated using a
conventional bending test on sheets with dimensions of 65 x 10 x 1 mm?3. These sheets
were obtained by hot-press molding at 140 °C in a hot press Hoytom M.N.1417 (Bilbao,
Spain) from Robima S.A. The switch transition temperature that leads the programming
and the recovery cycle was set at 70 °C (PLA glass transition). The cooling temperature
was set to 22 °C and the stabilization time was 15 min. The temporary shape was fixed

to bending angles of 120° and 90°.

111.1.1.3. Results

Mechanical Properties and Morphology of Binary
PLA/PBSA Blends

The tensile behaviour of binary PLA/PBSA blends is shown in table 111.1.1.2. The

tensile modulus, Er of neat PLA is relatively high, about 1165 MPa. Regarding its tensile
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strength (o71), PLA offers a relatively high value of 64.0 MPa, as compared to other
commodities. While intrinsic mechanical resistant properties of neat PLA are high, its
elongation (ep) at break is only of 9.23 %, which is responsible for high brittleness and
the fragility of this material. Blending PLA with a flexible PBSA polymer has noticeable
effects on overall mechanical performance. So that, the addition of 10 wt % PBSA to PLA
leads to an expected decrease on mechanical resistant properties, such as Er and or,
down to values of 1012 MPa and 52.6 MPa, respectively. As the wt % PBSA increases,
both tensile modulus and strength decrease, which means that the brittle behaviour is
diminished. At room temperature, PBSA is above its corresponding Tq4 value -41 °C [36],
which means a flexible behaviour, as observed in table 111.1.1.2. Above its Tg, the PBSA
chains can move freely, as reported by Qijijo, et al. [39], thus leading to high g, value of

432.7 %. This improved chain mobility can exert a positive effect on PLA toughness.

Table 111.1.1.2. Summary of mechanical properties of binary PLA/PBSA blends obtained
from tensile tests.

Tensile Strength, Elastic Modulus, Et Elongation at

Code o1 (MPa) (MPa) Break, & (%)

PLA 64012 1165 44 9215
PLAsPBSAL 52.6 + 0.8 1012 + 21 12.2+38
CPLAsPBSA2 41.2+2.0 754 + 47 121.2 +18.7
PLAssPBSA 42.0+3.6 849 + 75 20.7 + 6.3
PLA7PBSA0 37.7+3.0 625 + 72 56.5 + 10.3

PBSA 18.3+1.6 159 + 61 432.7 £57.4

As expected, with PBSA addition, the elongation at break tends to increase. Only
the addition of 10 wt % PBSA to PLA gives an increased ¢, value of 12.2 % and this is
still more evident for PLA/PBSA blends containing 20 wt % and 30 wt % PBSA with &y
values of 29.7 % and 56.5 %, respectively, thus leading to a clear increase in mechanical

ductile properties.

Although good mechanical properties can be obtained by blending PLA with
PBSA, the poor miscibility between these two polymers does not allow good interface
interactions, as reported by Nofar, et al. [40]. For this reason, a compatibilizer agent,
namely Joncryl®, has been added to the binary blend of 80 wt % PLA and 20 wt % PBSA.
This compatibilizer agent has been extensively used as chain extender in poly(esters)
due to the reaction of epoxy groups with hydroxyl terminal groups in poly(esters) [41,42].

This particular behaviour can be positive in binary blends of poly(esters), as this
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compatibilizer can react either with the hydroxyl terminal groups of PLA and PBSA, thus
leading to a compatibilization effect. The relatively low compatibilizer loading (0.5 phr)
allows for this, since higher loadings could lead to branching, gel formation, and, even,
some crosslinking [43,44]. As observed in table 111.1.1.2, the uncompatibilized blend
containing 20 wt % PBSA gives an g,value of 29.7 %, while the compatibilized blend with
the same composition offers an g, increase up to values of 121.2 %, thus giving clear
evidences of chain extension/compatibilization, as reported by Eslami and Kamal [45]. A
low percentage of chain extender in blends leads to obtaining an improvement in the
interface with both materials, improving some properties. In this particular case, this
blend takes advantages of PBSA, improving the elongation at break. The increase in the
ductile behaviour observed in PLA/PBSA blends and, specifically in the compatibilized
PLA/PBSA blend, suggest an increase in toughness.

Nevertheless, it is worthy to note that toughness is not uniquely linked to ductile
properties (i.e. elongation at break), but also to mechanical resistant properties (tensile
strength). In this work, toughness has been quantitatively measured through the
determination of the impact-absorbed energy in impact test (Charpy). Table
[11.1.1.3 shows the impact strength values as a function of the composition of the
developed materials. In a very first attempt, a 6 J pendulum was used, it did not provide
enough energy to break some specimens, in order to have all the measurements in the
same conditions, a “V” notch was done in all samples and then tested with a 1 J
pendulum. As one can see, PLA is a brittle material with very low energy absorption (2.48
kJ m?) when compared to PBSA (26.02 kJ m2). As expected, the impact strength
increases with the PBSA loading on binary blends up to values of 5.75 kJ m for the
uncompatibilized PLA/PBSA blend containing 30 wt % PBSA. It is worthy to note the
good impact strength that was achieved with the blend with 20 wt % PBSA (3.28 kJ m)
and the clear positive effect of the compatibilizing effect provided by Joncryl®, since the
same blend is able to reach an impact strength of about 4.33 kJ m®2. figure
[11.1.1.2 presents the stress-strain curves of the developed blends. As it was expected,
the stress tends to decrease when PBSA is added. On the other hand, the tensile strain
or percentage elongation tends to increase, with the case of the compatibilized blend
(cPLAsoPBSA20) being more noticeable, which shows strain values of about 120 %. This
results in an increase in the area below the curve, together with the increasing tendency
of the impact strength, makes an improvement on toughness when PBSA is added. With
regard to hardness, the tendency is similar to other mechanical resistant properties. A

clear decreasing tendency in the Shore D hardness values can be observed when PBSA
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is added. Nevertheless, the standard deviation does not allow for identifying a clear effect

of the compatibilizer on Shore D values.
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Figure 111.1.1.2. Strain—stress curves corresponding to binary PLA/PBSA blends.

Table 111.1.1.3. Impact absorbed energy (Charpy test) and Shore D hardness of binary
PLA/PBSA blends.

Impact Strength Impact Strength

Code (kd m?) (kd m?) Shore D Hardness
(“V” notched) (unnotched)

PLA 248 £0.22 28.10 £ 2.40 78.80 £ 0.84
PLAPBSA10 2.54+0.34 23.03 £ 2.80 74.00 £ 2.74
CPLAgPBSA2 4.33 £ 0.02 28.90 £ 0.85 75.00 £1.00
PLAgoPBSA20 3.28 £0.28 2752 +2.13 73.00+1.41
PLA70PBSA30 5.75 %+ 0.60 N/B 72.20 £1.60
PBSA 26.02 + 0.60 N/B 57.00+£0.71

This particular behaviour is directly related to the morphology of the developed
materials (figure 111.1.1.3). figure 11l.1.1.3a shows the FESEM images of the fractured
surfaces corresponding to unblended PLA. As it can be seen, the surface is uniform and
smooth typical of a brittle fracture, with different crack growths [41]. This morphology is

in total agreement with previous mechanical results. A remarkable change in the fracture
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surface morphology can be observed in figure 111.1.1.3e, which corresponds to the binary
PLA/PBSA blend with 30 wt % PBSA. The surface is not as smooth, and it shows
increased roughness due to increased plastic deformation. Similar morphology can be
observed for uncompatibilized PLA/PBSA blends with different PBSA loading. The
compatibilized blend with 20 wt % PBSA shows different fracture morphology due to its
higher elongation at break, which allows more deformation before fracture (figure
[11.1.1.3c). It can be seen in figure 111.1.1.3c that the surface presents a greater tear on i,
which suggests increased PLA-PBSA interaction, because the compatibilizer works as
a bridge between these two polymers, as reported Eslami and Kamal [45]. Obviously,
PBSA shows a typical ductile fracture (figure 111.1.1.3f), with a wavy surface topography
that is representative for plastic deformation (even in impact conditions).

a) b)

Figure 111.1.1.3. Field emission scanning electron microscopy (FESEM) images at x500
corresponding to fractured surfaces from impact tests of (a) PLA, (b) PLAPBSAA10, (C)
CPLAsoPBSA20, (d) PLAsoPBSA20, (€) PLA70PBSAs0, and (f) PBSA.
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Thermal Behaviour of Binary PLA/PBSA Blends

Figure 111.1.1.4 shows the DSC thermograms corresponding to the second
heating cycles of the developed PLA/PBSA blends, while table 111.1.1.4 gathers the main
parameters that were obtained by DSC. The first thermal transition that can be observed
in figure 111.1.1.4 is the glass transition temperature, T4 of the PLA-rich phase. This is
located between 60-70 °C. As the temperature rises above the Ty, an exothermal peak
appears between 95-110 °C, which corresponds to the cold crystallization process of
PLA chains. This cold crystallization process is related to a rearrangement of the PLA
chains to an ordered structure that is activated by temperature. At higher temperatures
comprised in the 155-170 °C range, an endothermic peak is observed, which is
attributable to the melting process of the crystalline domains in PLA [46]. Regarding neat
PBSA, it shows a melting process comprised between 70-100 °C that overlaps the cold
crystallization process of PLA. Neat PLA shows a Tyof 63.4 °C and this is slightly
reduced to 61.1 °C in the blend with 10 wt % PBSA, which suggests slight miscibility
between these two polys(esters). Higher PBSA contents of 30 wt % only promote a slight
decrease in Tg down to values of 60.6 °C, which corroborates the restricted miscibility
between PLA and PBSA. This slight change in the T4 by the addition of PBSA to PLA is
a clear indication of restricted miscibility of these two biopolymers, as reported Lee and
Lee [5]. Another important finding that can be outlined from DSC thermograms is the
cold crystallization process. Although it overlaps with the melting process of PBSA, one
important change can be identified. In particular, the cold crystallization process is moved
toward lower temperatures, which means that the energy barrier for PLA crystallization
is reduced. This could be due to partial miscibility between PLA and PBSA, but the most
important mechanism that is responsible for this is the melting of the PBSA-rich phase
that contributes to increase chain motion, thus allowing PLA chains to arrange into a
packed structure at lower temperatures, due to the lubricant effect of the melted PBSA-
rich phase, as reported by Lee and Lee [5] in previous researches. In particular, the cold
crystallization peak temperature, T is reduced below 100 °C, while the typical T for
neat PLA is close to 109 °C. As expected, the compatibilization effect that
Joncryl® provides leads somewhat to a restriction in chain motion, thus leading to a
slightly higher T value, as compared to all other blends. This similar behaviour has been
reported in PLA-based materials by Quiles-Carrillo, et al. [47] in PLA/Almond shell flour
composites that were compatibilized with ESAO. The T of PLA/ASF composites that
were obtained were even higher than neat PLA. This shift of the cold crystallization
process indicates that crystallites of PLA can be formed at lower temperatures due to

the effect of PBSA, as suggested by Ojijo, et al. [39]. With regard to the melt peak
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temperature of PLA (Tm_pLa), the changes are negligible. Neat PLA shows a T, of 170.9
°C and the melt peak temperature of the PLA-rich phase in the binary PLA/PBSA blends
decreases to 168 °C. Frenz, et al. [48] have reported an increase in the melt strength of
PLA and other poly(esters) by the addition of chain extenders, such as Joncryl®, but no

remarkable changes in the peak temperature can be observed.
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Figure I111.1.1.4. Differential scanning calorimetry (DSC) scans (second heating cycle)
corresponding to binary PLA/PBSA blends.

Table 111.1.1.4. Main thermal parameters obtained by differential scanning calorimetry
(DSC) and of binary PLA/PBSA blends.

Code Tg pLa (°C) Tee pea (°C) Tm_pLa (°C) Tm_pesa (°C)
PLA 63.4+0.6 109.9+1.1 170.9+£ 3.3 -
PLAgPBSA10 61.1+1.2 945+ 1.7 168.9+2.2 -
CPLAgPBSA2 61.1+0.9 98.7+1.4 168.8 + 2.7 -
PLAgoPBSA20 61.7 £ 0.6 100.3+1.2 169.4+ 2.6 -
PLA70PBSA30 60.6 £1.2 97.9+1.0 168.7 £ 2.9 -
PBSA - - - 952+1.4

Regarding the thermal stability at high temperatures, figure 1l1.1.1.5 gathers the

comparative TGA degradation curves corresponding to the neat PLA, neat PBSA, and
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PLA/PBSA blends. The TGA thermograms indicate that neat PLA and PLA/PBSA blends

degradation occurs in a single step

process takes place in two stages.

process. Regarding neat PBSA, its degradation

The first one occurs at about 400 °C, with an

associated weight loss of around 90 %, and it is in accordance with Renoux, et al. [49].

The second stage is about 500 °C and only a 10 % weight loss occurs.
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Figure I11.1.1.5. Thermogravimetric (TGA) degradation curves corresponding to binary
PLA/PBSA blends, (a) thermogravimetry (TG) mass loss and (b) differential
thermogravimetry (DTG) first derivative.

Table II1.1.1.5 shows the thermal parameters that are related to the different
materials, specifically the characteristic temperatures at 5 % weight loss (Ts%) and the
maximum degradation rate temperature (Tmax). Even though a slight decrease in the
thermal stability in Tso can be detected by the presence of PBSA, in general, it does not
cause a noticeable effect in the PLA matrix. In fact, the PLA/PBSA blends show typical
PLA behaviour. At high temperatures, a slight increase in thermal stability can be
observed, the influence of PBSA on the PLA/PBSA mixtures is evident, since they show
a behavior close to the PBSA at a temperature range that is close to its degradation, with
neat PBSA being the most thermally stable. The compatibilization effect that
Joncryl® provides leads to gaining thermal stability and it can be observed in figure
[11.1.1.5. The uncompatilized blend containing 20 wt % PBSA degrades at earlier
temperature when compared with its compatibilized counterpart, which corroborates

what Frenz, et al. [48] reported.
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Table 111.1.1.5. Main thermal parameters obtained by thermogravimetric analysis (TGA)
of binary PLA/PBSA blends.

TGA
Code
Tsw (°C) Tmax (°C) MasSresidual (%0)

PLA 328.7 £+ 5.25 368.1 +6.3 0.05+0.01
PLAgPBSA10 317.0+44 3625+ 4.3 0.02 £ 0.02
CPLAgoPBSA2 319.3+3.5 365.4+5.2 0.12 £ 0.02
PLAsPBSA20 312.3+5.2 3595+54 1.37+£0.01
PLA70PBSA30 314.7 £ 4.7 355.8+5.7 0.20£0.01
PBSA 317.0x5.7 405.3+ 7.8 0.01+£0.01

Shape Memory Behaviour of Binary PLA/PBSA Blends

Several authors have proposed different techniques to characterize the shape
memory behaviour in biopolymers, such as tensile and DMA tests [50,51]. These are
specifically used to determine the recovery rate after subjecting the sample to a specific
thermal cycle. Despite this, the use of a conventional bending test is widely used
because of its simplicity and the quality of the information that it can provide. The
measurement of the recovery angle is a qualitative/quantitative method to visualize the
shape memory behavior and it represents a way to understand the shape memory
behaviour of the blends and the effect of the PBSA addition. Table 11.1.1.6 shows the
recovery percentage of the neat PLA and PLA/PBSA blends after the programming and
recovery cycle. As we expected, the neat PLA presents high values of shape memory
reaching a recovery of 70 % and 58 % corresponding to the 90° and 120° flexural
deformation, respectively. Notice that PLA shape memory effect works better for small

deformations.

Table I11.1.1.6. Shape memory behaviour parameters corresponding to binary PLA/PBSA

blends.
Perm Final Tempor Final
Code anent Temporal Shape Recove al Shape Recover
Shape Shape (°) o ry (%) Shape o y (%)
©) ©) ©) ©)
PLA 153 70 155 58
PLAgPBSA1o 155 72 158 63
CcPLAgPBSA20 180 90 108 20 120 141 35
PLAgoPBSA2 144 60 146 43
PLA70PBSAz0 109 21 140 33
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In fact, with the addition of PBSA, the PLA shape memory capability tends to
decrease. It is worthy to note the particular case of PLAgpPBSAi, shown in figure
[11.1.1.6b, e, which presents the best recovery behaviour of all of the developed materials,
even better than the neat PLA. Tcharkhtchi, et al. [38] remarked that, to get an adequate
shape memory effect, the PBS percentage must be of about 20 %, which gives

consistency to the obtained results

(a)
90°
(b) ©
0 PLA90PBSA1 0 CPLAgOPBSA:,
120°
©)
g PLLAgPBSA; cPLAgPBSA>
— x . e i &

Figure 111.1.1.6. Images of the shape memory behaviour of binary PLA/PBSA blends in
flexural conditions with a permanent shape after deformation and shape recovery of (a)
temporary shape (90°), (b) shape recovery of PLA9OPBSA10 (90°), (c) shape recovery
of cPLA80PBSA20 (90°), (d) temporary shape (120°), (e) shape recovery of
PLA90PBSA10 (120°), and (f) shape recovery of cPLASBOPBSA20 (120°).

The clear negative effect that is provided by Joncryl® is noticeable, since almost
all of the shape memory capability of the mixtures is lost, reaching values 20 % and 35
%, corresponding to the 90° and 120° deformation, respectively, as can be seen in figure
[1.1.1.6c, f.
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[11.1.1.4. Conclusions

Injection molding and the hot-press molding process made binary PLA/PBSA
blends. The influence of PBSA has a noticeable effect on mechanical performance,
decreasing the tensile modulus and strength, which means that the brittle behaviour of
the blends has diminished, thus leading to an increase in mechanical ductile properties.
The compatibilized blend shows elongation at break values of 121 %, remarking the
evidence of the compatibilization of these two polymers, adding up to the high values
that were obtained in the impact test, suggesting the improvement on toughness.

The thermal analysis shows that the presence of PBSA induces a slightly
decrease in PLA glass transition temperature (Tg), which corroborates the low miscibility
between PLA and PBSA. The PBSA effect is noticeable in the PLA matrix, enhancing
the PLA crystallization, and leading to a low cold crystallization temperature (Tcc).
Although the presence of PBSA induced a decrease in the shape memory behavior on
PLA, 10 wt % PBSA in a PLA/PBSA blends shows the best shape memory recovery,
reaching values that were even better than PLA.
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Abstract: This work reports the effect of the addition of an oligomer of lactic acid (OLA), in the
5-20 wt% range, on the processing and properties of polylactide (PLA) pieces prepared by injection
molding. The obtained results suggested that the here-tested OLA mainly performs as an impact
modifier for PLA, showing a percentage increase in the impact strength of approximately 171% for
the injection-molded pieces containing 15 wt% OLA. A slight plasticization was observed by the
decrease of the glass transition temperature (Tg) of PLA of up to 12.5 °C. The OLA addition also
promoted a reduction of the cold crystallization temperature (Tec) of more than 10 °C due to an
increased motion of the biopolymer chains and the potential nucleating effect of the short oligomer
chains. Moreover, the shape memory behavior of the PLA samples was characterized by flexural tests
with different deformation angles, that is, 15°, 30°, 60°, and 90°. The obtained results confirmed the
extraordinary effect of OLA on the shape memory recovery (Rr) of PLA, which increased linearly as
the OLA loading increased. In particular, the OLA-containing PLA samples were able to successfully
recover over 95% of their original shape for low deformation angles, while they still reached nearly
70% of recovery for the highest angles. Therefore, the present OLA can be successfully used as a
novel additive to improve the toughness and shape memory behavior of compostable packaging
articles based on PLA in the new frame of the Circular Economy.

Keywords: PLA; OLA; impact modifier; shape memory; packaging applications

1. Introduction

Polylactide (PLA) is a linear thermoplastic biodegradable polyester that can be obtained from
starch-rich materials by fermentation to give lactide, which is polymerized at the industrial scale
by ring-opening polymerization (ROP) [1]. PLA is a sound candidate to substitute some plastic
commodities such as polypropylene (PP) or polystyrene (PS) in packaging applications [2-6],
electronics [7], automotive [8], agriculture [9], textile, consumer goods, 3D printing applications [10-13],
biomedical devices [14,15], pharmaceutical carriers [16,17], etc. The main advantage of PLA over
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Development of injection-molded polylactide pieces
with high toughness by the addition of lactic acid
oligomer and characterization of their shape memory
behavior

Abstract

This work reports the effect of the addition of an oligomer of lactic acid (OLA), in
the 5-20 wt % range, on the processing and properties of polylactide (PLA) pieces
prepared by injection molding. The obtained results suggested that the here-tested OLA
mainly performs as an impact modifier for PLA, showing a percentage increase in the
impact strength of approximately 171 % for the injection-molded pieces containing 15
wt % OLA. A slight plasticization was observed by the decrease of the glass transition
temperature (Tg) of PLA of up to 12.5 °C. The OLA addition also promoted a reduction
of the cold crystallization temperature (Tc) of more than 10 °C due to an increased
motion of the biopolymer chains and the potential nucleating effect of the short oligomer
chains. Moreover, the shape memory behavior of the PLA samples was characterized
by flexural tests with different deformation angles, that is, 15°, 30°, 60°, and 90°. The
obtained results confirmed the extraordinary effect of OLA on the shape memory
recovery (R;) of PLA, which increased linearly as the OLA loading increased. In
particular, the OLA-containing PLA samples were able to successfully recover over 95 %
of their original shape for low deformation angles, while they still reached nearly 70 % of
recovery for the highest angles. Therefore, the present OLA can be successfully used
as a novel additive to improve the toughness and shape memory behavior of

compostable packaging articles based on PLA in the new frame of the Circular Economy.

Keywords: PLA; OLA; impact modifier; shape memory; packaging applications
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[11.1.2.1. Introduction

Polylactide (PLA) is a linear thermoplastic biodegradable polyester that can be
obtained from starch-rich materials by fermentation to give lactide, which is polymerized
at the industrial scale by ring-opening polymerization (ROP) [1]. PLA is a sound
candidate to substitute some plastic commodities such as polypropylene (PP) or
polystyrene (PS) in packaging applications [2-6], electronics [7], automotive [8],
agriculture [9], textile, consumer goods, 3D printing applications [10-13], biomedical
devices [14,15], pharmaceutical carriers [16,17], etc. The main advantage of PLA over
other biopolymers is its relatively low cost and overall balanced properties and
processability [18,19], resulting in compostable articles [20]. In 2018, PLA production
represented 10.3 % of the worldwide production capacity of bioplastics, reaching nearly
220,000 tons/year and it is estimated a growth around 60 % by 2023 [21].

Although PLA is a very versatile biopolymer, it results in extremely brittle
materials with very low elongation at break and low toughness [22]. Many research works
have been focused on overcoming or, at least, minimizing the intrinsic brittleness of PLA
materials. One possible strategy is copolymerization with long aliphatic monomers, as
suggested by Zhang, et al. [23]. This is the case of the new type of polyester amide
(PEA) copolymers developed by Zou, et al. [24] combining poly(L-lactic acid) (PLLA) and
poly(butylene succinate) (PBS) flexible segments. A similar approach was developed by
Lan, et al. [25] based on PLA-co-PBS copolymers. Nevertheless, the most widely used
approach is blending with other biopolymers due to its cost effectiveness. For instance,
Garcia-Campo, et al. [26],[27] reported interesting toughening effects on ternary blends
composed of PLA, poly(3-hydroxybutyrate) (PHB), and different rubbery polymers such
as PBS, poly(butylene succinate-co-adipate) (PBSA) or poly(e-caprolactone) (PCL).
Recently, Sathornluck and Choochottiros [28] developed binary blends of PLA with
epoxidized natural rubber (ENR), which can positively contribute to improving toughness
due to the effect of the rubber phase finely dispersed in a brittle PLA matrix. Su, et al.
[29] and Zhang, et al. [30] have also reported different approaches to overcome the
intrinsic brittleness of PLA by adding different contents of PBS using reactive
compatibilizers. Fortelny, et al. [31] recently reported, however, that it is possible to
obtain “super-toughened” PLA formulations by blending PLA with poly(e-caprolactone)
(PCL) without any compatibilizer but using the appropriate PCL particle size. Addition of
modified or unmodified particles is another way to overcome the intrinsic PLA brittleness.
For instance, Wang, et al. [32] improved the PLA toughness by means of silanized helical
carbon nanotubes (CNTSs). Similarly, Li, et al. [33] reported the positive effect of cellulose

nanofibers (CNFs) and a Surlyn® ionomer to improve the interfacial interaction between

Pagina 140 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



Ill. RESULTS AND DISCUSSION

CNFs and PLA, leading to a remarkable increase in toughness. The work carried out by
Gonzalez-Ausejo, et al. [34] reported a clear improvement in toughness by using
sepiolite nanoclays as gas barrier and compatibilizer in PLA/poly(butylene adipate-co-
terephthalate) (PBAT) blends.

Even though copolymerization and blending are some of the most used
procedures to overcome the intrinsic brittleness of PLA, plasticization is another
interesting approach. Plasticizers have been widely used in PLA formulations to reduce
fragility by decreasing the glass transition temperature (Tg). Plasticizers contribute to an
increase in ductile properties, such as elongation at break, but mechanical resistant
properties are also negatively decreased. Therefore, the use of plasticizers not always
provides enhanced toughness since it depends on both ductile and resistant properties.
For instance, Tsou, et al. [35] improved toughness of PLA by using an adipate ester
plasticizer. It has also been reported the positive effect of combining two plasticizers:
one solid plasticizer, namely poly(ethylene glycol) (PEG), and a liquid plasticizer derived
from soybean oil [36]. Indeed, many research works have been focused on using
environmentally friendly plasticizers, which can contribute to improving toughness
without compromising the overall biodegradability of PLA. In this regard, Kang, et al. [37]
described the usefulness of cardanol obtained from cashew nutshell liquid (CNSL) to
obtain a 2.6-fold increase in toughness over neat PLA. Carbonell-Verdu, et al. [38]
developed a new series of dual plasticizer and compatibilizer additives derived from
cottonseed oil subjected to epoxidation and/or maleinization as an environmentally
friendly solution instead of using conventional epoxy-styrene acrylic oligomers. Other
similar multi-functionalized vegetable oils have demonstrated good compatibilizing
effects on PLA [39,40] and on its blends with other biopolymers [41]. Ferri, et al. [42]
recently reported a remarkable increase in toughness of neat PLA by using maleinized
linseed oil (MLO) as a bio-based plasticizer, which yielded a slight plasticization that
overlapped with chain extension, branching, and some cross-linking. Tributyl citrate
(TBC) has also been proposed as an effective plasticizer for PLA by Notta-Cuvier, et al.
[43], who reported the synergistic effect of TBC in PLA formulations containing halloysite
nanotubes (HNTS).

Oligomers of lactic acid (OLAs) can also provide plasticization to PLA and PLA-
based materials [44]. As reported by Burgos, et al. [45], OLAs can contribute to a
significant decrease in Ty, though their role as impact modifiers require further research.
Therefore, this study focuses on the effect of the addition of a new type of OLA on PLA
pieces prepared by injection molding. In particular, the effect of varying the OLA content

on the mechanical, thermal, thermomechanical properties and the morphology of PLA
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was reported. Finally, the shape memory behavior of the pieces was analyzed and

related to the OLA dispersion within the PLA matrix.

[11.1.2.2. Materials and Methods

Materials

PLA was supplied by NatureWorks LLC (Minnetonka, MN, USA) as
Ingeo™ Biopolymer 6201D. This PLA grade contains 2 mol % p-lactic acid. It was
supplied in pellet form and it had a density of 1.24 g cm whereas its melt flow index
(MFI) was 20 g/10 min, measured at 210 °C and 2.16 kg. OLA was kindly supplied by
Condensia Quimica S.A. (Barcelona, Spain) as Glyplast OLA 2. It was provided in a
liquid form with a viscosity of 90 mPa.s at 40 °C. According to the manufacturer, it has
an ester content >99 %, a density of 1.10 g cm3, a maximum acid index of 2.5 mg KOH

g?, and a maximum water content of 0.1 wt %.

Manufacturing of PLA/PBSA Binary Blends

As PLA is very sensitive to moisture, the biopolyester pellets were dried at 60 °C
for 24 h. The OLA content varied in the 0—20 wt % at weight steps of 5 wt %. The
terminology used for the formulations was “PLA-OLA x %”, where x represents the weight
fraction of OLA in PLA. All the compositions were compounded in a twin-screw co-
rotating extruder Coperion ZS-B 18 (Stuttgart, Germany) equipped with a main hopper
in which the PLA pellets were fed and a side feeder for liquids to feed OLA. The liquid
feeder was heated at 50 °C during compounding to decrease the OLA viscosity and allow
efficient mixing. The rotating speed was set to 150 rpm while the temperature profile was
modified according to the formulation as shown in table Il1.1.2.1. These temperatures
were selected due to the change in viscosity produced by the OLA addition in order to
optimize the processing conditions for each formulation. After extrusion, the different

strands were cooled in air and then pelletized using an air-knife unit.

Table 111.1.2.1. Temperature profile of the seven barrels in the twin-screw extruder during
the compounding of the polylactide (PLA)/oligomer of lactic acid (OLA) formulations
PLA OLA TCC) TEC) T(¢EC) T(CC) T((°C) T((°C) T(°C)
(Wt %) (wt%) Zonel Zone2 Zone3 Zoned4 Zone5 Zone6 Zone7

100 0 145 150 160 170 175 180 180
95 5 145 150 160 170 175 180 180
90 10 145 150 160 170 170 175 175
85 15 145 150 155 155 160 160 170
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80 20 145 150 155 155 160 160 160

The compounded pellets were stored in an air-circulating oven at 60 °C for 24 h
to avoid moisture gain. Standard samples for characterization were thereafter obtained
in an injection molding machine Meteor 270/75 from Mateu & Solé (Barcelona, Spain).
The temperature profile of the four barrels was programmed as indicated in table
[11.1.2.2. Similar to the extrusion process, it was necessary to optimize the temperature

profile for each formulation due to the drop in the melt viscosity after the OLA addition.

Table 1ll.1.2.2. Temperature profile of the four barrels and maximum pressure in the
injection-molding machine during the manufacturing of polylactide (PLA)/oligomer of
lactic acid (OLA) pieces.

PLA OLA T(C) T(EC) T(C) T(°C) Maximum Pressure
(Wt%) (Wt%)  zZonel Zone2 Zone3 Zone4 (Bar)

100 0 175 180 185 190 93

95 5 175 180 185 190 90

90 10 160 165 170 175 118

85 15 150 155 165 170 120

80 20 145 150 155 165 125

Mechanical Properties

Mechanical properties of the OLA-containing PLA pieces were obtained in tensile
conditions as indicated by 1ISO 527-1:1996. A universal testing machine ELIB 30 from
S.A.E. Ibertest (Madrid, Spain) was used. At least six different samples were tested at
room temperature using a load cell of 50 kN. The cross-head speed rate was set to 10
mm min. As recommended by the standard, the tensile modulus (E), tensile strength
at break (op), and elongation at break (%g¢,) were determined and averaged. The
toughness was estimated using the Charpy method following the guidelines of ISO 179-
1:2010 with a 6-J pendulum from Metrotec (San Sebastian, Spain). Unnotched
rectangular samples with dimensions 80 x 10 mm? and a thickness of 4 mm were tested.
The impact strength was obtained from testing five different samples and calculated as
the absorbed-energy per unit area (kJ m?). The Shore D hardness was determined in a
673-D durometer from J. Bot Instruments (Barcelona, Spain) according to ISO 868:2003.
Ten different measurements were collected from randomly selected zones and various

samples were tested to obtain the average values.
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Microscopy

The morphology of the fracture surfaces of the OLA-containing PLA pieces was
studied by field emission scanning electron microscopy (FESEM) after the impact tests.
A ZEISS Ultra 55 FESEM microscope from Oxford Instruments (Abingdon, UK) operating
at 2 kV was used to collect the FESEM images at x1000. To avoid electrical charging
during observation, samples were previously coated with an ultrathin gold-palladium
alloy in an EMITECH SC7620 sputter-coater from Quorum Technologies Ltd. (East
Sussex, UK) in an argon atmosphere.

Thermal Characterization

Thermal properties of the OLA-containing PLA pieces were obtained by
differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA). DSC
characterization was performed on a Mettler-Toledo DSC calorimeter DSC821e
(Schwerzenbach, Switzerland). To carry out the DSC runs, small specimens of each
composition with an average weight of 5-7 mg were placed in standard aluminum
crucibles with a total volume of 40 mL and sealed with a cap. Then, the samples were
subjected to a three-step temperature program. A first heating cycle from 30 °C to 200
°C was followed by a cooling step down to -60 °C and, finally, a second heating cycle
from -60 °C to 350 °C was applied. The heating and cooling rates were set to 10 °C min’
! whereas the selected atmosphere was nitrogen at a flow-rate of 30 mL min?. The
resultant DSC curves allowed obtaining Tg, the cold crystallization peak temperature
(Tee), and the melting peak temperature (Tm). Besides, the cold crystallization (AHc) and
melting enthalpies (AHm) were obtained from the integration of the corresponding peaks.
The maximum degree of crystallinity (%xcmax) Was calculated as indicated in Equation
(1.1.2.1):

AH,, 100

—_—— .1.2.1
AHY, w ( )

0 _
WX emax =

where w (g) stands for the weight fraction of PLA and AH.° (J g*) represents the
theoretical melting enthalpy of a fully crystalline PLA polymer, which is close to 93.7 J g
1 [46-49].

The effect of the OLA addition on the thermal stability of PLA was studied by TGA
in a TGA/SDTA 851 thermobalance from Mettler-Toledo (Schwerzenbach, Switzerland).

The temperature sweep was scheduled from 30 °C to 700 °C at a heating rate of 10 °C
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mintin air atmosphere. Samples with an average weight comprised between 5 and 7
mg were placed on standard alumina crucibles and sealed with the corresponding cap.
The onset degradation temperature, which was assumed at a weight loss of 5 wt % (Tsu),
and the maximum degradation rate temperature (Tq¢eg) Were obtained. All DSC and TGA

tests were run in triplicate to obtain reliable results.

Viscosity Characterization

To study the influence of the OLA addition on the viscosity of PLA, cylindrical
disks sizing 40 mm diameter and 5 mm thickness were manufactured by hot-press
molding in a BUEHLER SimpliMet 1000 (Lake Bluff, IL, USA) at a temperature of 165 °C
and a pressure of 7.5 ton. Parallel-plate oscillatory rheometry (OR) was conducted in an
AR-G2 rheometer from TA Instruments (New Castle, DE, USA) to obtain the evolution of
the complex viscosity (|n*]) as a function of the angular frequency. The selected
isothermal temperature was 200 °C and the angular frequency varied in the 100-0.01 rad
sl range. The maximum shear strain (y) was set to 1 % and the tests were carried out

in air atmosphere in triplicate.

Thermomechanical Characterization

The effect of the OLA addition on the thermomechanical behavior of PLA was
carried out by dynamic mechanical thermal analysis (DMTA) in a DMA 1 from Mettler-
Toledo (Schwerzenbach, Switzerland) working in single cantilever flexural conditions.
Rectangular samples with dimensions of 10 x 7 mm? and a thickness of 4 mm were
subjected to a dynamic heating program from -30 °C to 130 °C at a constant heating rate
of 2 °C min‘t. The maximum deflection in the free edge was set to 10 ym and the selected
frequency was 1 Hz. The storage modulus (E’) and the dynamic damping factor (tan o)

were collected as a function of increasing temperature.

The dimensional stability of the OLA-containing PLA pieces was studied by
thermomechanical analysis (TMA) in a Q400 thermomechanical analyzer from TA
Instruments (New Castle, DE, USA). The applied force was set to 0.02 N and the
temperature program was scheduled from -30 to 120 °C in air atmosphere (50 mL min-
1) at a constant heating rate of 2 °C min. The coefficient of linear thermal expansion
(CLTE) of the PLA pieces, both below and above Ty, was determined from the change

in dimensions versus temperature.

Tesis Doctoral. Diego Sebastian Lascano Aimacafia Pagina 145 de 457



Ill. RESULTS AND DISCUSSION

Characterization of the Shape Memory Behavior

The flexural method was used to evaluate the extension of the shape memory
behavior. To this end, samples were compression-molded into sheets in the hot-press
molding with a thickness of 0.4-0.5 mm. Two different parameters were then calculated
to analyze the shape memory behavior in flexural conditions, namely the shape memory
recovery (R;) and stability ratio (Ry) [50,51]. The procedure is described as follows. In the
first stage, the sheet specimens were deformed at a particular angle 6. For this, the
samples were heated at 65 °C and forced to adapt between two aluminum sheets with
different angles (15°, 30°, 60°, and 90°) to form a sandwich structure: aluminum/PLA
sheet/aluminum. The sandwich was then clamped to allow a permanent deformation to
the desired angle. Thereafter, the sandwich was cooled down to 14 °C to achieve its
permanent shape after a slight temporary recovery of 6:.. Finally, the specimen was
heated above its T in an air circulating oven at 65 °C for 3 min. After this, the final angle,
thatis, 6r, was measured. At least three different sheets were tested for each composition
to obtain reliable values. The same procedure has been used to characterize the shape
recovery behavior in several polymer systems [52,53]. The values of Ri and R, were

calculated using the following equations:

(m—6,)

%R, = (= _(if)_/(;rf)_ r) (1.1.2.3)

[11.1.2.3. Results and Discussion

Effect of OLA on the Mechanical Properties of PLA

Table 111.1.2.3 gathers the main results obtained after the mechanical
characterization of the PLA pieces with different OLA contents. As expected, the
progressive addition of OLA led to lowering o, values from 64.6 MPa, for the neat PLA,
down to 37.4 MPa, for the PLA pieces containing 20 wt % OLA. This decreasing tendency
was almost linear as it can be seen in the table for the other compositions. This tendency
on mechanical strength is the typical a plasticizer produces on the base polymer. Some
other OLA additives have demonstrated a similar effect on mechanical properties by
increasing remarkably ductility, mainly in the film form, as reported by Burgos, et al. [45].
In the latter work, it was reported an increase in €, from 4 % to 315 % with an OLA content
of 25 wt %, but it is worthy to note the OLA previously used was designed for

plasticization of PLA films. Such dramatic increase in the &, was not observed when
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using OLA in this work since the primary use of this type of OLA was to improve impact

strength, as indicated by the supplier and it will be discussed further.

Table 111.1.2.3. Mechanical properties of the polylactide (PLA) pieces with different weight
contents of oligomer of lactic acid (OLA) in terms of: tensile modulus (E:), strength at
break (ob), elongation at break (&), impact strength, and Shore D hardness.

Tensile Tests

Impact

i Shore D
Piece Strength d

E: (MPa) o (MPa) &b (%) (kd m?2) Hardness

PLA-OLA 0% 2251 + 45 646+11 7.9+01 257+27 78809
PLA-OLA 5% 2272+ 94 520+2.1 6.8+03 304+36 812%14
PLA-OLA 10% 2300 + 82 42.1+17 5602 542148 80923
PLA-OLA 15% 2400 + 58 41.4+10 53+03 69.7+52 80909
PLA-OLA 20% 2101 +91 374+22 50+02 384+57 80504

Regarding mechanical ductility, the neat PLA piece showed a very low value of
7.9 % and the addition of OLA did not promote an increase in &y, but a slight decrease
down to values of 5 %. It is not usual that a plasticizer promotes a decrease in ductility
since the typical effect of a plasticizer is a decrease in the tensile resistant properties
(op and E;) and an increase in ductile properties (&,). Nevertheless, it has been reported
that some plasticizers promote a clear plasticization that is detectable by a decrease in
Ty while no improvement in ductility occurs. This atypical behavior was reported by
Ambrosio-Martin, et al. [54] in PLA films blended with different synthesized OLAs. A ¢,
value of 5.25 % was reported for neat PLA, while the addition of 25 wt % of a purified
OLA yielded a ¢, of 2.52 %. It was also reported a slight increase in E;and an apparent
decrease in oy, in a similar way as obtained in this work. It was concluded that, although
there is clear evidence of the mechanical plasticization of OLA-containing PLA films, they
were not more deformable, which is also in agreement with the work performed by
Courgneau, et al. [55]. Concerning E;, the neat PLA piece was characterized by a value
of nearly 2.2 GPa and the values remained in the 2.2-2.4 GPa range after the addition
of OLA. Thus, the main effect of this type of OLA on the tensile mechanical properties
was a remarkable decrease in oy, which representative for some plasticization, but also
a slight decrease in €. Interestingly, as it can also be seen in table 111.1.2.3, the addition
of OLA successfully increased the impact strength of PLA. Neat PLA showed an impact
strength of 25.7 kJ m2, which indicates a brittle behavior, and the only addition of 5 wt
% OLA provided a slight increase in the impact strength to 30.4 kJ m2. Nevertheless,
the most remarkable changes were obtained for OLA additions of 10 wt % and 15 wt %,

showing impact strength values of 54.2 kJ m?2 and 69.7 kJ m2, respectively. Therefore,
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the PLA piece with 15 wt % OLA presented the maximum impact strength with a
percentage increase of approximately 171 % with regard to the neat PLA. Itis also worthy
to mention that the PLA piece containing 20 wt % OLA showed a decrease in impact
strength in comparison with the other OLA-containing PLA pieces, thus suggesting
certain OLA saturation in the PLA matrix. In this regard, Fortunati, et al. [56] reported the
use of isosorbide diester (ISE) as plasticizer for PLA. It was observed plasticizer
saturation at 20 wt % ISE and this was attributed to a limitation of T4 decrement. In
addition, a noticeable decrease in €, was observed once the plasticizer saturation was
achieved. Furthermore, Ferri, et al. [57] reported the plasticization of PLA by fatty acid
esters, observing a remarkable decrease in impact strength above 5 parts per one
hundred parts (phr) of PLA. Accordingly, a remarkable decrease in T4 was attained for
contents of up to 5 phr whereas, above this, the T4 values did not change in a noticeable
way, corroborating the relationship between the impact and thermal properties.
Regarding hardness, one can observe that the Shore D values remained nearly constant
after the OLA addition, showing values in the 78-82 range. Therefore, the most important
feature this OLA can potentially provide to the mechanical properties of PLA is a
remarkable improvement in impact strength while the elasticity can be slightly improved
and ductility reduced. This particular mechanical behavior could be ascribed to an
increase in the sample crystallinity and also to the presence of soft domains of OLA
dispersed within the PLA matrix, simultaneously improving impact strength and reducing

flexibility.

As previously indicated, one of the most widely used strategies to improve
toughness in PLA-based formulations is blending with rubber-like polymers such as PCL
[58], PBS [29,59], or PBAT [60,61]. In these immiscible blends, the energy absorption is
related to presence of finely dispersed rubber-like small polymer droplets embedded in
the brittle PLA matrix. In some cases, a synergistic effect can be found when different
reactive or non-reactive compatibilizers are used. In this work, OLA has the same
chemical structure than PLA, thus leading to miscibility without the need of
compatibilizers. In this regard, Burgos, et al. [45] have reported the similarity between
the solubility parameters of both PLA and OLA, which plays an essential role in
miscibility. According to this, figure 111.1.2.1 gathers the FESEM images corresponding
to the fracture surfaces from the impact tests of the PLA pieces with the different OLA
loadings. figure I11.1.2.1a shows the fracture surface of the neat PLA piece. As one can
observe in this micrograph, the surface was smooth with multiple microcracks presence,
which is an indication of a brittle behavior. As opposite, figure 111.1.2.1b shows that the

fracture surface morphology of the PLA piece with 5 wt % OLA changed noticeably.
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Phase separation could not be detected due to the high chemical affinity between PLA
and OLA and the microcracks were not observed but, in contrast, macrocracks were
produced. Therefore, the presence of OLA seems to inhibit microcrack formation and
growth and, therefore, the cracks could grow to a greater extent thus leading to a rougher
surface that is responsible for higher energy absorption during impact. Figure 111.1.2.1c,d
show the FESEM images corresponding to the fracture surfaces of the PLA pieces with
10 wt % and 15 wt % OLA, respectively. In these images, the above-mentioned effect
was more intense then showing rougher surfaces that are related to enhanced energy
absorption. Finally, figure 111.1.2.1e shows that the PLA piece containing 20 wt % OLA
presented a similar fracture surface than the other pieces and, despite there was a clear
loss of toughness, its morphology did not allow identifying phase separation.

Figure 111.1.2.1. Field emission scanning electron microscopy (FESEM) images of the
fracture surfaces of the of the polylactide (PLA) pieces with different weight contents of
oligomer of lactic acid (OLA): (a) 0 wt %; (b) 5 wt %; (c) 10 wt %,; (d) 15 wt %; and (e) 20
wt %. Images were taken at 1000x and scale markers are of 10 pm.
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Effect of OLA on the Thermal and Rheological Properties
of PLA

Figure 111.1.2.2 shows a comparative graph with the characteristic DSC
thermograms during first heating corresponding to the neat PLA piece and the PLA
pieces with different OLA loadings. Table IIl.1.2.4 summarizes the main thermal values
obtained from the thermograms. One can observe that T4 of neat PLA was located close
to 63 °C. Then, the PLA sample cold crystallized indicating that the biopolyester chains
could not crystallize in the injection mold. The process of cold crystallization was
characterized by a peak at 109.8 °C. Finally, the melting process was defined by a peak
temperature of 170.9 °C in which the whole crystalline fraction melted. The effect of the
OLA addition on the thermal properties was remarkable. Concerning T4, a clear
decreasing tendency can be observed. In particular, Tqwas reduced after the OLA
addition down to 50.8 °C, thus indicating plasticization. Ambrosio-Martin, et al. [54]
reported a decrease in T4 with addition of OLA to PLA films from 60 °C to 27.7 °C,
concluding that this fact is directly related to the mechanical properties of OLA and it
depends on the synthesis procedure [62]. In the present work, the T4value of PLA
decreased after the addition of OLA but this reduction was much lower than other
reported to other plasticizers. For instance, Ljungberg and Wesslen [63] reported a
Ty decrease of 30 °C with 15 wt % addition of different plasticizers such as triacetin,
tributyl citrate (TBC), triethyl citrate (TEC), acetyl tributyl citrate (ATBC), and acetyl
triethyl citrate (ATEC).
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Figure 111.1.2.2. Differential scanning calorimetry (DSC) thermograms corresponding to
the polylactide (PLA) pieces with different weight contents of oligomer of lactic acid (OLA).

Table 111.1.2.4. Thermal properties of the polylactide (PLA) pieces with different weight
contents of oligomer of lactic acid (OLA) in terms of: glass transition temperature (Tyg),
cold crystallization temperature (Tcc), cold crystallization enthalpy (AHcc), melting
temperature (Tm), melting enthalpy (AH.), and degree of crystallinity (Xcma).

Plece 0g TeCo G Tmeo) AT gmwo0)
PLA-OLA 0% G?L._:éi 10??..881 22(3)..681 17:(3..?1 33;_'%1 3?-_.5;1
PLA-OLA 10% 53;..%4_- 103.;.4_- 2]i..S;i 16;.(:)]_1 4?1_'3;31 54;_'?31

Furthermore, the added OLA induced an internal lubricating effect that shifted the
cold crystallization of PLA to lower temperatures due to an increase of chain mobility.
Then T lowered to values in the range of 96-101 °C with the different OLA loadings.
Other authors suggested a specific nucleating effect provided by the short length OLA
molecules, which are more readily to pack the PLA macromolecular structure thus
favoring the cold crystallization process [64]. In addition, a small and broad exothermic
peak was seen in the PLA sample processed with OLA, particularly noticeable at the
lowest OLA contents. This exothermic peak is related to a pre-melt crystallization just
before melting. In this regard, one can consider that the presence of OLA promoted the
formation of different crystallites [63]. As reported by Mardti, et al. [65] and also Maiza,
et al. [66], this peak has been observed in neat PLA depending on the heating rate and
the applied thermal cycle. One can also observe a slight decrease in the T, value with
the increasing OLA content. Similar findings have been reported by Burgos, et al. [62] in
PLA films with different OLAs.

In addition to the characteristic values of Ty, T, and, Tm, the enthalpies
corresponding to the cold crystallization and melting processes, that is, AH.c and AHn,
respectively, were collected. The maximum degree of crystallinity, that is, xcmax, Which
does not consider the amount of crystals formed during cold crystallization, was 35.6 %
for the neat PLA. Then, xcmax increased up to values of around 50 % for the compositions

containing 5-15 wt % OLA, while slightly lower values of crystallinity were obtained for
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the composition containing 20 wt % OLA, that is, 45.8 %. This increase in crystallinity
can be related to the plasticizing effect of OLA, as earlier reported by Burgos, et al. [62]
in PLA formulations with 15 wt % of different OLAs. This latter study also reported a

decrease in the T, value of approximately 5 °C.

Regarding thermogravimetric characterization, figure 111.1.2.3 shows the mass
versus temperature (figure 111.1.2.3a) and the first derivative (DTG) versus temperature
(figure 111.1.2.3b) curves for all the PLA pieces. The main results of the thermal
decomposition of PLA-OLA blends are summarized in table 111.1.2.5. One can observe
that the neat PLA was much more thermally stable than the toughened PLA formulations
with the different OLA loadings. As the OLA content increased, the characteristic TGA
curves in figure Il1.1.2.3a shifted to lower temperatures, thus indicating a decrease in
thermal stability. DTG curves were very useful to determine the maximum degradation
rate temperature (Tqeg), Which was seen as peaks in figure 111.1.2.3b. It can be seen in
the graph that there was a clear decreasing tendency of Tgeg With increasing OLA
content. Furthermore, the residual mass for all PLA formulations with OLA was almost
the same, being below 1 wt %.
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Figure 111.1.2.3. (a) Thermogravimetric analysis (TGA) and (b) first derivate
thermogravimetric (DTG) curves corresponding to the polylactide (PLA) pieces with
different weight contents of oligomer of lactic acid (OLA).

Table I11.1.2.5. Main thermal parameters of the polylactide (PLA) pieces with different
weight contents of oligomer of lactic acid (OLA) in terms of. onset temperature of
degradation (Tse%), degradation temperature (Tdeg), and residual mass at 700 °C.

Residual Mass
(%)

PLA-OLA 0% 336.1+2.7 3759+19 0.11 £ 0.02

Piece Ts0% (°C) Tdeg (°C)
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PLA-OLA 5% 327.2+1.2 373.1+23 0.57 +0.08
PLA-OLA 10% 310.1+3.2 354.3+3.1 0.65+0.12
PLA-OLA 15% 296.5+3.8 350.1+1.8 0.39 +0.08
PLA-OLA 20% 254.8+ 2.8 344.8+ 2.6 0.53 + 0.07

Therefore, OLA induced a remarkable reduction in the thermal stability of PLA,
as similarly described by Ambrosio-Martin, et al. [54]. In this regard, Burgos, et al. [62]
also reported individual TGA characterization of different OLAs with their corresponding
thermal degradation parameters. A variation in the onset degradation temperature was
observed from 179 °C to 214 °C. The lower thermal stability was related to the lower
T4 values. Moreover, it was reported a maximum degradation rate temperature ranging
from 259 °C to 291 °C. These characteristic degradation temperatures are remarkably
lower than those of the neat PLA herein studied. As the OLA content in PLA pieces
increased, both the Tsy and the Tmax Values showed a clear decreasing tendency. This
decrease was more pronounced in the case of Tsy, which varied from 336.1 °C, for the
neat PLA piece, to 254.8 °C, for the PLA piece containing 20 wt % OLA.

As indicated previously, OLA provided a lubricating effect, which could potentially
lead to a subsequent decrease in the viscosity. Figure 111.1.2.4 shows the effect of the
different OLA loadings on the |n*| values of the PLA sheets as a function of the angular
frequency. As it can be seen, the effect of the angular frequency on the complex viscosity
was not highly pronounced but it was possible to detect a decreasing tendency of |n*|
with increasing the OLA content. This confirms that OLA lowers the viscosity of the PLA
melt during processing and it can therefore potentially act as a processing aid. In fact,
as indicated previously, it was necessary to adjust the thermal profile for optimum

processing when the OLA content was modified.
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Figure 111.1.2.4. A comparative plot of the complex viscosity (|n*|) of the polylactide (PLA)
sheets with different weight contents of oligomer of lactic acid (OLA) at a constant
temperature of 200 °C as a function of increasing angular frequency.

Effect of OLA on the Thermomechanical Properties of PLA

The results described above indicated a definite improvement in the PLA
toughness by using OLA as an impact modifier. Mechanical characterization showed a
decrease in mechanical strength while ductility was also slightly reduced. DMTA allows
characterization of mechanical properties in dynamic conditions (sinusoidal applied
stress) as a function of a heating cycle. Figure 111.1.2.5 shows the DMTA curves for the
neat PLA piece and the PLA pieces containing different loadings of OLA. The results of
the thermomechanical properties obtained by DMTA are summarized in table 111.1.2.6.
The variation of the E’ values of the neat PLA (figure I11.1.2.5a) showed a dramatic drop
between 50 °C and 70 °C, which is representative of the a-relaxation process of the PLA
chains as the glass transition region was surpassed. In particular, a three-fold decrease
in E’ was observed. As the OLA loading increased, the E’ curves shifted to lower
temperatures thus indicating a decrease in Tg, as previously observed by DSC analysis.
In particular, the E’ values decreased from 1500 MPa, for the neat PLA piece, to 1197
MPa, for the PLA piece blended with 20 wt % OLA at 30 °C. As reported by other authors,
both nucleating agents and plasticizers play a crucial role in the DMTA behavior of PLA
[67,68]. Although the characteristic E’ curves showed a decrease in Ty, more accurate

values can be obtained by determining the peak maximum of tan &, as observed in figure
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[11.1.2.5b. Neat PLA showed a Tg4 of 68.2 °C and the T4 values decreased progressively
as the OLA loading increased, reaching a minimum value of 49.4 °C for the PLA piece
containing 20 wt % OLA. These results are in total agreement with the above-described

results obtained during the DSC characterization.
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Figure 111.1.2.5. Evolution as a function of temperature of the (a) storage modulus (E’) and

(b) dynamic damping factor (tan &) of the polylactide (PLA) pieces with different weight
contents of oligomer of lactic acid (OLA).

Table 111.1.2.6. Main thermomechanical parameters of the polylactide (PLA) pieces with
different weight contents of oligomer of lactic acid (OLA) in terms of: storage modulus (E’)
measured at 30 °C and 70 °C, glass transition temperature (Tg), and coefficient of linear
thermal expansion (CLTE) below and above Tq.

DMTA T™A
. CLTE below CLTE above
Piece E'at30°C FE’at70  Tg* T, T,
(MPa)  °C(MPa) (°C)
(um m™ K™Y (umm™ K™
PLAOLA 1500155 49+03 ©82% 799435 1554162
0% 1.2
PLAOLA 1467149 24+02 °9%% 71140 166470
5% 1.4
PLA-OLA 56.1 +
" 138052 46:04 "o 88.0+3.8  173.846.2
PLA-OLA 52.3+
oy 134338 52:06 o5 901+1.9  179.9+7.1
PLA-OLA 49.4 +
oo 119747  99x11 2% 91.6+39 1845+ 6.8

Another attractive thermomechanical property is the effect of temperature on the

dimensional stability of the PLA-based materials with different OLA loadings. TMA is a
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very useful technique to determine the CLTE values, which is a crucial property related
to dimensional stability in terms of temperature exposition. Table 111.1.2.6 gathers these
coefficients for the neat PLA piece and the PLA pieces containing different amount of
OLA. As one can observe in the table, two different CLTE values were determined, one
corresponding to the slope below T4 and another one corresponding to that above Tg.
Plasticization can be observed by seeing the CLTE both below and above Tg4. A slight
increasing tendency was obtained, thus, indicating more ductility. The CLTE below
Ty changed from 79.9 um m™* K t0 91.6 um m™* K. The maximum change was therefore
11.7 ym m* K%, which is a very narrow range, typical of values below T, then indicating
excellent dimensional stability. Above T4, the maximum change was 29.1 ym m?* K7,
which is in accordance with the typical plastic thermomechanical behavior above Tg.

Effect of OLA on the Shape Memory Behavior of PLA

Initially, the shape memory behavior was studied qualitatively by introducing the
sheet specimens into a glass tube at room temperature, as observed in figure 111.1.2.6a,
and remained inside for 5 min to retain the shape. Then, the crimped PLA sheets were
immersed in a water bath at 70 °C, above the biopolyester’s T4, and allowed to recover
their shape. As can it be seen in figure 111.1.2.5b, flat sheet shapes were obtained for the
PLA materials containing >10 wt % OLA loadings in a short period of 4-10 s, therefore
giving support to the significant effect of OLA on the shape memory behavior of PLA.
Similar results, under the same conditions, were reported in the development of poly(l-
lactide-co-g-caprolactone) (PLACL), which showed recovery times of approximately 20
s [69]. Another study was focused on PLA/thermoplastic polyurethane (TPU) blends in
which the recovery times at 70 °C were very similar to those obtained in this work, that
is, 7-12 s [50].

a) b) '.
| )
| \ \l
= & | Al
iy B
» - \
hoad S
N 9 RN R ,‘g
Q AV AV AV
QO
\? bod kad ad
< aN/ Q\/ \\/

Figure 111.1.2.6. Photographs of the qualitative study of the shape memory recovery
capacity of the polylactide (PLA) sheets with different weight contents of oligomer of lactic
acid (OLA): (a) initial deformation of the sheets by introducing them into a glass tube and
(b) recovered shape of the sheets after heating at 70 °C.
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In addition to the qualitative characterization shown above, a quantitative study
was carried out to evaluate the influence of the OLA impact modifier on the shape
memory behavior of PLA. Figure 111.1.2.7 shows the evolution of R, for different angles
as the OLA content was increased. As it can be seen in the plot, the neat PLA sheet
showed limited shape recovery properties and, obviously, it highly depended on the
deformation angle. This shape memory recovery was close to 77 % for a deformation
angle of 90° and it was remarkably lower with more aggressive deformations. For
instance, PLA could only recover 55.5 % when the initial deformation angle was 15°. As
the OLA loading increased, the ability of PLA to recover its initial flat shape (angle of
180°) increased considerably. It is worthy to note the effect of the addition of 20 wt %
OLA, which yielded an almost constant increase in R, of approximately 20 % for all the
tested angles. Therefore, for this OLA loading, the shape recovery ability of PLA
remarkably improved thus leading to an exciting shape memory behavior. As reported
by Leones, et al. [70], a good shape memory behavior can be attained in electrospun
PLA-based fibers containing different OLA loadings in the 10-30 wt % range.
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Figure II1.1.2.7. Evolution of the percentage of shape memory recovery (%R, of
polylactide (PLA) sheets with different weight contents of oligomer of lactic acid (OLA) at
different initial deformation angles: 15°, 30°, 60°, and 90°.
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The R¢ value is representative for the dimensional stability below T, after an initial
deformation. As it can be seen in table 111.1.2.7, Rs was very high for all the systems, thus
indicating excellent dimensional stability after the first deformation. In general, as the
deformation angle was lower, for instance 90°, the stability ratio was higher, showing
recovery values over 98 %. Alternatively, if the initial deformation angle was very
aggressive, for instance 15°, a slight decrease in the stability ratio can be observed down
to values of nearly 85 %. Anyway, these stability ratios can be considered high for all
compositions and angles. In this regard, Jing, et al. [50] reported lower stability ratios in
PLA/TPU blends, which showed less dimensional stability than the materials developed
herein. Therefore, one can conclude indicating that this type of OLA is also an
exceptional additive for shape memory recovery as shown by the high %R;and
%Ry values obtained.

Table 111.1.2.7. Variation of the percentage of stability ratio (%Ry) after different initial
deformation angles (65) for the polylactide (PLA) sheets with different weight contents of
oligomer of lactic acid (OLA).

. Rt (%)
Piece
0 = 90° 0; = 60° 0; = 30° 0 = 15°
PLA 996+1.3 989+21 996+1.3 88.2+1.1

PLA-OLAO0% 98.7+12 98.1+13 88.2+13 87.2%+25
PLA-OLAS5% 98.4+15 942+24 96.8+15 86.7+1.3
PLA-OLA10% 99.3+14 98.1+18 97.8+21 852*36
PLA-OLA15% 91.4+23 96.5+24 984+14 849+16

[11.1.2.4. Conclusions

The positive effect of OLA to improve PLA toughness was evaluated in this study.
The addition of 15 wt % OLA provided an increase in the impact strength from 25.7 kJ
m2 to almost 70 kJ m2, thus showing an extraordinary effect on toughness. Furthermore,
the OLA impact modifier also provided a mechanical plasticization as observed by a
decrease in the tensile strength though a slight reduction in ductility was also noticed.
This plasticizing effect was observable by DSC in which the characteristic T4 of the neat
PLA was reduced from 63.3 °C to 50.8 °C for the PLA piece with 20 wt % OLA. Moreover,
since OLA was less thermally stable than PLA, a decrease in the onset degradation
temperature, reported as Tsw, was observed as the OLA loading increased.
Nevertheless, the Tsyvalue corresponding to the PLA piece with the highest OLA loading
was still high, that is, 254.8 °C, which successfully allows processing these blends

without thermal degradation. Another exciting feature that this type of OLA can provide
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to PLA is the improvement of its shape memory behavior. In particular, the shape
memory recovery parameter, that is, R;, was very high compared to other PLA-based
blends or plasticized PLA systems, thus showing the extraordinary effect of this OLA on
the shape memory recovery. As a general conclusion, the here-studied OLA additive
represents an interesting technical and environmentally friendly solution to improve the
intrinsic brittleness of PLA and it also contributes to somewhat plasticization that allows
enhanced shape memory recovery properties. The resultant toughened PLA materials
can be of high interest for the development of compostable packaging articles, such as
food trays and films, or disposable articles, such as cutlery and straws.
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Abstract: This work focuses on the manufacturing and characterization of highly environmentally
friendly lightweight sandwich structures based on polylactide (PLA) honeycomb cores and PLA-flax
fabric laminate skins or facings. PLA honeycombs were manufactured using PLA sheets with different
thicknesses ranging from 50 to 500 pm. The PLA sheets were shaped into semi-hexagonal profiles
by hot-compression molding. After this stage, the different semi-hexagonal sheets were bonded
together to give hexagonal panels. The skins were manufactured by hot-compression molding by
stacking two Biotex flax/PLA fabrics with 40 wt% PLA fibers. The combined use of temperature
(200 °Q), pressure, and time (2 min) allowed PLA fibers to melt, flow, and fully embed the flax
fabrics, thus leading to thin composite laminates to be used as skins. Sandwich structures were finally
obtained by bonding the PLA honeycomb core with the PLA-flax skins using an epoxy adhesive.
A thin PLA nonwoven was previously attached to the external hexagonal PLA core, to promote
mechanical interlock between the core and the skins. The influence of the honeycomb core thickness
on the final flexural and compression properties was analyzed. The obtained results indicate that the
core thickness has a great influence on the flexural properties, which increases with core thickness;
nevertheless, as expected, the bonding between the PLA honeycomb core and the skins is critical.
Excellent results have been obtained with 10 and 20 mm thickness honeycombs with a core shear
of about 0.60 and facing bending stresses of 31-33 MPa, which can be considered as candidates for
technical applications. The ultimate load to the sample weight ratio reached values of 141.5 N-g~! for
composites with 20 mm thick PLA honeycombs, which is comparable to other technical composite
sandwich structures. The bonding between the core and the skins is critical as poor adhesion does
not allow load transfer and, while the procedure showed in this research gives interesting results,

new developments are necessary to obtain standard properties on sandwich structures.

Keywords: PLA honeycomb core; eco-friendly sandwich structures; three-point bending test; hot
compression molding

1. Introduction

The demand for low-weight and high-rigidity materials in high-performance sectors
has given way to the development of composite materials [1]. Among others, sandwich
structures deserve special attention due to their use in a wide variety of sectors, which
include conventional packaging with corrugated craft cores [2], and high-performance
applications in aerospace [3,4], automotive [5], aeronautics [6], lightweight civil infras-
tructure [7], and so on. Sandwich panels are composed of a lightweight core and two
(top and bottom) skins [8]. The most common cores in sandwich panels are processed
woods (i.e., balsa wood), thermoplastic and thermosetting polymer foams, and honeycomb
structures. Honeycombs can be obtained from a wide variety of materials such as metals
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Manufacturing and characterization of highly
environmentally friendly sandwich composites from
polylactide cores and flax-polylactide faces

Abstract

This work focuses on the manufacturing and characterization of highly
environmentally friendly lightweight sandwich structures based on polylactide (PLA)
honeycomb cores and PLA-flax fabric laminate skins or facings. PLA honeycombs were
manufactured using PLA sheets with different thicknesses ranging from 50 to 500 pm.
The PLA sheets were shaped into semi-hexagonal profiles by hot-compression molding.
After this stage, the different semi-hexagonal sheets were bonded together to give
hexagonal panels. The skins were manufactured by hot-compression molding by
stacking two Biotex flax/PLA fabrics with 40 wt % PLA fibers. The combined use of
temperature (200 °C), pressure, and time (2 min) allowed PLA fibers to melt, flow, and
fully embed the flax fabrics, thus leading to thin composite laminates to be used as skins.
Sandwich structures were finally obtained by bonding the PLA honeycomb core with the
PLA-flax skins using an epoxy adhesive. A thin PLA nonwoven was previously attached
to the external hexagonal PLA core, to promote mechanical interlock between the core
and the skins. The influence of the honeycomb core thickness on the final flexural and
compression properties was analyzed. The obtained results indicate that the core
thickness has a great influence on the flexural properties, which increases with core
thickness; nevertheless, as expected, the bonding between the PLA honeycomb core
and the skins is critical. Excellent results have been obtained with 10 and 20 mm
thickness honeycombs with a core shear of about 0.60 and facing bending stresses of
31-33 MPa, which can be considered as candidates for technical applications. The
ultimate load to the sample weight ratio reached values of 141.5 N-g* for composites
with 20 mm thick PLA honeycombs, which is comparable to other technical composite
sandwich structures. The bonding between the core and the skins is critical as poor
adhesion does not allow load transfer and, while the procedure showed in this research
gives interesting results, new developments are necessary to obtain standard properties

on sandwich structures.

Keywords: PLA honeycomb core; eco-friendly sandwich structures; three-point

bending test; hot compression molding
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[11.1.3.1. Introduction

The demand for low-weight and high-rigidity materials in high-performance
sectors has given way to the development of composite materials [1]. Among others,
sandwich structures deserve special attention due to their use in a wide variety of
sectors, which include conventional packaging with corrugated craft cores [2], and high-
performance applications in aerospace [3,4], automotive [5], aeronautics [6], lightweight
civil infrastructure [7], and so on. Sandwich panels are composed of a lightweight core
and two (top and bottom) skins [8]. The most common cores in sandwich panels are
processed woods (i.e., balsa wood), thermoplastic and thermosetting polymer foams,
and honeycomb structures. Honeycombs can be obtained from a wide variety of
materials such as metals (steel, aluminum, titanium) and thermoplastic polymers such
as polypropylene or aramid. The skins or faces are usually made of lightweight and stiff
materials such as aluminum or fiber-reinforced polymers (FRP) [9,10]. The most critical
part in a sandwich structure is the skin-core interface, which plays a key role in load
transfer. To enhance this interface, adhesives, fiber mats, or thin sheets are used [11].
The final composition of a sandwich structure depends on the target application. For
example, polymer foam cores are generally used in car flooring, boat parts, as well as
turbine blades, as they have good rigidity, high strength, and resistance to fatigue and
temperature [12-15]. Feng and Aymerich [16] studied the effect of the density of a
polyvinyl chloride (PVC) foam core on sandwich panels with carbon/epoxy-laminated
facings, resulting in a composite structure with excellent stiffness. They demonstrated
an increasing tendency in stiffness with increasing core density. One of the main
drawbacks of sandwich-type composites is that they are expensive due to their
manufacturing process. On the other hand, sandwich-type composites are difficult to
handle with conventional manufacturing processes for composite materials such as
vacuum-assisted resin infusion molding (VARIM) or resin transfer molding (RTM). In the
last years, important advances have been carried out in the field of composite sandwich
structures to overcome or palliate this. Lascano, et al. [17] reported the manufacturing of
a sandwich-type composite with basalt-flax hybrid laminates skins and a polypropylene-
permeating nonwoven core (Lantor Soric® XF) with a hexagonal groove, which allows
conventional manufacturing by the resin infusion processes. These new core materials

combine lightness, processability, and stiffness.

Sandwich composite structures, particularly with honeycomb cores, are widely
used because they offer excellent out-of-plane properties (i.e., bending, compression),
compared to conventional composite laminates. This feature, together with their

lightness because of the use of a very lightweight core material, have positioned
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sandwich structures as high-performance materials for applications in aerospace,
automotives, and the sports and marine industry, among others [18]. Initially, sandwich
structures with a honeycomb core were only used in aeronautics and aerospace
industries due to their extremely positive stiffness-to-weight ratio (ailerons, flaps,
rudders, and so on). Nevertheless, their production was laborious and, therefore,
expensive, which made them unsuitable for mass production. Aluminum has been, with
difference, the most common material for sandwich skins or cores in high-performance
composites [9,19]. Nevertheless, with the development of engineering and high-
performance polymers, a new series of honeycombs can be found as they also provide
high stiffness with lower weight compared to aluminum. Among others, it is worth
remarking the increasing use of polypropylene (PP) honeycombs for conventional
applications, which provide good rigidity with a considerable decrease in weight, as PP
is one of the lightest polymers [20]. For high-performance composites, aramid
honeycombs are widely used due to an excellent balance between lightness, stiffness,
cost, and temperature resistance [6].

Despite the fact that composite panels usually combine the optimum materials
for the core, bonding, and skins, some composite panels are manufactured entirely from
one material such as lightweight composite panels consisting of PP skins and PP
honeycombs. These composite panels have become very popular in the packaging and
construction industries [21,22]. The use of high-performance composite laminates with
glass fiber (GF) and carbon fiber (CF) has widened the performance of sandwich
structures for applications requiring high strength at low weight, because unlike metallic

materials, they offer a better strength-to-weight ratio [23-26].

The increasing awareness of environmental issues has led to the search of new
environmentally friendly materials. This situation is more pronounced in the polymers
and composites industries, which are highly petroleum-dependent. In the last years,
biobased materials are acquiring relevance as they can be obtained from natural
resources. Despite there still being a long way to go with biobased polymers and
composites, some materials have been positioned as excellent candidates for the
replacement of their petrochemical counterparts [27,28]. Companies such as EconCore
have developed a revolutionary technology, ‘ThermHex’ [29], which allows the serial
production of honeycomb cores in a single sheet of thermoplastics material such as
polypropylene (PP), polyethylene terephthalate (PET), and polycarbonate (PC). This
process contributes to reduction in both the amount of material used, waste material,
and energy consumption, all contributing to reducing the carbon footprint [30]. This

technology has given way to the development of fully bio-based honeycomb materials
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by using polylactide (PLA), obtained from natural resources [1,26]. PLA is a
thermoplastic material obtained from renewable sources through sugar fermentation or
from starch-rich products such as potatoes or sugar cane. PLA offers interesting
properties such as biodegradability (actually, disintegration in controlled compost soil),
biocompatibility, good tensile strength, good stiffness, and shape memory [31]. In
addition, it can be manufactured by conventional processing techniques such as injection
molding, extrusion, hot compression molding, and 3D printing. For these reasons, the
use of PLA has remarkably grown in the last decade, mainly in the packaging industry
[32,33], and biomedicine [34,35]. The use of PLA can positively contribute to develop a
new series of environmentally friendly composite materials or green composites. In fact,
PLA is currently used as matrix in wood plastic composites with natural fibers and/or
lignocellulosic fillers [36], and it is increasingly used in several components of compaosite
sandwiches such as 3D-printed honeycombs, adhesion nonwovens, and skins on
different composite panel configurations [37].

Furthermore, by replacing the currently used synthetic fibers with natural fibers,
materials with balanced properties and environmental efficiency can be obtained. Among
different natural fibers such as jute, hemp, sisal, and cotton, flax fibers are increasingly
being used in green composites. Flax fibers offer superior properties to other natural
fibers [38] and represent a good choice for green composites. Flax fibers are mainly
composed of cellulose (60-85 %) and hemicellulose (14-20 %). The use of cellulosic
materials as reinforcements provides low density, renewability, and/or biodegradability
with a relatively low cost [39]. Flax fibers offer interesting mechanical properties, but
there is very high heterogeneity on these properties depending on the flax variety, crop
conditions, fiber diameter, position in the plant, and fiber length, among others [40]. The
gauge length of the fiber plays a key role in the mechanical properties as described by
Amroune, et al. [41]. They reported a dramatic change in tensile strength from 1415 MPa
for flax fibers with a gauge length of 10 mm down to values of 431 MPa for a gauge
length of 500 mm, thus giving clear evidence of the influence of the gauge length on final
performance. The same was observed for the tensile modulus, with changes from 54.20

to 31.45 GPa for gauge lengths of 10 and 500 mm, respectively.

Nevertheless, green composites with natural fibers offer an important drawback
that is related to the hydrophilic nature of the reinforcement, which leads to an
undesirable water uptake process that is responsible for dimensional changes and
ageing [42]. This drawback can be minimized by using chemical or physical surface
treatment on the fiber or by using coupling agents [43,44]. Despite flax and other bast

fibers such as ramie, jute, kenaf, and hemp finding increasing applications as
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reinforcements in construction and building, the automotive sector and the sports
industry, as reported by Sadrmanesh and Chen [45], the use of flax and other bast fibers
must face some challenges related to standardized mechanical properties for natural
fibers (highly dependent on the crop conditions and manufacturing stages), water
absorption, poor tensile and impact properties, and price fluctuations, compared to

conventional glass, carbon, or aramid fibers [46].

Research conducted by Nickels [47] has shown the potential of PLA-derived
materials for use in automobile parts, showing the potential of PLA honeycombs to obtain
lightweight materials with balanced mechanical properties and, the most important,

contributing to sustainable development.

This work aims to develop highly environmentally friendly sandwich structures for
technical applications. To achieve this, this research explores the possibilities of PLA-
based honeycomb cores with different thicknesses and the use of flax fabric-PLA
laminates as sandwich skins or outer faces. The effect of the PLA honeycomb thickness

on mechanical properties (flexural and compression) is evaluated.

111.1.3.2. Materials and Methods

Materials

A commercial aluminum block type 6082-T6 supplied by Broncesval SL
(Valencia, Spain) was necessary for the manufacture of the mold to be used in the

production of the honeycomb cores.

The semi-hexagonal-shape cell sheets were manufactured using a commercial
polylactide (PLA) Ingeo™ 6201D grade supplied by NatureWorks LLC (Minnetonka, MN,
USA). This PLA grade has a glass transition temperature (Tg) between 55 and 60 °C and
a melting point located in the 155-170 °C range. Its melt flow index ranges between 15
and 30 g/10 min at 210 °C. A transparent ethyl cyanoacrylate adhesive, Loctites 401,
supplied by Henkel (Dusseldorf, Germany) was used to bond the two semi-hexagonal-
shaped sheets to obtain the honeycomb. This adhesive provides a rapid bonding and it
is recommended to use on plastics. It has a Brookfield viscosity of 100-120 mPa s at 25

°C (screw 1; rotating speed = 30 rpm).

The outer sheets (sandwich skins) were manufactured with Biotex Flax/PLA. This
fabric is a commingled textile composed of natural flax fiber and polylactide (PLA). It was
supplied by SCABRO tooling and composites (Katwijk, Nederland) in the weave style of

2 x 2 twill and a surface density of 400 g-m?2. These commingled textiles can be
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converted into rigid engineering parts by applying a combination of pressure and
temperature to allow PLA to flow and embed the flax reinforcement. The sandwich skins
consisted of two stacked Biotex Flax/PLA fabrics. After being subjected to hot
compression molding, the thin laminate offered a flexural modulus of 7.8 GPa and a
flexural strength of 131 MPa.

A partially biobased epoxy resin based on soybean oil was used to bond the
honeycomb and the skins. This resin was an Ecopoxy fast-curing system supplied by
ECOEPOXY (Morris, MB, Canada) with an epoxy-to-hardener (amine-based) ratio of
2:1. This partially biobased epoxy system is composed of a liquid epoxy resin obtained
as a reaction between bisphenol A diglycidyl ether (BADGE), alkyl glycidyl ether, and
soybean oil resin with a viscosity of 600-700 cps. Regarding the hardener, it is a reaction
adduct of ethylene amine, bisphenol A, benzyl alcohol, and soybean oil and has a

viscosity of 60 cps.

To increase the contact area between the honeycomb core and the outer sheets,
a polylactide (PLA) nonwoven mat was used. This was a spun-bonded PLA nonwoven
for disposable clothes, supplied by RCfil NON-TEX (Vigo, Spain).

Manufacturing of PLA-Core Sandwich Structures

The development of the PLA-core sandwich structure was carried out in different
stages: (a) Manufacturing of the hexagonal mold, (b) manufacture of the PLA-based
honeycomb core, (c) manufacture of the PLA-flax outer sheets reinforced, and finally (d)
bonding of the honeycomb core to the skins by means of adhesive joints as it is

summarized in figure 111.1.3.1.
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DESIGN AND MANUFACTURING OF SEMI-HEXAGONAL MOULD a)
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Finished half-mould Finished mould
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Design hexagonal cell and mould

MANUFACTURING OF PLA HONEYCOMB CORES b)
Roll-chill PLA sheet moulding

PLA sheet (50 - 500 ym) HHHHHY
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semi-hexagonal PLA sheet ~\_/\_/\_/\_/

honeycomb construction :
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2 flexible fabrics Biotex rigid PLA/flax laminate with 2 plies
Flax/PLA (40% PLA)
MANUFACTURING OF COMPOSITE SANDWICH d)
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Liquid adhesive _ rigid PLA/flax laminate
PLA non-woven ;__lll._ll«_—_ PLA hexagonal honeycomb

_ compositre sar;dwich with PLA
""“*"“"*"“'* honeycomb core and flax/PLA skins

Figure 111.1.3.1. Schematic plot showing the different stages of the manufacturing process
of (polylactide) PLA-honeycomb core-based sandwich structure.

The design and dimensions of the mold are of great relevance, as this will give

the size of the hexagonal cells on honeycomb cores. High precision is required to ensure
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reproducibility in obtaining the cores, so that uniform honeycomb cores can be
obtained. Figure Il.1.3.1a shows the detailed dimensions to obtain hexagonal cells. The
aluminum blocks were machined with a WEISS WUM 100 universal rotary head-milling
machine from DeTech (Lowicz, Poland) with numerical control. Two different stages
were scheduled for the machining process: First, a roughing process with a 5 mm
cylindrical milling tool with a spindle speed of 1660 rpm, a longitudinal feed rate of 55
mm min*, and a plunging depth of 1 mm. After that, the second stage was carried out
using a 60° conical milling tool with a spindle speed of 675 rpm, a longitudinal feed rate
of 170 mm-min?, and a plunging depth of 1 mm.

The next stage (figure 111.1.3.1b) is the production of the PLA sheets; before
further processing, PLA pellets were dried at 60 °C for 24 h due to its sensitivity to
hydrolysis. PLA pellets were melted in a chill-roll unit equipped with a single-screw. The
unit was a XTR series from Eurotech extrusion machinery SRL (Tradate, Italy). The
selected temperature was 200 °C and the screw speed ranged between 43 and 55 rpm,
depending on the final thickness: 43, 46, 51, and 55 rpm for 50, 150, 250, and 500 pym,
respectively. The calendering rate was set to 0.9 m-min- for 50 and 100 um thick sheets,
while lower rates were used for thicker sheets, i.e., 0.2 m-min for 250 um and 0.1 m-min-
Yfor 250 um. PLA sheets with a thickness of 50 and 100 um show very high (50 ym) and
high (100 pm) flexibility but (typical film thickness), in contrast, they do not offer handling
stability. On the other hand, semi-hexagonal PLA sheets with 500 ym thickness are
extremely brittle with very low flexibility. Finally, the semi-hexagonal PLA sheets with a
thickness of 250 um offered the best-balanced properties regarding geometry, flexibility,

low brittleness, and good handling.

Additionally, Semi-hexagonal PLA films with thicknesses of 100, 250, and 500 m
were subjected to a qualitative evaluation of the shape memory behavior, as shown

in figure 111.1.3.S1 (available in the Supplementary Information section).

Three different-thickness PLA honeycomb cores of 10, 20, and 30 mm were
manufactured. The code used for the different structures was ‘PLA-HYNxx,” where xx
represents the height of each core. The semi-hexagonal sheets were obtained by hot
compression molding using a Hoytom M.N 1417 hot compression machine supplied by
Robima S.A. (Bilbao, Spain) at a temperature of 135 °C for 2 min with 8 tons of applied
load. Finally, different semi-hexagonal sheets were bonded using Loctite®401 glue, to

obtain the honeycomb core, as shown in figure 111.1.3.1b.

The outer layers (faces or skins) consist of commingled polylactide (PLA) and

natural flax fiber fabrics. Each outer skin is composed of two PLA/Flax commingled
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fabrics. These flexible fabrics were converted into a rigid laminate by hot compression
molding at a temperature of 200 °C and an applied loaf force of 9 tons for 2 min, to allow
PLA to melt and fully embed the aligned flax fibers, as shown in figure 111.1.3.1c with an

image of the flax/PLA commingled fabric before and after hot compression molding.

Finally, the core and the skins were joined by means of an adhesive. For this
purpose, a thermosetting adhesive layer was prepared. This adhesive layer consisted of
a PLA-based nonwoven mat that was placed between the outer skins and the core, to
increase the contact area between them and increase the retention of the EcoPoxy
adhesive. The liquid fast-curing epoxy system was spread on the outer skin, and then a
nonwoven layer was placed and embedded with a thin layer of the epoxy system using
a hand lay-up technique. The same procedure was repeated to bond the outer skin. The
final sandwich structure was placed into a press and subjected to slight force to ensure
good contact between the honeycomb and the outer faces, while the epoxy adhesive
resin crosslinked, leading to final composite sandwich structures with PLA honeycomb
cores, as can be seen in figure 111.1.3.1d.

Mechanical Characterization of PLA-Based Sandwich
Structures

The mechanical properties of sandwich structures with PLA honeycombs were
evaluated in flexural and compression conditions. Both were performed on a universal
testing machine model ELIB 30 from Ibertest (Madrid, Spain). Flexural tests were carried
out using a three-point bending configuration according to ASTM C393-00. The standard
size of the samples for flexural tests was 150 mm in length, 50 mm in width, and a
variable thickness (10, 20, and 30 mm), depending on the honeycomb thickness. The
machine was equipped with a 5 kN load cell and the crosshead rate was set to 10
mm-min™. The corresponding force—displacement graphs were collected, and from the
results, it was possible to obtain the maximum load; besides, the core shear stress and
the facing bending stress were calculated using equations (111.1.3.1) and (111.1.3.2),

respectively.

P

- P-L 1.1.3.2
% = dt )b (In.1.3.2)
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Where r is the core shear stress expressed in MPa, P is the maximum load
expressed in N, dandb are the thickness and width of the sandwich structure,
respectively, and cis the honeycomb thickness, all in mm. Regarding Equation
(I.1.3.2), op is the facing bending stress expressed in MPa, tis the laminate
thickness, d is the total sandwich thickness, c is the thickness of the honeycomb core,
and L is the span length (constant value of 100 mm), all in mm.

Flatwise compressive tests were done according to ASTM C365/365M-16. This
test was carried out on squared samples 50 mm length and width, and a variable
thickness (10, 20, and 30 mm). A load cell of 50 kN with a crosshead rate of 10 mm
min-t was used. To obtain reliable data, at least 5 different specimens were tested for

each sandwich structure.

111.1.3.3. Results

Mechanical Properties of PLA-Based Sandwich Structures

The mechanical behavior of the PLA-based sandwich structures with a PLA
honeycomb and PLA/flax outer layers was obtained in flexural and compression
conditions. Obviously, as the thickness increases, the density of the panel (including the
core and the skins) decreases (table 111.1.3.1), mainly due to the PLA-honeycomb core.
Some interesting properties of the shape memory behavior of PLA semi-hexagonal

shapes are provided as Supplementary Information.

Table 111.1.3.1. Equivalent density of the composite sandwiches with PLA honeycomb
cores with different thicknesses.

Equivalent Density of Composite
PLA Honeycomb

Code Thickness (mm) Panel (Including Core and Skins)
(kg-m?)
PLA-HYN10 10 362
PLA-HYN20 20 279
PLA-HYN30 30 164

Figure 111.1.3.2 shows the characteristic force-displacement plots for flexural texts
(three-point bending). These show the typical behavior of composite sandwiches in these
conditions. An initial elastic stage (almost linear) up to a maximum load value (813.3 N
for PLA-HYN10) can be seen. Then, the load decreases to values of 520-530 N. This

drop is associated with debonding between the skin and the core as reported by Xu, et
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al. [48]. A similar pattern can be observed for PLA-HYN20, with a maximum load after
the elastic behavior of 1372.3 N, which is reduced to half after the first debonding signs
(see figure 111.1.3.2).

1350 - -
] " PLA-HYN10
!
1200 4 N - - - -PLA-HYN20
] R T PLA-HYN30
1050 - ! '
900
é 4
@ 750
y B
5 1 \
600 \
Yoo
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T T T
10 15 20

Displacement (mm)

Figure 111.1.3.2. Characteristic force—displacement diagrams (three-point bending) for
composite sandwiches with PLA honeycomb cores with different thickness.

Figure 111.1.3.3 left column pictures show the elastic region for all three composite
sandwiches as the corresponding force-displacement curves show. Clear signs of
debonding (white ellipse) can be observed for PLA-HYN10 (right column). After this initial
debonding, the load is shared by the core and the nondebonded skins until the core or
the skin fails. As it can be seen in figure 111.1.3.3, PLA-HYN-10 failure occurs by breakage
of the core and the bottom face, while in PLA-HYN-20, failure occurs by progressive
debonding (white ellipse) as its corresponding force—displacement curve suggests.
Regarding the composite with a 30 mm PLA honeycomb, failure occurs in a different
way. It seems that the core-skin adhesion is not as good as in other composites, and the
core fails by shear at a relatively low force of 912.5 N. The failure image (figure 111.1.3.3)
shows a clear buckling-shear combined effect on the PLA honeycomb core that
promotes early failure (white square). Similar results have been reported by Li, et al. [49]
in composite sandwiches subjected to out-of-plane loads, while Khan, et al. [50] carried
out an in-depth experimental study on the damage of honeycomb sandwich panels and

compared the experimental results with those obtained by finite element analysis (FEA).
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Figure 111.1.3.3. Pictures of the three-point bending test of composite sandwiches with
PLA honeycomb cores with different thicknesses: The left column shows the initial elastic
stage; the right column shows the image after the failure.

Table 111.1.3.2 summarizes the main results from both characterizations. It can be
observed that the PLA-HYN10 sandwich structure, with a PLA honeycomb core
thickness of 10 mm, shows the facing bending stress and the core shear stress with
relatively high values of 33.0 and 0.66 MPa, respectively. These values are directly
related to the maximum load the sandwich structure can withstand. These good results
may be because the structure offers a good stability (no buckling in hexagonal cells) due
to its low thickness compared to the 20 and 30 mm thickness honeycombs. In addition,
the results suggest that the bonding between the components is good. Good bonding
allows stress/load transfer by the shear between the outer faces and the core. The
obtained results are comparable to those observed by Farooq, et al. [18], with sandwich
panels made from carbon fibers with an epoxy matrix (outer faces), Nomex® honeycomb
core and an epoxy-based adhesive film. Therefore, the mechanical properties of the
PLA-based sandwich structures with PLA-based honeycombs could be considered a
potential replacement for medium-to-high-performance structures based on synthetic
materials. Cabrera, et al. [51] produced polypropylene sandwich panels based on
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polypropylene composite laminates combined with a honeycomb polypropylene core,
which presented a core shear stress and a face bending stress of 65 % and 38 %,

respectively, lower than those obtained in this work for the same core thickness (20 mm).

Table 111.1.3.2. Flexural (three-point bending) properties of PLA-based sandwich
structures with PLA honeycomb cores.

Flexural Properties

Ultimate Sampl Core Sh Facing
Code ample ore Shear
Load, P (N) Weight, P/V\_/l Stress, T Bending
W (g) (N-g™ (MPa) Stress, gy,
(MPa)

PLA-HYN10 813.3+31.1 7.3+0.3 1114 0.66+0.03 33.0+1.7
PLA-HYN20 1372.3+59.8 9.7+0.8 1415 0.63x0.03 314=*14
PLA-HYN30 9125+556 11.7+x0.9 78.0 0.29+0.02 14.7+0.9

The PLA-HYN20, with a 20 mm thick PLA-honeycomb structure, shows similar
values of facing bending stress and core shear stress to PLA-HYN10. This means good
load transfer from the faces to the core by shear. It should be noted that an increase in
the core thickness results in a considerable increase in maximum load the sandwich
structure can support, which is approximately 68 % higher compared to the 10 mm thick
core structure. Arbaoui, et al. [52] and Xie, et al. [53] suggested that by increasing the
core thickness, the resulting sandwich structures allow better load transfer before they
fail. This may be related to the fact that by increasing the core thickness, the final
structure increases its stiffness-to-weight ratio. This is because the core structure mainly
increases the bending moment of the structure by distancing the outer faces from the
neutral axis and resisting shear loads. This also suggests excellent properties of the

face-to-core bonding with the partially biobased epoxy resin.

Unlike the other structures, the PLA-HYN30 structure presents the lowest values
concerning the core shear stress and facing bending stress, being approximately 53 %
lower in both cases, when compared to structures with a lower thickness (10 and 20 mm
thick honeycombs). This can be caused by some separation that the outer faces had
with the core, due to manufacturing issues decreasing the interface interaction between
the core and the outer faces. This results in the stress not being correctly distributed and,
subsequently, a decrease in the load that the structure can withstand, thus leading to a
premature failure by a combination of shear and buckling [54]. In addition, table
[11.1.3.2 also includes the sample weight (W) and the ultimate load-to-weight (P/W) ratio,

which agrees with the previous discussed results. These P/W ratios are very interesting
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and comparable to others reported in the literature with epoxy-carbon fiber (T700) skins

(1 mm thick) and different cores (triangular and hexagonal panels, 15 mm thick). Xu, et
al. [48] reported higher core shear stress values up to 3 MPa as the skin contained
carbon fiber and the cores and was also fiber-reinforced. Nevertheless, the P/W ratios
were lower than those obtained in this work, thus showing the interesting properties PLA-

honeycombs can provide to composite structures in terms of mechanical properties and

lightness.
the sandwich

Concerning the flatwise-compressive  properties  of

structures, figure 111.1.3.4 shows the characteristic force-displacement curves, while the
damaged samples after compression are gathered infigure 111.1.3.5. The force-
displacement curves show an elastic behavior before a maximum compression load is
reached. This is close to 5620 N for the PLA-HYN10. Above this, the core collapses and,
finally, when both skins are almost in contact, the force increases, as the densification
stage is reached, as reported by Feng, et al. [55]. Similar behavior can be observed for
the other tested composites; nevertheless, the densification stage is delayed as the core

thickness increases.
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Figure 111.1.3.4. Characteristic force—displacement diagrams (flatwise compression test)
for composite sandwiches with PLA honeycomb cores with different thicknesses.

Pagina 182 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



Ill. RESULTS AND DISCUSSION

PLA-HYN10 PLA-HYN20 PLA-HYN30

Figure 111.1.3.5. Pictures of the flatwise compression test of composite sandwiches with
PLA honeycomb cores with different thicknesses: The left column shows the initial elastic
stage; the right column shows the image after the failure.

The main parameters from this test are summarized in table 111.1.3.3; one can see
that the PLA-HYN10 panel has a relatively low compressive strength value of 2.3 MPa.
As with the flexural properties, it can be seen that when the core thickness is increased
to 20 mm, the compressive strength has a slight increase value, reaching 2.6 MPa.
Sallih, et al. [56] suggested that in honeycomb structures, the core thickness does not
have a great influence on its compressive properties and is directly related to the
thickness of the cell. This is because the compressive strength of the core is limited by
the compressive strength of the original material. On the other hand, the structure with a
30 mm-thick core presents an unexpected drop in its compression properties. The
compressive strength decreases by approximately 35 % compared to the structure with
a honeycomb PLA core 20 mm thick. This may be due to the lack of synergy between
the core and the outer faces, causing the structure to lose stability, resulting in premature

material failure, as detected by flexural characterization.

Table 111.1.3.3. Flatwise compressive properties of PLA-based sandwich structures with
PLA honeycomb cores.

ode Mo (SRS ow  Compress
’ (9) (MPa)
PLA-HYN10 5620 + 300 18.0+0.3 312.2 2.3%+0.3
PLA-HYN20 6419 + 254 18.6 £ 0.5 345.1 26+0.1
PLA-HYN30 4300 =420 21.1+£0.8 203.8 1.7+0.1
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[11.1.3.4. Conclusions

Through this study, it was possible to develop highly environmentally friendly
sandwich structures based on the PLA honeycomb core and PLA/flax outer faces. The
manufacturing process used in the core and in the outer layers provides good control
over the size and shape of the hexagonal cells and the thickness of the layers, which is
a first step in the reproducibility of this process. The use of a nonwoven PLA and epoxy
resin as a bonding medium gave good adhesion between the core and the outer faces
(mainly on PLA-honeycomb cores with 10 and 20 mm thickness), which is a critical issue
in sandwich structures. Good control of the pressure exerted on the structure must be
necessary to ensure sufficient contact between the PLA honeycomb and the outer
PLA/flax faces. If the applied pressure is too high, it can lead the core to failure as
observed in composites with 30 mm thick PLA honeycombs.

It was observed that a PLA honeycomb core with a height of 20 mm (wall
thickness of 250 pm) offered excellent results in terms of flexural and flatwise
compressive properties because the forces to which the structure is subjected can be
appropriately transferred.

This work has demonstrated that PLA-based honeycombs can be interesting
candidates to obtain environmentally friendly sandwich structures with good balanced
mechanical properties for medium-to-high technological applications. These
environmentally friendly composite sandwich panels can offer more than 95 wt. %
biobased content, with balanced mechanical properties for engineering applications,

which would greatly help to reduce the carbon footprint.

[11.1.3.5. Supplementary Materials

The following are available online  at https://www.mdpi.com/2073-
4360/13/3/342/s1, figure S1: Visual illustration of the qualitative shape memory evaluation
in the recovery cycle of PLA films with different thicknesses: 100 um (left column), 250

pm (middle column), and 500 pm (right column).
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A comparative study of mechanical properties of
polylactide bio-composites with woven and non-woven
jute reinforcements

Abstract

The concern that has arisen in recent years over the excessive use of oil-based
materials has made the development of new materials with low environmental impact
imminent, in this context. In this study, eco-friendly compounds were produced with a
thermoplastic poly (lactic acid) matrix (PLA)and jute fibers (woven and non-woven) as
reinforcement. PLA/jute bio- composites were manufactured by hot-press molding. The
effect of the amount of jute fibers reinforcement (in the 30-50 wt. % range) on the tensile
and bending properties of bio- composites was analyzed, and the fiber-matrix interaction
were assessed by scanning electron microscopy (SEM). The results suggest hot
compression moulding is a simple technique to obtain high environmental efficiency bio-
composites with high reinforcement loading (up to 50 wt. %). As expected, the tensile
properties are directly related to the amount of fiber loading, as well as the directionality
that the fibers have in the composite. Mechanical performance is also highly dependent
on fiber-matrix interactions. These bio- composites could be attractive as substitutes for

conventional composites and/or engineering plastics.

Keywords: Biopolymers; mechanical properties; biofiber.
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[11.1.4.1. Introduction

The search for high mechanical performance materials that can replace
conventional metallic materials and their alloys has made the development of new
materials imminent. Recently, composite materials have been extensively studied due to
the diverse range of final properties that can be obtained, making them invaluable in
industrial and highly engineered applications [1]. Fiber-reinforced polymeric materials
are among the most common, as materials with unique properties can be tailored by
correctly defining the type of matrix and reinforcing fibers, these materials generally have
high strength, good stiffness, and low weight [2]. Thermoset matrices such as epoxy
resins, polyurethanes, unsaturated polyesters, among others [3-6], and thermoplastic
matrices such as polyethylene (PE), polypropylene (PP), and polyvinylchloride (PVC),
among others [7-9], have been some of the most widely used materials in composites.
This has resulted in a huge production of polymers reaching 368 million tonnes
worldwide by 2019, with the largest producers being Asia with 51 %, followed by North
America with 19 % and Europe with 16 % [10]. This has led to an increase in the CO-
emissions to the environment during their production. This phenomenon, together with
the low capacity common plastics have to biodegrade, has led to the accumulation of
these materials over long periods [11]. Given that the amount of plastic waste has
increased from 24.5 Mt in 2006 to 29.1 Mt in 2018 [10].

Due to the relatively good ratio between final properties and production cost has
made them one of the most widely used reinforcement fibers, as can be seen in the
extensive literature on glass fibers (GF) and their derivatives [12-14]. Despite carbon
fibers (CF) are more expensive than GF, they offer unigue mechanical properties
(strength and stiffness) that, together with a remarkably low density, allow their use in
high-performance applications such as aerospace, aeronautics, automotive areas, and
so on [15-18]. Nevertheless, manufacturing of CF requires complex processes at high
temperatures which contribute to increase the overall carbon footprint. This has led to
increased awareness in the last few years of the significant environmental effects
associated with the indiscriminate consumption of petroleum-derived materials and high
energy consumption manufacturing processes. For this reason, the research and
development of new materials with a lower environmental impact for their eventual
substitution has emerged in the last decade [19]. The concept of environmentally friendly
materials can be related to two opposite stages in their life-cycle. The first concern is
directly related to the origin, which can be petroleum or a renewable resource. The
second topic considers the end of the life-cycle, thus sorting materials in two main

groups, namely biodegradable (disintegrable or compostable), or non-biodegradable
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[20,21]. Despite some remarkable advances have been done in the field of bio-based
thermosetting materials such as epoxies (EP) from epoxidized vegetable oils [6,22-24],
unsaturated polyesters (UP) with fully or partial bio-based content [25,26], phenolics (PF)
[27,28], and so on, the most important advances in the field of biopolymers has been

observed in the thermoplastic industry.

Thermoplastic biopolymers include both bio-based and/or biodegradable
polymers. Some aliphatic/aromatic petroleum-derived polyesters such as poly(O-
caprolactone) (PCL), poly(butylene succinate) (PBS), poly(butylene adipate-co-
terephthalate) (PBAT), poly(glycolic acid) (PGA), among others have gained interest as
can disintegrate under controlled composting conditions. Despite these polymers are
interesting, biobased and biodegradable polymers offer the best environmental
efficiency. Among these, poly(lactide) — PLA and poly(hydroxyalkanoates) — PHAs are
being intensively studied [29-33]. Within these biomaterials, PLA is the one that has
reached a greater presence in several sectors, with a production and consumption of
200,000 tons per year and an expected increase of more than 1,000,000 tons at present
[34]. PLA is an aliphatic polyester produced exclusively from renewable resources,
obtained by fermentation of starch-rich materials such as potato starch, sugar beet or
sugar cane, among others [35]. Outstanding properties such as rapid degradability under
composting conditions, compatibility with the human body, high tensile strength, good
clarity, have positioned PLA as a suitable material for sectors such as biomedical,
packaging, films, pharmaceuticals, to hame the main ones [36-38]. In addition, PLA has
driven the development of new composite materials employing renewable raw materials
in the form of reinforcing fibers and/or fillers [20,39,40]. The final properties of these new
materials will depend on both the nature of the reinforcement and the amount of filler

used, although the biodegradability property would not be affected [41].

The choice of natural plant fibers is a solution to conventional fibers used to
improve the mechanical behavior of biopolymers, without impairing their ecological
characteristics. Furthermore, the employment of natural fibers presents several
advantages over conventional fibers, such as low production costs, biodegradability, low
weight, among others [42,43]. Among the most commonly used fibers are flax, sisal,
hemp, jute, and many others, which have different physical, chemical and mechanical
properties depending on their composition [44-47]. Jute, like most natural fibers, is
composed of a cellulose structure (59-71.5 %), which is responsible for its mechanical
properties, embedded in a hemicellulose matrix (13.6-20.4 %), which generally controls
the ability to absorb moisture and lignin (11.8-13 %), which provides greater thermal

stability [48,49]. Jute fiber offers interesting balanced properties in terms of insulating
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capacity, hygroscopicity, biodegradability, and rather good mechanical properties.
Nevertheless, as with other natural fibers, the final properties are influenced by various
parameters such as the fiber length, composition, manufacturing process, crop
conditions, plant part, and so on. Biswas, et al. [50], reported the importance of fiber
length on final mechanical properties. They reported tensile strength values between 200
and 600 MPa with an elongation at break from 1.25 % up to 1.9 % for a fiber span length
of 25 mm. With regard to the Young’s modulus, as it represents the slope of the stress-
strain curve, they reported values ranging from 10 to 27 GPa, depending on the fiber
span length. These properties are in agreement with other values as those reported by
Ramnath, et al. [51], with tensile strength values comprised between 393 — 800 MPa and
Young’s modulus ranging from 13 to 26.5 GPa. In addition it is cost-effective ($0.5 per
kilo) compared to synthetic fibers such as GF [52]. India is one of the world's largest
producers, with an annual production of 3,450,000 tons [53,54]. This has led several
authors to focus their efforts on the study of jute-based composite materials. Du, et al.
[55] manufactured bio-composites based on jute fabrics pre-treated with an alkaline
solution in a PLA matrix by hot compression molding. The pretreatment resulted in better
bonding between the fibers and the matrix, as well as improved thermal stability. Khan,
et al. [56] investigated the influence of fiber orientation on the mechanical properties of
bio-composites made from non-woven jute fabrics and woven jute fabrics in PLLA
matrices. They reported that woven materials offer superior mechanical properties
compared to non-woven materials, giving better warp than weft directions. Burrola-
Nufiez, et al. [57] used short jute fibers pre-treated with alkaline solutions and maleic
anhydride in a PLA matrix in the manufacture of injection molded composites. The
addition of 10 % pretreated fibers provided a clear reinforcing effect to the matrix,
contributing to an improvement of the overall mechanical and thermal properties. Zafar,
et al. [58] manufactured bio-composites from PLA and jute fibers treated with different
solutions such as NaOH and (NaOH+silane) by melting extrusion, which was

subsequently foamed by high-pressure injection molding.

The main objective of this study is the development and characterization of highly
environmentally friendly biocomposites based on PLA matrix and different jute
reinforcement contents in woven and nonwoven fabrics, by using a cost-effective hot
compression moulding process. The influence of the weight content load of the jute fiber
on the mechanical properties of the bio-composite in terms of flexural and tensile
properties is shown. The originality of this work is the use of a simple process based on

direct thermocompression with PLA pellets and woven/non-woven jute layers, to adjust
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the desired compositions. Furthermore, the quality of the interface between the jute fiber

and the matrix is assessed by scanning electron microscopy (SEM).

[11.1.4.2. Experimental

Materials

A commercial Ingeo™ 6201D PLA grade biopolymer obtained by NatureWorks
LLC (Minnetonka, MN, USA) was used as the thermoplastic matrix. It has a glass
transition temperature (Tg), around 60 °C and a melting peak temperature close to 170
°C; this grade possesses a melt flow index (MFI) between 15-30 g/10 min measured at
210 °C. it also has a relative density of 1.24 g/cm?®. Two types of jute fabrics were used
as reinforcement fibers; the first one was a biaxial plain wave fabric with a surface density
of 380 g/cm?. The second one, consisted of a non-woven fabric with a surface density of
270 g/cm?, both of them were kindly supplied by Hilaturas Ferre S.A. (Alicante, Spain).

Manufacturing of the Pla/Jute Bio-Composites

Manufacturing of Pla/Jute bio-composites was carried out by hot compression
molding in a Hoytom M.N 1417 hot-press from Robima S.A. (Bilbao, Spain) equipped
with a temperature control from Dupra S.A. (Castalla, Spain). Prior to the processing of
the bio- composites, PLA pellets were dried at 60 °C for 24 hours to reduce their moisture
content and prevent the hydrolysis deterioration [59]. A schematic plot of the hot
compression process can be seen in figure 111.1.4.1. Despite there have been developed
many processes which combine different stacking sequences of polymer film/sheet and
fabrics, this work focuses on the potential of a still more easy processing technology.
This consists of depositing interleaved layers of PLA pellets and jute fiber in an aluminum
mold (figure 111.1.4.1a & figure 111.1.4.1b) designed to produce squared plates of 200 x
200 mm and different thickness. Different weight percentages of jute fibers were selected
for this work, ranging from 30 to 50 wt. % (table 111.1.4.1).

Table II1.1.4.1. Composition and code designation of the different PLA/jute bio-

composites.
Type fiber

J_ute Woven Non-woven

Fiber

(wt %) Code Jute PLA Code Jute PLA

layers layers layers layers

0 PLAo - 1 PLAo - 1
30 PLA WJF5 3 4 PLA_NWJF3 5 6
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40 PLA_WJF4 4 5 PLA_NWJF4o 6 7
50  PLA_WJFs 5 6 PLA_NW.JFso 8 9

The corresponding amounts of PLA pellets were weighed and distributed
appropriately between the jute layers, to give the above-mentioned wt. % jute in the bio-
composites. To enhance full embedment of jute fabrics with PLA, both the top and the
bottom layers consisted of PLA pellets (figure Ill.1.4.1c). Since the peak melt
temperature of PLA is around 165-170 °C, the mould was closed and subjected to a
temperature of 190 °C with a constant load of 2 Tn for a total time of 20 min. These
conditions allow PLA to flow and embed the jute reinforcements. After the heating
program, the mould was cooled down to 70 °C in a water circulating bath; finally, the
obtained green composite plates were released from the mould for further
characterization.

PLA / Woven/
Non-woven

Javers < om0y
Y \_/ Jute fabric

Figure 111.1.4.1. Manufacturing process of PLA/jute bio- composites by hot compression
moulding. a) placing the first PLA layer on the aluminum mould; b) placing the last PLA
layer on top of the jute fiber layer; c) schematic representation of the stacking sequence
of PLA pellets and jute fibers.

Figure 111.1.4.2 shows the appearance of woven (figure 11l.1.4.2a) and non-woven
(figure 111.1.4.2b) jute fiber fabrics supplied by the manufacturer, where the distribution
and direction of the fibers in the different fabrics can be seen. Figure 111.1.4.2c and figure
[11.1.4.2d, show the surface appearance obtained after hot compression moulding, where
it was possible to observe the good compaction that jute fabrics have with the PLA matrix
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since the matrix was able to completely soak the jute fabrics. This results in highly

homogeneous composites.

T=190°C
P=2Tn

d)

Figure 111.1.4.2. Images of the woven jute fabric (left column) and the non-woven jute
fabric (right column). a)-b) before hot compression moulding and c)-d) after hot
compression moulding.

Mechanical Properties of the Pla/Jute Bio-Composites

The mechanical properties of the Pla/Jute bio- composites were evaluated in
tensile and flexural conditions. Both tests were performed in a universal testing machine
Instron 3340 (Barcelona, Spain) at room temperature (~25 °C), the machine was
equipped with a load cell of 5 kN. Tensile test was performed following ASTM
D3039/D3039M. The standard size of the samples for tensile test was 250 mm length,
25 mm width, and 2.5 mm thick with a crosshead rate of 10 mm/min. By means of this
test it was possible to obtain the tensile strength at break (oy), the Young’s modulus (Ey),
and the elongation at break (%¢y). Flexural test was performed according to the ASTM
D790 standard. The specimens for flexural tests had the following dimensions: 100 mm

length, 10 mm width, and 2.5 mm thick. The crosshead rate speed was set to 5 mm/min
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and the corresponding flexural strength (or) and the flexural modulus (Er) were obtained.

To obtain reliable data, at least five samples were analyzed for each compound.

Morphology Analysis of the Pla/Jute Interface

The interaction between the jute fibers (woven and non-woven fibers) and the
PLA matrix was studied by scanning electron microscopy (SEM) in the fractured sections
of the specimens after tensile tests. A Phenom scanning electron microscope supplied
by FEI (Eindhoven, The Netherlands) operated at 10 kV was used. Prior to the surface
analysis, all samples were coated with a thin layer of gold/palladium alloy in an EMITECH
Sputter Coater model SC7620 from Quorum Technologies (East Sussex, UK).
Furthermore, using a stereomicroscope system model SZX7 supplied by Olympus
(Tokyo, Japan) it was possible to observe the morphology of the cross-section of the

different bio-composites based on woven and non-woven fibers.

111.1.4.3. Results and Discussion

Mechanical Properties of the Pla/Jute Bio-Composites

The mechanical characterization of neat PLA and the Pla/Jute bio-composites
with jute fibers are gathered in table 111.1.4.2. It is possible to see that neat PLA has a
high Young's modulus (E:), and a high tensile strength (oy) with values of 3430.3 MPa
and 56.7 MPa, respectively. This is in line with the literature as PLA is a stiff material that
also presents a brittle nature, which is evidenced by its low elongation at break of about
1.7 % [59,60]. The incorporation of 30 % of woven jute fiber promotes a slight decrease
in the stiffness of the Pla/Jute bio-composites, which can be seen in a reduction of 7.61 %
and 12 % of its Young's modulus and tensile strength, respectively, as well as a notable
increase of around 53 % in its elongation at break (2.6 %). It shows that this amount of
fiber is not sufficient to reinforce the PLA and in this case would be acting as a filler,
similar situation was reported by Burrola-Nufiez, et al. [57]. In addition, these results also
suggest stresses are not transmitted evenly between the matrix and the reinforcing fiber
[61], this may be the result of using fibers with polar nature in a non-polar PLA matrix
[62,63], without any other treatment or coupling agent. It is worth bearing in mind that
the 40 wt % Pla/Jute bio-composites with woven jute fibers presents a slight increase in
the Young's modulus and tensile strength with values of 3325.7 MPa and 53.2 MPa,
respectively, these values being very close to those of neat PLA, it also has a higher
elongation at break than the latter, which makes the properties in general very attractive,
since, by integrating natural fibers, the amount of PLA in the material can be reduced,

resulting in a material with good properties and reduced costs. These results are in line
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with those presented by Singh, et al. [64]. By increasing the percentage of jute fibers up
to 50 wt. %, a clear increase in the material's stiffness is observed when the bio-
composite has Young's modulus of 3779 MPa, and its brittleness also increases. It is
necessary to take into account that Young's modulus describes the stress-strain
relationship in the linear (elastic) region. Therefore, a decrease in the elongation at break
is shown by an increase in the ratio and, subsequently, in the Young’s modulus
[57,61,65]. The tensile properties of materials reinforced with woven fibers are directly
related to the direction of their fabric (weft and warp), so if the applied load is coincident
with one of these directions the material will have good properties. Furthermore, the
mechanical performance of PLA and jute bio-composites depends to a large extent on
the quality of the interface between the reinforcing fiber and the surrounding matrix [66].
As expected, due to the random arrangement of the fibers in the nonwoven jute bio-
composites, the resulting tensile properties are lower compared to woven jute fiber bio-
composites. Taking this into account, it is remarkable that both Young's modulus and
tensile strength show a considerable reduction, reaching values of 1111.7 MPa and 14.7
MPa, respectively, when the composite is reinforced with 30 wt. % non-woven jute fiber.
Despite increasing the percentage of jute fiber to 40 or 50 %, the reinforcing effect is not
noticeable to any great extent as the modulus remains almost invariable with values
around 1300 MPa. This may be because both the fibers and the matrix act as separate
phases, i.e. poor load transfer between the matrix and the fiber. This effect can be
attributed to several phenomena. On one hand, to the low affinity between the jute fibers
and the PLA matrix due to their hydrophilic and hydrophobic nature [67], respectively.
On the other hand, Khan, et al. [68] claims that in high percentages of fibers the matrix
unable to completely wet/embed the fibers, resulting in a lack of bonding between the
fibers and the matrix, which causes a decrease in the stiffness of the material due to
poor stress distribution. Despite this, it may be observed that the tensile strength is
positively influenced by the increase in fiber loading. With a fiber content of 50 wt. %, the
Op value is 34.5 MPa, 134 % higher than that of the green composite with a 30 wt. %
non-woven jute fiber. It should be noted that the amount of non-woven fiber loading does
not affect elongation at break, remaining at about 2.6 %. Despite having relatively low
tensile properties, when non-woven jute fibers are incorporated, these results are
promising as they exhibit mechanical properties similar to those of commodity
thermoplastics such as polypropylene (PP) [69], or high-density polyethylene (HDPE)
[70], with the advantage that having natural fibers in their structure makes the resulting

materials more attractive in environmental terms and production costs.
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Table 111.1.4.2. Tensile and flexural properties of the Pla/Jute bio-composites.

Tensile Properties

Flexural Properties

Code
E: (MPa) o, (MPa) & (%) E: (MPa) o: (MPa)
PLAo 3430.3t60.3 56.7+2.8 1.7+0.06 3338.8£102.5 39.8+2.1
PLA WJF3; 3169.2+128.4 49.8+1.9 2.6£0.09 3740.4£152.2 86.0+3.4
PLA WJFs 3325.7£166.3 53.2£3.1 2.6x0.1 3621.8£144.2 94.0+3.8
PLA WJFso 3779.0£151.1 44.9+2.8 1.5+0.1 3993.6£115.7 71.7+2.9
PLA NWJF3; 1111.7465.1 14.7+0.6 2.5£0.02 3489.3£137.2 39.4+2.5
PLA NWJF4 1078.0£58.7 29.1+1.3 2.6x0.03 3597.1+146.7 42.8£2.6
PLA NWJFs; 1345.3+69.2 34.5+2.1 2.6£0.06 3679.8£128.4 62.2+3.1

Regarding the flexural properties of the PLA-based bio-composites reinforced by
jute fiber fabrics, it is possible to see that neat PLA has a flexural modulus and flexural
strength of 3338.8 and 39.8 MPa, respectively, which are close to those reported by
Dong, et al. [71]. It can be clearly noticed that both the flexural modulus and the flexural
strength of jute fiber reinforced bio-composites tend to increase with the increase in the
wt. % of jute fiber [72]. In composite materials made of fiber fabrics, the flexural strength
and stiffness of is generally given by the external layers. In flexural conditions, the upper
face is subjected to compressive stress while the bottom face is, mainly subjected to
stretching (tension). Therefore, the flexural behaviour of the bio- composites depends on
the strength of their external faces [73]. By adding 30 wt. % of the woven jute fiber, an
increase of 12 % and 116 % of the flexural modulus and flexural strength, respectively,
can be detected, thus showing flexural conditions are less aggressive in terms of stress
concentration phenomena as it is the case of tensile tests. By increasing the fiber load
by up to 50 wt. %, the flexural modulus rises to 3993.6 MPa, which corresponds to an
improvement of about 20 % compared to pure PLA, showing a clear improvement in
flexural stiffness. Similarly, there is an increase in flexural strength, reaching values of
71.7 MPa. This is due to the configuration of the jute fibers on the bio-composite
structure, i.e. the directionality of the fibers, which makes them capable of withstanding
greater loads [74]. As with woven fiber-reinforced composites, the flexural properties of
non-woven fiber reinforced bio- composites are related to the amount of fiber loading
[75], resulting in increased flexural properties by increasing the wt. % of fiber in the green
composite. It can be seen that bio- composites with 50 wt. % non-woven jute, values of
3679.8 and 62.2 MPa with respect to the flexural modulus and flexural strength,
respectively, were recorded. The increase in flexural properties achieved by non-woven
fibers is slightly less than that achieved by woven fibers. This may be due to several

factors, including the low interaction between the jute fibers and the matrix [76], and the
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distribution of the fibers in the matrix [68]. Jawaid, et al. [77] suggested that the unordered
distribution of non-woven fibers in the matrix causes a counterproductive effect on the
flexural properties since having a smaller continuous surface makes the composite to
have a lower load capacity. This effect that can be clearly seen in woven fibers, which
are composed of long, perfectly aligned and continuous fibers, and this, results in better
load capacity. Singh, et al. [64], have recently reported interesting results in jute/PLA bio-
composites by using different processing temperatures ranging from 160 °C to 180 °C.
The most relevant findings they provide is there is an increasing tendency on mechanical
properties up to 30 v/v. % jute fiber and above this, the mechanical properties decrease.
They attribute this to the weak fiber-matrix interface interactions as the PLA matrix
content is reduced.

Fiber-Matrix Interaction and Morphology Analysis of the
Pla/Jute Bio-Composites

In fiber-reinforced bio- composites, factors related to the distribution, fiber-matrix
interaction, and directionality of the reinforcement fibers in the matrix, among others,
have a significant influence on the mechanical performance of the composite. In general,
the reinforcement fiber is stiffer than the matrix and if good fiber-matrix interaction exists
(isodeformation conditions), the stress transfer from the lower stiffness (matrix) to the
higher stiffness (fiber) component is allowed. In contrast, if the bonding created between
the matrix and the fiber is weak, these stresses will be inadequately transmitted from the
matrix to the fiber, causing the premature failure of the material due to the lack of
cohesion between its components [58]. Distribution and directionality also have a critical
role to play in the performance of composite materials, since the directionality of the
reinforcement fibers towards the direction of the applied load results in improved strength
and stiffness in that direction [74]. Figure I11.1.4.3 shows stereomicroscopy images of the
cross-section of woven jute fiber reinforced bio- composites (figure 111.1.4.3a, figure
[11.1.4.3c, and figure 111.1.4.3e), and non-woven jute fiber-reinforced bio- composites
(figure 111.1.4.3b, figure 111.1.4.3d, and figure 111.1.4.3f). The alignment of the fibers in
woven jute bio- composites is clearly observed with the typical wave shape. Unlike bio-
composites reinforced with woven jute fibers, bio- composites with non-woven fibers
show a non-uniform distribution of the fibers characteristic of this type of material
(random). Despite this, a good homogeneity impregnation can be observed in both cases
between the different jute fibers and the PLA matrix. Similar findings were presented by
Gnaba, et al. [78].
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Figure 111.1.4.3. Stereomicroscopy images at magnification of 12.5x corresponding to the
cross section of the woven jute fiber green composite (left column) and non-woven jute
fiber green composite (right column) of a)-b) 30 wt. %, c)-d) 40 wt. %, and e)-f) 50 wt. %.

Jute fiber is composed of aligned tubular cells which are responsible for its
moderate mechanical properties and excellent insulation properties according to Fidelis,

et al. [79]. Figure 111.1.4.4 shows images of the jute fiber morphology.

Figure I1l.1.4.4. SEM images of the jute fiber used: (a) x1000, with a marked scale of 120
pm. (b) x3000, with a marked scale of 40 pm.

To better understand the phenomenon of the interaction between the jute
reinforcement fibers and the matrix, the fractured surfaces of the samples subjected to
tensile tests of the different bio- composites were observed by SEM. As already
mentioned, the good synergy between its components (matrix-fiber) has a direct effect
on mechanical performance. The good bond between these elements ensures that the
stresses transfer can occur in an appropriate way from the matrix to the fibers, resulting

in the desired reinforcing effect by integrating the fibers into the structure of the green
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composite [80]. Some SEM images are displayed in figure 111.1.4.5. Figures lll.1.4.5a and
[11.1.4.5c refer to the bio-composite reinforced with woven fibers (40 wt. % and 50 wt. %)
where the directionality of the fibers can be seen, as well the presence of small gaps in
the surrounding fiber and matrix as indicated in the pictures. This is because the
wettability of the matrix with the fibers is not good enough, resulting in weak adhesion of
the fibers to the matrix identified by the pull-out of the fibers from the matrix [81]. No tear
marks are visible on the fiber breakage surface, but a clean break of the fibers. This may
be due to the low extensibility of the jute fibers to tensile stress, as suggested by Jawaid,
et al. [77]. As one can see the small space between the fiber and the supporting matrix
might be responsibe for poor load transfer and, subsequently, non-optimum mechanical
properties of Pla/Jute bio-composites. The pull-out phenomenon can be clearly observed
in figure I11.1.4.5a and figure I11.1.4.5c since the matrix shows a homogeneous surface
that copies the shape of the fiber.

Figure 111.1.4.5b and figure 111.1.4.5d show the fractured surface of bio-
composites reinforced with non-woven fibers. In this type of bio- composites, the random
fiber distribution is remarkable. This may be one of the reasons why the gap between
the fibers and the matrix is larger compared to woven fiber-reinforced bio-composites as
suggested by Khan, et al. [56]. The relative random alignment of these fibers can act as
stress concentrators when subjected to directional loads, causing premature separation
of the fibers from the matrix and causing propagation of matrix cracks, which leads to a
reduction in the tensile properties of the bio-compaosite. This morphology is in accordance
with the low values obtained in the tensile tests on bio- composites reinforced with non-
woven fibers. Similar results were reported by Alavudeen, et al. [81], where the tensile
performance of the plain-woven composite was superior to t that of the randomly oriented
bio- composites for the same fiber content because the discontinuity of the matrix caused

inadequate stress transmission.

The low affinity of the reinforcement fibers and the matrix is largely due to the
nature of the PLA matrix and the natural fibers, as jute fibers are mostly composed of
cellulose, and lignin, which gives the fiber a hydrophilic character due to the hydroxyl
group, and polyesters like PLA have a strong hydrophobic nature. This polarity difference

is responsible for the low Pla/jute interactions. [55,82].
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Figure 111.1.4.5. Scanning emission microscopy (SEM) images of the fracture surface of
PLA-based bio-composites with different percentages of woven jute fiber (left column)
and non-woven jute fiber (right column): (a) and (b) 40 wt %; (c) and (d) 50 wt %. The
images were taken at 500x with a marked scale of 240 pm.

Figure 111.1.4.6 shows an example of the fracture surface of the samples. It may
be noted that the fractured surface corresponding to the PLA matrix presents a smooth
and homogeneous surface which occurs in a brittle fracture, typical of PLA-based
matrices. [38]. In addition, it was possible to observe a pulling out of the fibers with the
matrix that, as mentioned above, is due to the little affinity that these two components

have.
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Figure I111.1.4.6. Scanning emission microscopy (SEM) image of the fracture surface of
PLA-based bio-composites (i.e. 50 wt% woven jute fiber). The image was taken at 1000x
with a marked scale of 120 um.

[11.1.4.4. Conclusions

The present work deals with the development of biocomposites of high ecological
value based on polylactide (PLA) matrix and jute reinforcement (woven and non-woven
jute fiber fabrics). These bio- composites can be easily manufactured by hot compression
molding by directly stacking fabrics and PLA pellets. This stacking system provided good
wettability of the fibers with the matrix during the hot compression process at 190 °C,
resulting in bio-composites with a high percentage fiber (up to 50 wt. %). The SEM
analysis showed that the interaction between the jute fibers and the PLA matrix was
relatively low. Despite this, the interaction of the matrix with the woven fibers turned out
to be better, since the gap between them is smaller than the one obtained by the non-
woven fibers, which allowed a better load distribution. This can be seen in the good
mechanical tensile properties obtained, particularly in its high Young's modulus.
Furthermore, it was observed that the flexural properties of bio-composites are not
directly influenced by the directionality of the reinforcement fibers, tending to increase

with increasing fiber content.

These bio-composites obtained entirely from renewable sources have good
mechanical performance comparable to conventional petroleum-based polymeric
materials available today with the special feature that they are also fully biodegradable.
Therefore, the partial or total use of these bio- composites in the different areas of

engineering would help to a sustainable development.
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Abstract: This research presents a cure kinetics study of an epoxy system consisting of a partially
bio-sourced resin based on diglycidyl ether of bisphenol A (DGEBA) with amine hardener and a
biobased reactive diluent from plants representing 31 wt %. The kinetic study has been carried out
using differential scanning calorimetry (DSC) under non-isothermal conditions at different heating
rates. Integral and derivative isoconversional methods or model free kinetics (MFK) have been
applied to the experimental data in order to evaluate the apparent activation energy, E,, followed
by the application of the appropriate reaction model. The bio-sourced system showed activation
energy that is independent of the extent of conversion, with E, values between 57 and 62 k]-mol !,
corresponding to typical activation energies of conventional epoxy resins. The reaction model
was studied by comparing the calculated y(x) and z(«) functions with standard master plot curves.
A two-parameter autocatalytic kinetic model of Sestak-Berggren [SB(1,1)] was assessed as the most
suitable reaction model to describe the curing kinetics of the epoxy resins studied since it showed an
excellent agreement with the experimental data.

Keywords: cure kinetics; epoxy resin; bio-sourced epoxy resin; differential scanning calorimetry
(DSC)

1. Introduction

Epoxy resins are low molecular weight pre-polymers with at least one epoxide group in their
structure. These epoxy rings are usually located in terminal positions due to the high reactivity of
this position [1]. Currently epoxy resins are the most used thermosetting resins due to the huge range
of properties they can cover such as tensile strength, high adhesion strength, low shrinkage, good
chemical resistance, and low volatile emission, among others [2-5]. These outstanding properties
make these resins suitable for high technological sectors such as the automotive and aerospace
industries. In addition, their versatility makes them useful for industrial applications such as
adhesives, paints, surface coatings, advanced composite materials, electrical and electronic components,
and high-performance membranes for separation and filtration, among others [3,6-14]. The final
properties of a structural epoxy system are greatly influenced by several factors, which include the
chemical structure of both the epoxy resin and the curing agent and external factors related to the
curing procedure.

Despite the huge range of epoxy resins available worldwide, undoubtedly the most used
resin is that based on diglycidyl ether of bisphenol A (DGEBA), which is obtained by reacting

Polymers 2019, 11, 391; doi:10.3390/polym11030391 www.mdpi.com/journal /polymers
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Kinetic analysis of the curing of a partially biobased
epoxy resin using dynamic differential scanning
calorimetry

Abstract

This research presents a cure kinetics study of an epoxy system consisting of a
partially bio-sourced resin based on diglycidyl ether of bisphenol A (DGEBA) with amine
hardener and a biobased reactive diluent from plants representing 31 wt %. The kinetic
study has been carried out using differential scanning calorimetry (DSC) under non-
isothermal conditions at different heating rates. Integral and derivative isoconversional
methods or model free kinetics (MFK) have been applied to the experimental data in
order to evaluate the apparent activation energy, E,, followed by the application of the
appropriate reaction model. The bio-sourced system showed activation energy that is
independent of the extent of conversion, with E. values between 57 and 62 kJ-mol?,
corresponding to typical activation energies of conventional epoxy resins. The reaction
model was studied by comparing the calculated y(a) and z(a) functions with standard
master plot curves. A two-parameter autocatalytic kinetic model of Sestak—Berggren
[SB(m,n)] was assessed as the most suitable reaction model to describe the curing
kinetics of the epoxy resins studied since it showed an excellent agreement with the

experimental data.

Keywords: cure Kkinetics; epoxy resin; bio-sourced epoxy resin; differential

scanning calorimetry (DSC)
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[11.2.1.1. Introduction

Epoxy resins are low molecular weight pre-polymers with at least one epoxide
group in their structure. These epoxy rings are usually located in terminal positions due
to the high reactivity of this position [1]. Currently epoxy resins are the most used
thermosetting resins due to the huge range of properties they can cover such as tensile
strength, high adhesion strength, low shrinkage, good chemical resistance, and low
volatile emission, among others [2-5]. These outstanding properties make these resins
suitable for high technological sectors such as the automotive and aerospace industries.
In addition, their versatility makes them useful for industrial applications such as
adhesives, paints, surface coatings, advanced composite materials, electrical and
electronic components, and high-performance membranes for separation and filtration,
among others [3,6-14]. The final properties of a structural epoxy system are greatly
influenced by several factors, which include the chemical structure of both the epoxy
resin and the curing agent and external factors related to the curing procedure.

Despite the huge range of epoxy resins available worldwide, undoubtedly the
most used resin is that based on diglycidyl ether of bisphenol A (DGEBA), which is
obtained by reacting bisphenol A (BPA), and epichlorohydrin [15]. Although some epoxy
resins can crosslink via homopolymerization [16], the use of hardeners is usually
mandatory to crosslink the liquid epoxy resin. There is a wide variety of commercial
hardeners for epoxy systems, with amine systems being one of the most employed.
Amines can crosslink an epoxy resin by directly cross-linking or by catalytic cross-linking
mechanisms [17,18]. These amine hardeners could be both primary and secondary,
which act as reactive hardeners, or tertiary amines, which act as catalytic agents. The
crosslinking structure are obtained by the reaction between the epoxide group and the
hydrogens contained in the amine groups [19]. One of the main features of amine
hardeners is that they can provide curing at low temperatures, or even at room
temperature [20,21], which is a key factor compared to other hardeners, such as
carboxylic acids or anhydrides, that typically need high temperatures to start and

complete the cross-linking process [22-25].

Epoxy resins are petroleum-derived materials that have a remarkable impact on
the carbon footprint. This fact, in conjunction with the increasing sensitivity of our society
about the environment and sustainable development, are the leading forces toward the
development of new environmentally friendly resins that are totally or partially bioderived
[26-29]. One of the most promising sources for industrial epoxy resins are vegetable oils.

These consist of a triglyceride structure in which three different fatty acids are chemically
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attached to glycerol by ester bonds. Unsaturated fatty acids, such as oleic, linoleic, and
linolenic acids, with one, two, and three unsaturations, respectively, are the most
interesting fatty acids as their unsaturations can be easily converted into oxirane rings
via epoxidation [30]. In addition, the metathesis of double bonds has been proposed as
a process for undergoing epoxidation of unsaturated fatty acids, among others [31,32].
The most common oils used for epoxidation are canola, corn, palm, linseed, soybean,
castor, and so on [33]. Nevertheless, from an industrial point of view, epoxidized soybean
oil (ESBO) and epoxidized linseed oil (ELO) are, the most used plant-derived epoxy
resins due to an excellent combination of properties. Moreover, they offer a competitive
cost since they are widely used in the poly(vinyl chloride) (PVC) industry as secondary
plasticizers [34-37]. In addition to this industrial use, epoxidized vegetable oils can be
considered epoxy resins, and therefore, they can be cross-linked with the appropriate
hardener. Samper, et al. [38] obtained eutectic mixtures of epoxidized soybean oil
(ESBO) and epoxidized linseed oil (ELO) cured with maleic anhydride. Park, et al. [39]
focused their research on the effect of the epoxidized castor oil (ECO) in blends with
DGEBA-based epoxy resins. Pawar, et al. [40] formulated a fully bio-based resin, based

on blends of epoxidized cottonseed oil (ECO) and epoxidized algae oil (EAO).

As indicated previously, the final properties are highly influenced by the curing
conditions in terms of the time-temperature cycle. At the industrial scale, short curing
times are preferred and this leads to the need of higher curing temperatures (more
aggressive curing cycles). These aggressive conditions also provide internal stresses

due to the fastness of the crosslinking process, which in turn, leads to higher Ty values.

During the crosslinking process between a base epoxy resin and the
corresponding hardener, an exothermic reaction occurs. Due to the exothermicity, the
temperature of the resin increases, and subsequently, the crosslinking rate raises up in
an autocatalytic process. In fact, it is important to control the released heat as in
sometimes it can degrade (even burn) the resin leading to a counterproductive effect on
final properties [41]. In order to obtain a cured thermosetting with optimal properties, the
knowledge of the kinetics is essential [42]. The aim of this research is to study the curing
kinetics of a partially biobased epoxy resin using dynamic differential scanning
calorimetry (DSC). The work is focused on obtaining the Kkinetic triplet: Ea, A,
and f(a). Ea is obtained by isoconversional methods or model free kinetics (MFK), both
differential and integral and the reaction model is obtained by comparison of the y(a)

and z(a) characteristic curves with standard master plots.

Tesis Doctoral. Diego Sebastian Lascano Aimacafia Pagina 225 de 457



Ill. RESULTS AND DISCUSSION

[11.2.1.2. Theoretical Background

Most of the thermally activated processes are based on the general kinetic
expression, as shown in Equation (111.2.1.1), where the conversion rate % is a function

of T and « [43]:

da
= KT f(a) (nn.2.1.1)

where K(T) is the rate coefficient, which depends on temperature T,
and f(a) represents the reaction model, which takes different forms depending on the
mechanism of the process. The temperature dependence of K(T)could be
parameterized through the Arrhenius expression shown in Equation (111.2.1.2):

K(T) = A et (11.2.1.2)

where Ais the pre-exponential factor, Esis the apparent activation
energy, R refers to the universal gas constant, and T is the absolute temperature. By
substituting the Arrhenius temperature coefficient, Equation (11.2.1.1) can be written as
Equation (l11.2.1.3), which represents the general rate equation for the kinetic study. As
one can realize, this is a time-dependent equation, and subsequently, it can be applied
to any curing cycle.

‘;_Z‘ _ AT @) (11.2.1.3)

This time-dependent expression can be converted into a temperature domain by

considering Equation (I11.2.1.4), which shows the heating rate £ definition:

_dr

=— (11.2.1.4)

B

By substituting Equation (111.2.1.4) into Equation (111.2.1.3), we obtain the general

equation for kinetic analysis for dynamic heating cycles:

da —Eq
B = AeRTf(@) (I11.2.1.5)
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Isoconversional Methods: Model-Free Kinetics (MFK)

Isoconversional methods are derived from the basic isoconversional principle that
assumes that the reaction rate at a constant conversion («) depends only on

temperature. If we take natural logarithms on both sides of Equation (111.2.1.1), we obtain:

In (Z—j) = InK(T) + In () (111.2.1.6)

Then, taking partial derivatives with respect to the inverse temperature (1/T) on

Equation (111.2.1.6) at a constant a = &, Equation (111.2.1.7) is derived:

(.2.1.7)

0T oT 1 0T

aj ai

laln(‘é—f)] =[aan(T)] +[6lnf(a)

i

Isoconversional conditions, meaning that it has a constant a value of ¢ such that
its corresponding f (a) value is also constant. Hence, the second term on the right-hand
side of Equation (IIl.2.1.7) is zero. The first term on the right-hand side of Equation
(I11.2.1.7) can be obtained by taking the partial derivative of the logarithmic Arrhenius

coefficient in Equation (111.2.1.2) with respect to 1/T, as shown in Equation (111.2.1.8):

_Ea,ai
R

[6 In K(T)] [6 InA e;?_ETa
= (I11.2.1.8)

0T 1 oT- 1

ai

By combining Equations (I11.2.1.7) and (111.2.1.8), the isoconversional methods
indicate that it is possible to obtain E, (at a particular & = constant) without assuming
any reaction model, as shown in Equation (111.2.1.9). For this reason, sometimes these

methods are called model-free kinetic methods (MFK).

3 In (?T?)‘ _ o
at

e - (11.2.1.9)

Isoconversional methods can give accurate values of the apparent activation

energy Ea. These methods can be classified as differential, such as Friedman’s method,
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or integral methods, such as the Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-Sunose
(KAS), and Starink methods. The Friedman method [44] is one of the most common
differential isoconversional methods used to evaluate the apparent activation energy. By
assuming that the reaction model f(a) does not change with the conversion «, the basic
differential expression (Equation (111.2.1.3)) can be written in a natural logarithm form, as
shown in Equation (111.2.1.10):

In (Z—f)ai — In[A f(a)] RE“ =in <[3 —)ai (111.2.1.10)

As suggested by Equation (10), by plotting In (ﬁ Z—:) _versus Ti the Ea can be
a,l a,l

calculated through the slope of the linear fitting. This method must be evaluated for each
value of the conversion a. As suggested by Vyazovkin, et al. [43], to check its possible
variation with the conversion a, it is recommended to start from o = 0.05 up to o = 0.95
with an increasing step size of 0.05. The Friedman method does not make any other
assumption, and in a first approach, it gives a quite accurate value of E..

Isoconversional integral methods are based on integration of Equation (l11.2.1.3)

or Equation (111.2.1.5), as observed in Equation (111.2.1.11):

“da A" B AJtE__Ead (11.2.1.11)
- eRT = RT dt 11.2.1.11
o fl@) By 0

The integral of the temperature-dependent expression from the Arrhenius
constant is the so-called “temperature integral” and does not have a direct analytical
solution. For this reason, different approximations have been proposed and used,
leading to different methods, and obviously, to different accuracies on the E, estimation.
The Flynn-Wall-Ozawa (FWO) method shows very low accuracy as it uses a rude
approximation of the temperature integral. Despite this, the FWO is one of the most
commonly used. It follows Equation (111.2.1.12) [45]. This suggests that a plot
of In(B;) versus the inverse temperature (1/Ty) for a constant conversion a gives a

straight line whose slope is -1.052/R.

E
In(B;) = constant — 1.052 — (11.2.1.12)
RT,

Pagina 228 de 457 Tesis Doctoral. Diego Sebastian Lascano Aimacafia



Ill. RESULTS AND DISCUSSION

The Kissinger-Akahira-Sunose [46] method gives more accurate E, values as it
uses a more accurate solution of the temperature integral. The basic expression for the
KAS method is shown in Equation (111.2.1.13), which suggests a linear correlation

between In (TB—;) and the inverse temperature (1/T,) for a particular conversion a value.

a,i

a

In <%) = constant — RT, (11.2.1.13)

A better evaluation of the activation energy (Ea) can be done using the Starink
expression, which is similar to that of the KAS method, but the particular parameters are
optimized, as observed in Equation (111.2.1.14). In a similar way to the above-mentioned

methods, a plot of In (ng2> against (1/T,) for a particular conversion ¢; value gives a

a,l

linear correlation whose slope is -1.0008/R [47].

a

RT,

In <%> = constant — 1.0008 (1n.2.1.14)
a,l

Although it is not considered an isoconversional method, the Kissinger method
(not to be confused with the Kissinger-Akahira-Sunose method) is based on the peak

temperature (T,) observed for the conversion rate at different heating rates i [48]. This

method is widely used because of its simplicity. It assumes that %(%) =0 at the

temperature for the maximum conversion rate (Tp). The assumptions of the Kissinger
method are only applicable if the conversion for this peak temperature am is almost
constant for a series of heating rates, 8i. The Kissinger method follows Equation
(111.2.1.15). One important drawback of the Kissinger method is that it only provides a
single Ea value (at am) and cannot follow the evolution of E; with the conversion .

Despite this, it is widely used due to its simplicity.

In (%) =In (A R) _ta (11.2.1.15)

By plotting In (%) versus Ti the activation energy can be obtained through the
14 14

slope of the linear fit. One of the restrictions of the Kissinger method is that it assumes a

single-step process. To check the existence of a single-step degradation process,
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different methods have been proposed. In particular, it is worthy to note the methodology
described by Farjas, et al. [49]. This method is not only based on the peak temperature,
but also on the peak width measured as the time corresponding to the full width at half
maximum (Atrwhm), Which is more sensitive to the existence of multiple processes. If a
plot of the Atrwhm against 1/T, gives a linear correlation, and the obtained Ea by linear
fitting is similar to that obtained by the Kissinger method, then it is possible to conclude
that the curing process takes place in a single step (despite the complexity of the

occurring reactions).

Isoconversional methods are very useful for giving an accurate estimation of
the Ea and do not assume any reaction model f(a). Polymerization processes are very
complex, as indicated by D’hooge, et al. [50]. In particular they use multi-scale modelling
to unveil some of these complex processes governed by free radical polymerization
(FRP) or by controlled radical polymerization (CRP). They also pay special attention to
chain mobility, which is restricted by crosslinking. To obtain the kinetic triplet, it is
necessary to determine the reaction model. One of the most suitable methods is the use
of the Malek method [51], which allows determining the reaction model by experimentally
calculating two functions defined as y(a) and z(a), as indicated in Equations (I11.2.1.16)
and (111.2.1.17), with x = E4/RT, i.e., the reduced temperature:

y(a) = i—f e* (11.2.1.16)
= da T 1.2.1.17
Z(“)_”(")EE (11.2.1.17)

The particularity of these two functions is the following. Regarding y(a), if we
substitute Equation (111.2.1.3) into Equation (111.2.1.16), then Equation (111.2.1.18) is
obtained. The relevance of this function is that it can be calculated numerically using
Equation (111.2.1.16), and as suggested by Equation (111.2.1.18), it provides a plot
representation proportional to f(a) by the factor A. Therefore, y(a) gives a clear idea of

the reaction model.

y(a) =Af(a) (11.2.1.18)

Regarding the z(a) function, the solution to the integral expression (Equation
(ll1.2.1.11)) can be defined as:
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_AE,
g(a) = BR P(x) (111.2.1.19)

where P(x) represents a particular approximation of the temperature integral.
The relation between P(x) and m(x) is shown in Equation (I11.2.1.20):

P(x) = % (x) (111.2.1.20)

By combining Equations (l11.2.1.3), (lll.2.1.19), and (lll.2.1.20), Equation
(111.2.1.17) results in the following expression:

z(a) = f(a) g(a) (1.2.1.21)

which suggests that the calculated z(a) using Equation (I11.2.1.17), can be
compared with different theoretical z(a) curves with well-known f(a) and g(a) functions

as shown in table 111.2.1.1.

Table 111.2.1.1. Summary of some f(a) and g(a) functions corresponding to crosslinking

of polymers.
Reaction Model f(e) 9(a)
P2/3 Power law 2/3a:%? a?
P2 Power law 2a? a'?
Az Avrami-Erofeev 2(1 - a)[-In(1 - )] [-In(1 - &)]*2
D: Diffusion in one dimension 1/2a7t o?
D Valensi equation -[In(1 - )]* Ql-9ln(l-a)+«a
F1 Mample first order. 1-a -In(1- @)
e - o
Fn n-order reaction @a-an [(1-a)t " 1)(n-1)

Senum and Yang have proposed different approximations of #(x) in a rational
form [52] and Pérez-Maqueda and Criado [53] have indicated that the use of a rational
approximation of (x) with a fourth degree polynomial is enough to give good accuracy.

Flynn [54] suggested a correction for the fourth rational approximation expression, as we
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can see at the Equation (I11.2.1.14). These functions y(a) and z(a) can be calculated

from experimental data.

x3 4+ 18x% 4+ 86x + 96
x*+ 20x3 + 120x2 + 240x + 120

n(x) = (111.2.1.22)

[11.2.1.3. Experimental

Materials

The commercial epoxy resin used was a Resoltech® 1070 ECO and the hardener
was an amine-based type Resoltech® 1074 ECO, both of them supplied by Castro
Composites (Pontevedra, Spain). This partially bio-sourced epoxy resin is based on a
mixture of a diglycidyl ether of bisphenol A (DGEBA) and a plant-based epoxy reactive
diluent. As indicated by the supplier, the cured resin contains 31 % biobased content
(according to ASTM D6866-12) and maintains good transparency. The eco-epoxy resin
and the hardener were mixed under the stoichiometric ratio 100:35 (%wt epoxy:%wt

hardener), following the manufacturer’s recommendations.

Scheme 111.2.1.1 shows the chemical structures of the components of the epoxy

resin as well as the hardener.
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3-aminomethyl-3,5,5-trimethylcyclohexylamine

NH,

Scheme 111.2.1.1. Schematic plot of the main chemical components of the partially bio-
based epoxy resin Resoltech® 1070 and its hardener, Resoltech® 1074.

The main component on the epoxy resin is the reaction product of bisphenol A
and epichlorohydrin, leading to a typical diglycidyl ether of bisphenol A (DGEBA) resin.
With regard to the reactive diluent, it is mainly derived from plant or vegetable oils, in

particular, epoxidized vegetable oils. Finally, the hardener is an amine type, mainly
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composed of 3-aminomethyl-3,5,5-trimethylcyclohexylamine and the reaction product of

propoxylated propylidynetrimethanol and ammonia.

A preliminary FTIR characterization was carried out. The spectra were recorded
using a spectrometer Spectrum BX from Perkin-Elmer (Madrid, Spain) together with a
special holder for liquid samples. Data were collected from 20 scans between 5500 and

450 cm at a spectral resolution of 4 cm™,

Figure 111.2.1.1 shows the FTIR spectra of both the epoxy resin (figure 111.2.1.1a)
and the hardener (figure 111.2.1.1b). The FTIR spectrum of the epoxy base epoxy resin
shows the typical peaks and bands of a DGEBPA resin. These peak/band assignments
are as follows: O-H stretching at about 3500 cm; stretching of the C-H of the oxirane
ring at 3057 cm; stretching of C-H of CH, and CH, both aromatic and aliphatic, at 2965-
2873 cm; stretching of C=C of aromatic rings at 1608 cm; stretching of the C-C of
aromatic rings at 1509 cm; stretching of the C-O-C of ethers at 1036 cm™; asymmetric
stretching of the C-O in oxirane rings at 1241 cm; stretching of the C-O of oxirane ring
at 915 cm; stretching of the C-O-C of oxirane ring at 831 cm; and rocking of CH; at
772 cm™,
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Figure I11.2.1.1. FTIR spectra of (a) base epoxy resin Resoltech® 1070 based on
DGEBPA, and (b) primary amine-based hardener Resoltech® 1074.

With regard to the reactive diluent, an epoxidized vegetable oil contained
overlapping peaks and bands of CH,, CH, and oxirane rings, while the ester groups
typical of the triglyceride appeared with a weak signal as it was not the main component.
These ester peaks were characterized by a weak signal at 645 cm? attributable to the
O-C=0 bending; a peak at 1180 cm™, which overlaps with ester groups and corresponds
to the antisymmetric stretch of C-O-C; and a weak signal at 1765-1720 cm, which is
characteristic of the C=0 stretch. These weak signals typical of the ester groups

indicated the presence of triglycerides as reactive diluents.

Regarding the hardener, it was an amine type (figure 111.2.1.1b). The peak/band
assignment was the following: NH stretching of -NH. at 3370-3280 cm, symmetric and
antisymmetric stretching of CH in -CH. at 2950-2890 cm, symmetric and antisymmetric
stretching of CH in -CH>-, -NH. deformation at 1590 cm, scissors vibration of -CH,- at
1370 cm, symmetric deformation of -CHzat 1370 cm, stretching of C-O-C ether groups
at 1250 cm?, stretching of -NH in C-NH; primary amines located at 1100 cm™, and

wagging of -NH in R-NH; primary amines.
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Complementary to this preliminary characterization of the epoxy system, some
additional properties are described. Some physical properties of the base epoxy, the

hardener, and the uncured mixture are summarized in table 111.2.1.2.

Table 111.2.1.2. Summary of some physical properties of the epoxy system based on
Resoltech® 1070 partially bio-based epoxy resin and Resoltech® 1074 hardener.

Resoltech® Resoltech® Uncured
Property 1070 1074 Mixture
(100:35)
Density at 23 °C (g cm™) 1.18 0.96 1.22
Viscosity at 23 °C (mPa-s) 1750 50 700

With regard to the reactivity of this system, it is worthy to note that the exothermic
peak of the epoxy system during curing at 23 °C had a value of 185 °C and occurred at
31 min. It showed a gel time of 28 min when the mixture did not exceed a volume of 70
mL, as indicated by the supplier.

In addition to these properties, the glass transition temperature, Tq, of the cured
resin was obtained via dynamic mechanical thermal analysis (DMTA). The curing cycle
was 1 h at 90 °C and had a post-curing stage of 30 min at 150 °C. DMTA was carried
out in an oscillatory rheometer AR-G2 supplied from TA Instruments (New Castle, DE,
USA), using a special clamp system made for solid samples (4 x 10 x 40 mm?®) working
in torsion-shear conditions. Cured samples were subjected to a temperature sweep from
30 °C to 140 °C at a heating rate of 2 K min‘, with a maximum deformation (y) of 0.1 %,
and a frequency of 1 Hz. figure 11.2.1.2 shows the plot evolution of the storage modulus
(G") and the damping factor (tan 8). By taking the T4 as the peak maximum of tan 6, a

value of 95.3 °C was obtained for this cured epoxy system.
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Figure 111.2.1.2. Plot evolution of the storage modulus (G') and the damping factor (tan )
of a partially bio-based epoxy resin after curing at 90 °C for 1 h and a post-curing cycle
at 150 °C for 0.5 h.

Finally, the Shore D hardness of the cured epoxy material was obtained in a 676-
D durometer from J. Bot Instruments (Barcelona, Spain) at room temperature following
ISO 868 standard, resulting in a Shore D value of 83.4 + 1.7.

Differential Scanning  Calorimetry (DSC) Kinetic
Measurements

The curing kinetics of the eco-epoxy system was analyzed using differential
scanning calorimetry (DSC) in a 821 DSC calorimeter from Mettler-Toledo, Inc.
(Schwerzenbach, Switzerland). The sample weight was between 10-13 mg, following the
recommendations of Vyazovkin, et al. [55], suggesting that the sample’s mass should be
an inverse proportion to the heating rate. The mixtures were prepared at room
temperature using the stoichiometric ratio, and then the liquid mixture was stirred until
homogenization. Subsequently, the corresponding mass was placed into a standard
aluminium pan (40 pL) and sealed with a press. Finally, the samples were subjected to
the following thermal program: first, an isothermal stage at 20 °C for 1 min was
programmed to stabilize the sample temperature, then a heating process up to (250 °C-
280 °C) at different heating rates, g8 (2.5, 5, 10, and 20 K min. This was followed by a
cooling step down to 0 °C at a cooling rate of -20 K min, and finally, a second heating

step up to 180 °C at 10 K min was scheduled. All tests were carried out under a dry

Tesis Doctoral. Diego Sebastian Lascano Aimacafia Pagina 237 de 457



Ill. RESULTS AND DISCUSSION

atmosphere with a constant nitrogen flow of 30 mL mint. DSC was used to obtain the
heat flow as a function of temperature (from the first heating), and the glass temperature

(Tg) (from the second heating).

Processing the thermal data from DSC is necessary to obtain the extent of
conversion «. It could be expressed as indicated in Equation (l11.2.1.23), where AH; is
the released enthalpy or heat at a particular time t, and AHr is the total enthalpy released
during the complete reaction. Equation (I11.2.1.24) shows how the conversion rate can

be obtained from the heat flow of the DSC thermograms.

_ AH: 1.2.1.23
a_AHT (1.2.1.23)
d 1 dH(t
da 1 dH(t) (I11.2.1.24)
dt  H;y dt

[11.2.1.4. Results and Discussion

Estimation of the Apparent Activation Energy, Ea

The curing reaction of the partially bio-based epoxy resin at different heating rates
was studied using DSC. The first heating cycle was useful for determining the total
enthalpy (AHt) and the temperature for the maximum curing rate (T,), while the second
heating cycle was used to study the glass transition temperature (Tg) of the cured resin.
These values are gathered in table 111.2.1.3 for different heating rates between 2.5 and
20 K mint. It is important to remark that the Ty decreased with increasing heating rate
from 95.8 °C (2.5 K min't) down to 91.1 °C (for 20 K min™) which was also in accordance
with the curing enthalpy (AHr). Low curing rates allow diffusion and crosslinking reactions
to occur more readily. At high curing rates, the overall speed is high and does not allow

free diffusion as a crosslinked structure is immediately formed [56].

Table 111.2.1.3. Parameters corresponding to DSC characterization of a partially bio-based
epoxy system at different heating rates. First heating cycle: DSC characterization of the
curing/crosslinking of the liquid resin, and second heating cycle: DSC characterization of
the cured resin.

Heating rate First heating cycle Second Heating Cycle
BKMIN™) T, (K) a, AHr (3 g™) To (K)

2.5 351.5  0.401 373.9 368.8

5 361.9  0.425 366.5 367.7
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10 373.2 0.408 305.5 365.5
20 388.9 0.417 285.8 364.1

Figure IIl.2.1.3 shows the conversionaas a function of the absolute
temperature T. As the heating rate § increased, the characteristic sigmoidal curve

moved toward higher values.
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Figure 111.2.1.3. Fractional conversion of the curing of a partially bio-based epoxy resin as
a function of temperature for different heating rates, g.

Figure 111.2.1.4 shows a plot of the curing rate (Z—?) as a function of the

conversion a obtained using Equation (l11.2.1.24). The geometry of these plots is almost

the same, thus suggesting there is no change in the reaction model with the heating rate.
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Figure 111.2.1.4. The curing rate corresponding to the crosslinking of a partially bio-based
epoxy resin as a function of the conversion, a, for different heating rates, (.

One of the most important parameters of a kinetic study is the apparent activation
energy, Ea. As indicated previously, the Kissinger method allows for estimating a single
value of E, for the curing process by using Equation (111.2.1.15). One important condition
needed to apply the Kissinger method is that the conversion at the maximum reaction
rate, denoted as ap, must be very similar for all the heating rates. As can be observed
in table 111.2.1.3, o, showed an average value of 0.41 + 0.01, and all the values
corresponding to different heating rates are quite similar. Therefore, in a first instance,
the Kissinger method could be applied. Figure I111.2.1.5 shows the typical plot
representation of the Kissinger method, showing good linear fitting. In particular, the Ea
obtained from the slope was 57.3 + 3.1 kJ mol. As it has been indicated previously, the
peak width of the curing rate is also representative for a single step process. For this
reason, a plot of In Atrwnm vVersus 1/T, has been used to check this. The experimental
data and the corresponding linear fit can be seen in figure 111.2.1.6. The Ea value obtained
from the peak width at half maximum was 57.4 + 3.1 kJ mol?. This value is in good
agreement with that obtained using the Kissinger method, thus suggesting the curing
process took place in a single step process. The reactions that take place during a
polymerization process could be quite complex due to the polymer chemical structure,
diffusion phenomena, crosslinking density, monomer functionality, and chain mobility,

among others [50]. Despite this, the overall process for this particular system, analysed
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using differential scanning calorimetry, appears to be a single step process (quite
homogeneous and symmetric exothermic peak). Therefore, although there could be
different activation energies for different processes occurring in the crosslinking, by using
DSC, it is possible to obtain a unique “apparent” activation energy, Ea, representative for

all the processes that are overlapped.

O
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Figure 111.2.1.5. Plot of the experimental data according to the Kissinger method and the
linear fitting according to Equation (111.2.1.15) corresponding to the crosslinking of a
partially bio-based epoxy resin for different heating rates, .
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Figure 111.2.1.6. Plot of In Atewnm VS 1/Tp to check the assumptions of the Kissinger method
corresponding to the crosslinking of a partially bio-based epoxy resin for different heating
rates, B.

Although the Kissinger method is easy to use and gives an idea of the apparent
activation energy of the curing process, it gives a single E, value. Therefore, the possible
change of E, with the conversion cannot be evaluated using the Kissinger method. To
this end, several isoconversional methods have been used. Both differential and integral
methods have been used and the corresponding plots are gathered in figure 111.2.1.7.
The Friedman method (figure 111.2.1.7a) shows the calculated data at different
conversions and several heating rates. As indicated by Equation (111.2.1.10), the E, can
be obtained through the slope of the linear fits. The Pearson’s correlation coefficient r for
all the linear fits at different conversions was about -0.995. The average Ea obtained with
the Friedman method was 61.2 + 2.6 kJ mol™. This value is within the same range of
the Ea obtained using the Kissinger method. In a first approach, the Friedman method
did not use any approximation, so it should be more accurate than integral methods since
they use different approximations of the temperature integral. However, due to a noisy
signal, errors related to the baseline of DSC curves, and so on, there is no great
difference between the Friedman method and other integral methods [43]. The Flynn-
Wall-Ozawa (FWO) method is an integral method that uses a quite crude approximation
of the temperature integral. Nevertheless, it is widely used and gives quite accurate

values of Ezas seen infigure 111.2.1.7b. After applying Equation (111.2.1.12), the
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average E, obtained using the FWO method was 62.8 + 3.1 kJ mol?! with excellent
correlation coefficients of r = -0.995. The low standard deviation was representative of a
slight change in Ea with the conversion. A more accurate approximation of the
temperature integral is used by the Kissinger-Akahira-Sunose (KAS) method (see figure
[11.2.1.7¢). The correlation factor was also close to -0.995 for all linear fits. The average Ea
obtained using the KAS method was 59.8 + 3.3 kJ mol?, which is similar to all the
previously reported values. The Starink method is an integral method that uses a very
accurate approximation of the temperature integral and gave r values of about -0.995
(figure 111.2.1.5d). By using the linear fits, the average E. was 60.0 + 3.3 kJ mol™.

0 T T T T o =005 T o a=0.05
7 T o o010 o 0=0.10
& o015 & =015
1.5 v =020 34 9 v =020
o 0=025 o 0=0.25
204 4 a=030 4 0=0.30
> a=0.35 > =035
254 O a=040 0 =040
3 % 0=045 # 0=0.45
i w050 R -
= 304 . X, ] ] = =050
§ : =0 £ ® =055
e =060 A =060
-3.54 v 0=0.65 o v\ \@ v a=0.65
* 0=0.70 .
* 0=0.70
404 4 a=075
< =075
> a=0.80
i o 0085 i | > e0s0
-7 T * o090 vAemropdova o o | @ w08
® =095 * 07090
5.0 T T T T * =095
0.0022 0.0024 0.0026 0.0028 0.0030 T T T T
0.0022 0.0024 0.0026 0.0028 0.0030
-1
1T (K") 4
1/T (K")
-85 T T T T o am0.05 -8.0 T T T T 0 =005
o a=0.10 o =010
A o=0.15 & a=0.15
9.0 4 v =020 8.5 4 v o020
© 0=025 © =025
a4 0=030 4 0=030
> 0=0.35 > =035
951 7 o w040 204 T o o040
T: * 0=0.45 S * =045
X & m =050 =~ - " 0=0.50
Z -100 No \o | ¢ o005 ][ 954 o 4 ® o055
- 4 A =060 £ 7\ \° A =060
v 0065 v =065
* 0=070 * 0070
o o
-10.5 4 71 < =075 -10.0 4 . 1 <« w07
o
v > 0=0.80 o > a=0.80
Viswo>1© o o085 Vanes 907 % ° o o085
-11.0 4 4 * =090 1054 v J * 0=090
® 0=095 ® 4=095
T T T v T T T T
0.0022 0.0024 0.0026 0.0028 0.0030 0.0022 0.0024 0.0026 0.0028 0.0030
-1
T (K) 1/T (K"
() (d)

Figure I11.2.1.7. Characteristic plots of different isoconversional kinetic methods at
different conversions «, corresponding to the crosslinking of a partially bio-based epoxy

resin for different heating rates, f#: (a) Friedman, (b) Flynn-Wall-Ozawa (FWO), (c)
Kissinger-Akahira-Sunose (KAS), and (d) Starink.

All the above-mentioned methods give an apparent activation energy between 57

and 62 kJ-mol?, which is in total accordance with typical E, values for DGEBA-based

Tesis Doctoral. Diego Sebastian Lascano Aimacafia Pagina 243 de 457



Ill. RESULTS AND DISCUSSION

epoxy resins, thus suggesting the plant-derived reactive diluent did not affect in a
remarkable way the curing process aof the resin [11]. As suggested by the standard
deviation of E, from different methods, there is very low variation of E, with a, as can be

seen in figure 111.2.1.8.
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Figure 111.2.1.8. Variation of the apparent activation energy, E,, as a function of function
of conversion a, corresponding to the crosslinking of a partially bio-based epoxy resin for
different heating rates.

Due to this low variability of E,, it can be considered that the curing process of
this partially bio-based epoxy resin follows a single step process with a global “apparent”
activation energy defined by the average for all the conversion range [57]. Once
the Ea has been accurately obtained, it is important to obtain the remaining kinetic
parameters to complete the kinetic triplet. This means obtaining the reaction model f («),
and the pre-exponential factor, A. As indicated previously, Malek and Criado-Maqueda
described a methodology to compare the calculated y(a) and z(«), as indicated by
Equation (111.2.1.16) and Equation (111.2.1.17), respectively, with different master plots
typical of thermally activated processes, as summarized intable 111.2.1.1. Figure
[11.2.1.9 shows the plot of y(a) as a function of the conversion « for different heating
rates. As it can be seen, the maximum of the y(a), denoted as «,,;, was not zero (am =
0) could be representative for an nth order reaction model), thus suggesting another

reaction model. In fact, this maximum was located close to 0.1 and the typical geometry
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suggested an autocatalytic reaction model as obtained by comparison with different
master plots [51,55,58]. The maximum of the calculated y(a) functions for different
heating rates are summarized in table 111.2.1.4.

8.0x10" - . , . , .

=Afla)

y(a)

0.0 - T
0.0 0.2 0.4 0.6 0.8 1.0

Conversion, a

Figure 111.2.1.9. Calculated y(a) plots as a function of the conversion «, corresponding to
the crosslinking of a partially bio-based epoxy resin for different heating rates.

Table 111.2.1.4. Maximum values of the calculated y(a) and z(a) functions corresponding
to the crosslinking of a partially bio-based epoxy resin for different heating rates.

Heating Rate B (K min) ay ap
2.5 0.099 0.420
5 0.076 0.438
10 0.085 0.442
20 0.098 0.443

Figure 111.2.1.10 gathers the z(a)plots for different heating rates. As can be seen,
the z(a) functions show the same geometry, and some of them are overlapped. In can
be clearly seen that the maximum of the z(a) function, denoted as a;’, was between 0.4
and 0.5. The actual values for the different heating rates were obtained from the
experimental values of z(a) and are shown intable 111.2.1.4. By comparison of the

experimental z(a) plots with some generalized master plots [58], this particular geometry
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is consistent with an autocatalytic model with a reasonable weight of the autocatalytic

effect.

SRS
S PGS
z ( o ) ‘\\\/Illllflllllll_))

Conversion, o

Figure 111.2.1.10. Calculated z(a) plots as a function of the conversion a, corresponding
to the crosslinking of a partially bio-based epoxy resin for different heating rates.

The peak for y(a) functions, a,,;, was 0.090 + 0.011, and this means there was a
certain autocatalytic effect on the curing reaction [59,60]. In fact, one of the conditions
for an autocatalytic process requires am > 0. The autocatalytic effect will be more intense
with higher a),values. With regard to the maximum of the z(«) plots, the average a,’ was
0.436 + 0.011. Another condition for an autocatalytic process is that om < a,’, and
obviously, this is true. Therefore, it is possible to use an autocatalytic reaction model to
obtain the remaining parameters for the kinetic triplet. For the curing of epoxies, the two
parameters Sestak—Berggren reaction model [SB(m,n)] [51] can be used as suggested
by both y(a) and z(a)functions. The Sestak—Berggren function is shown in Equation
(11.2.1.25) and considers two parameters, n, and m. The n parameter represents the
typical nth order reaction models as it indicates the reaction rate is proportional to the
unreacted material (1 — @), while the m exponent is representing the autocatalytic effect

as it indicates, the conversion rate is proportional to the reacted material, «:

fl@)=a™ (1 —a)" (11.2.1.25)
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Once the reaction model has been checked, Equation (111.2.1.25) can be
substituted into Equation (I11.2.1.3), thus leading to Equation (l11.2.1.26):

d i,
& AR a™ (1 - a)n (111.2.1.26)

As the apparent activation energy is known (isoconversional methods), it is

possible to write Equation (l11.2.1.26) as:

da
Aa™(1—a)" = (6 ar) (111.2.1.27)

It is possible to obtain the n and m exponents using an iterative linear fit, but in
this work, a non-linear curve fitting has been used. By applying natural logarithms to both
sides of Equation (111.2.1.27), we obtain:

In (,8 Z—?) + RE—“T = In(4) + min(@) +n In(1 - ) (111.2.1.28)

The term on the left-hand side of Equation (111.2.1.28) is In(y(a)), such that a
non-linear curve fitting, as indicated in Equation (111.2.1.29), can be used to obtain the

optimum m and n exponents, as well as the pre-exponential factor, A:

y=k+min(x) +nin(l—x) (111.2.1.29)

The parameters obtained after the non-linear curve fitting are summarized
in table 111.2.1.5. The average value of In(A) was 18.47 = 0.05, and regarding the reaction
model exponents, m = 0.15 + 0.01 andn = 1.76 + 0.08. The low standard deviation

indicates these values did not change in a remarkable way with the heating rate.
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Table 111.2.1.5. Calculated kinetic parameters for autocatalytic SB(m,n) model by using a
non-linear curve fitting, corresponding to the crosslinking of a partially bio-based epoxy
resin for different heating rates.

Heating Rate In (A)

B (K min™) (A in min™) n
2.5 18.464 0.156 1.792
5 18.546 0.143 1.866
10 18.460 0.148 1.677
20 18.415 0.155 1.712

For an autocatalytic reaction model, the maximum of y(a) is related to

the n and m exponents via Equation (111.2.1.30) [51,61]:

m

ay (111.2.1.30)

T m+n

Substitution of the average n and m values obtained with the non-linear curve
fitting led to a theoretical am of about 0.08, which is in total accordance with the calculated

value from experimental data.

Once the kinetic triple had been determined, the model was integrated. Figure
[11.2.1.11 shows a comparison of the experimental data (symbols) and the corresponding
theoretical models (lines). As it can be seen, Equation (111.2.1.3), with the obtained kinetic
triplet (Ea, A, and f(a)), gave good accuracy relative to the experimental data for all the

heating rates, thus giving consistency to the obtained parameters.
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Figure 111.2.1.11. Comparison of conversion, «, corresponding to the crosslinking of a
partially bio-based epoxy resin for different heating rates. Symbols represent
experimental values [E] and lines represent theoretical [T] values.

[11.2.1.5. Conclusions

The cure kinetics of a partially bio-based epoxy resin derived from DGEBA and a
plant-based reactive diluent (representing 31 % of the cured resin) was analyzed using
dynamic DSC at different heating rates. The apparent activation energy, Ea, was
determined using different isoconversional methods, and it was found to be between 57
and 62 kJ mol?. The low dispersion of E, values for different conversion, a, values

suggested a relatively independence of Ea from a.

The reaction model was obtained via comparison of the calculated y(a) and z(a)
with some well-established reaction models of thermally activated processes. It was
concluded that the two-parameter [SB(m,n)] autocatalytic kinetic model of Sestak—
Berggren was the most suitable for the description of the curing process of this partially
bio-based epoxy resin. Therefore, this work provides a methodology to obtain the kinetic
triplet corresponding to the curing/crosslinking of an epoxy resin. The theoretical curves
show a great agreement with the experimental data, thus giving consistency to the

obtained kinetic triplet.
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Abstract: The curing process of epoxy resin based on epoxidized linseed oil (ELO) is studied using
dynamic differential scanning calorimetry (DSC) in order to determine the kinetic triplet (E,, f(a)
and A) at different heating rates. The apparent activation energy, E;, has been calculated by several
differential and integral isoconversional methods, namely Kissinger, Friedman, Flynn-Wall-Ozawa
(FWO), Kissinger-Akahira-Sunose (KAS) and Starink. All methods provide similar values of E,
(between 66 and 69 k]/mol), and this shows independence versus the heating rate used. The epoxy
resins crosslinking is characterized by a multi-step process. However, for the sake of the simplicity
and to facilitate the understanding of the influence of the oxirane location on the curing kinetic, this
can be assimilated to a single-step process. The reaction model has a high proportion of autocatalytic
process, fulfilling that a is between 0 and ap and anr < a’. Using as reference the model proposed
by Sestak-Berggren, by obtaining two parameters (n and m) it is possible to obtain, on the one hand,
the kinetic parameters and, on the other hand, a graphical comparison of the degree of conversion,
«, versus temperature (T) at different heating rates with the average n and m values of this model.
The good accuracy of the proposed model with regard to the actual values obtained by DSC gives
consistency to the obtained parameters, thus suggesting the crosslinking of the ELO-based epoxy has

apparent activation energies similar to other petroleum-derived epoxy resins.

Keywords: epoxidized linseed oil; kinetic analysis; biobased epoxy resin; flax

1. Introduction

Flax is one of the industrial crops that, thanks to its versatility, has been used since
ancient times both in food and in clothes manufacturing for approximately 30,000 years [1].
Nowadays, flax derivatives are continuously gaining importance, due to the productive
and economic nature of its sowing. For this reason, the largest producers of flax (Russia,
China, Kazakhstan, Argentina and Canada) have increased their production capability [2,3].
In addition to the main uses related to flax crops, namely textile fibers and seeds for food
industry, while new uses are being developed for other by-products or co-products linked
to the flax industry. In the last decade, flax oil, biodiesel and flax flour have found increasing
applications in the market [4-6].

One of the most interesting by-product is flax oil (or linseed oil), which represents ap-
proximately 45% of the seeds [3,7]. The main fatty acids are linolenic acid (56.6%), oleic acid
(19.1%) and linoleic acid (15.3%), with three, one and two unsaturations, respectively [2].
In addition to foods and feeding applications, linseed oil offers very attractive industrial
applications due to its high unsaturated fatty acid content. Among other uses, it has been
reported the use of linseed oil and derivatives into paints, surface protection, cosmetic
products and biodiesel generation [8-10].
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https:/ /www.mdpi.com /journal /polymers

Pagina 258 de 457

Tesis Doctoral. Diego Sebastian Lascano Aimacafia



Ill. RESULTS AND DISCUSSION

Kinetic analysis of the curing process of biobased epoxy
resin from epoxidized linseed oil by dynamic differential
scanning calorimetry

Abstract

The curing process of epoxy resin based on epoxidized linseed oil (ELO) is
studied using dynamic differential scanning calorimetry (DSC) in order to determine the
kinetic triplet (Ea, f(a) and A) at different heating rates. The apparent activation
energy, Ea, has been calculated by several differential and integral isoconversional
methods, namely Kissinger, Friedman, Flynn-Wall-Ozawa (FWO), Kissinger-Akahira-
Sunose (KAS) and Starink. All methods provide similar values of E, (between 66 and 69
kJ/mol), and this shows independence versus the heating rate used. The epoxy resins
crosslinking is characterized by a multi-step process. However, for the sake of the
simplicity and to facilitate the understanding of the influence of the oxirane location on
the curing kinetic, this can be assimilated to a single-step process. The reaction model
has a high proportion of autocatalytic process, fulfilling that am is between 0 and ap
and am < a . Using as reference the model proposed by Sestak—Berggren, by obtaining
two parameters (n and m) it is possible to obtain, on the one hand, the kinetic parameters
and, on the other hand, a graphical comparison of the degree of conversion, a, versus
temperature (T) at different heating rates with the average n and m values of this model.
The good accuracy of the proposed model with regard to the actual values obtained by
DSC gives consistency to the obtained parameters, thus suggesting the crosslinking of
the ELO-based epoxy has apparent activation energies similar to other petroleum-

derived epoxy resins.

Keywords: epoxidized linseed oil; kinetic analysis; biobased epoxy resin; flax
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[11.2.2.1. Introduction

Flax is one of the industrial crops that, thanks to its versatility, has been used
since ancient times both in food and in clothes manufacturing for approximately 30,000
years [1]. Nowadays, flax derivatives are continuously gaining importance, due to the
productive and economic nature of its sowing. For this reason, the largest producers of
flax (Russia, China, Kazakhstan, Argentina and Canada) have increased their production
capability [2,3]. In addition to the main uses related to flax crops, namely textile fibers
and seeds for food industry, while new uses are being developed for other by-products
or co-products linked to the flax industry. In the last decade, flax oil, biodiesel, and flax
flour have found increasing applications in the market [4-6].

One of the most interesting by-product is flax oil (or linseed oil), which represents
approximately 45 % of the seeds [3,7]. The main fatty acids are linolenic acid (56.6 %),
oleic acid (19.1 %) and linoleic acid (15.3 %), with three, one and two unsaturations,
respectively [2]. In addition to foods and feeding applications, linseed oil offers very
attractive industrial applications due to its high unsaturated fatty acid content. Among
other uses, it has been reported the use of linseed oil and derivatives into paints, surface

protection, cosmetic products, and biodiesel generation [8-10].

By taking into account the high degree of unsaturated carbons contained in the
main fatty acids, which represents about 73 %, its chemical modifications open a broad
potential for industrial applications [11,12]. Some of the simplest and cost-effective
modification processes are epoxidation and maleinization. Fombuena, et al. [13],
reported the development of high renewable content green composites, with more than
78 wt % of flax-derived materials, namely biobased epoxidized linseed oil (ELO) as
epoxy resin, maleinized linseed oil (MLO) as hardener and flax fibers as reinforcement.
Carbonell-Verdu, et al. [14] and Liminana, et al. [15] reported the potential of MLO as
compatibilizer between a natural reinforcement (almond shell flour) and a thermoplastic
polyester such as poly (butylene succinate) (PBS); they showed improved polymer-
particle interaction due to presence of MLO and somewhat plasticization effect provided

by this maleinized-derivative from linseed oil.

As above-mentioned, one of the most common chemical modifications on
unsaturated fatty acids is epoxidation. This increases the reactivity of the linseed oil since
the oxirane rings are much more reactive than unmodified unsaturations in fatty acids
[16,17]. Epoxidized linseed oil is commercially available and finds industrial applications
as secondary plasticizer in poly (vinyl chloride) plastisols and partially biobased epoxy

resins [18,19]. ELO-based epoxies can represent a sustainable solution to traditional
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epoxy resins, generally derived from petroleum, which has a large impact on increasing
the carbon footprint and can also be toxic to humans [20]. The epoxidation process takes
advantage of the unsaturations contained in the fatty acids of linseed oil by converting
them into oxirane rings [21]. Miyagawa, et al. [22] formulated a resin based on bisphenol
F with the presence of ELO and an anhydride as hardener. The results showed lower
thermomechanical and thermal properties at higher ELO content. Boquillon and Fringant
[23] formulated anhydride cured ELO-based resins catalyzed with amines and
imidazoles. In this case, the presence of imidazole catalyst improved the obtained results
since it improved the crosslinking process with the subsequent improvement on

mechanical performance.

This crosslinking process between an epoxy resin and the hardener provides an
exothermic reaction, with an important release of heat that can contribute to increase the
temperature, and subsequently, the possibility to provide an autocatalytic process. In
previous works, the curing kinetics of a bisphenol A-based resin with a content of 31 %
by weight of ELO was studied, and it was observed that the mechanical properties
obtained were similar to those of a conventional petroleum-derived epoxy resin [24]. In
the present work, the curing kinetics of an ELO-based epoxy resin crosslinked with a
liquid anhydride is studied by differential scanning calorimetry (DSC) using non-
isothermal runs. By means of differential and integral isoconversional models, the
apparent activation energy, Ea, the reaction model, f(a) and the pre-exponential
factor, A, are determined. The main aim of this work is to compare the kinetic triplet of
the ELO-based epoxy resin with other petroleum-derived epoxies to assess the effect of
non-terminal oxirane groups in ELO with regard to conventional epoxy resins with epoxy
groups located in terminal and more readily available positions. Furthermore, through
the comparison of the experimental functions y(a) and z(a), with standard master plots
and the determination of the m and n parameters of Sestak-Berggren model (SB(m,n)),
the influence of autocatalysis process and the accuracy of the kinetic triplet parameters

are determined.

[11.2.2.2. Experimental

Materials

Commercial epoxidized linseed oil was used as base epoxy resin to carry out a
kinetic study. ELO was obtained from Traquisa S.L. (Barbera del Vallés, Barcelona,
Spain). This biobased epoxy stands out for having a fatty acid composition of: Stearic
acid (3-5 %), palmitic acid (5-7 %), linoleic acid (14-20 %), oleic acid (18-26 %) and
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linolenic acid (51-56 %). It also presents an average molecular weight of 1.038 g/mol
triglyceride, and a density of 1.05-1.06 g/cm®at 20 °C. The epoxy equivalent weight
(EEW) of the ELO-based epoxy resin was 178 g/equiv. A liquid at room temperature
cyclic anhydride, namely, methyl nadic anhydride (MNA), with an anhydride equivalent
weight (AEW) of 178.18 g/equiv was employed. This anhydride-based hardener was
employed due to epoxy/anhydride systems have higher glass transition and less
shrinkage, interesting properties if the objective is the use of ELO resin in industrial
applications [25]. The epoxy to anhydride ratio (EEW:AEW) was set to 1:1. The
crosslinking system also consisted of 2 wt % of 1-methyl imidazole which acts as
accelerator, and 0.8 wt. % glycerol that plays a key role as a catalyst/initiator. All these
products were supplied by Sigma Aldrich (Sigma Aldrich, Madrid, Spain). To carry out
the kinetic study, all the components of the crosslinking system were weighed on a
balance with an accuracy of 0.01 grams and were mixed at room temperature and stirred
vigorously until obtaining a homogeneous mixture [26]. The liquid nature of the MNA
anhydride allows good mixing at room temperature thus avoiding precipitation and the

starting of the crosslinking process.

Kinetic Study by Differential Scanning Calorimetry (DSC)

The kinetic analysis of the curing process was carried out by following the
crosslinking enthalpy which allowed calculating the degree of advance (8). The evolution
of the crosslinking enthalpy was obtained in a DSC Mettler-Toledo DSC 821e (Metler-
Toledo S.A.E., Barcelona, Spain). After the corresponding mixing of all components and
homogenization, a small drop of the liquid mixture containing between 10-12 mg was
placed into a standard aluminum crucible (40 uL) following the recommendations of
Vyazovkin, et al. [27]. Samples were sealed with a press and tested using a non-
isothermal heating program from 20 °C up to 300 °C at different heating rates (10, 20,
30, 40 °C/min) and N atmosphere with constant flow rate of 30 mL/min. Parameters
such as the degree of curing, and the maximum curing rate (T,) can be easily obtained

applying this methodology [28].

Theoretical Background

Kinetic studies are based on the principle that the degree of conversion, «, can
be obtained (using a non-isothermal heating) by the heat produced by the curing process
with respect to time, divided by the total heat of curing of the resin as presented in
Equation (111.2.2.1) [29]:
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a=—- (.2.2.1)

Taking this into account, the conversion rate Z—‘: can be expressed according to

Equation (111.2.2.2):

da
== k(T) - f() (1n.2.2.2)

where k(T) is the rate coefficient, depending on the reaction temperature and
f(a) represents the reaction model. The Arrhenius equation (Equation (l111.2.2.3))

expresses the dependence of the temperature:

K(T) = A- e f(@) (11.2.2.3)

where E, stands for the apparent activation energy, A represents the pre-
exponential factor, Ris the universal gas constant (8.314 J mol'K?) and Tis the
absolute temperature. Combining Equations (111.2.2.2) and (l111.2.2.3), the general
expression in the kinetic analysis of the curing resin is obtained Equation (I11.2.2.4):

. 1) (I11.2.2.4)

The parameters E,, f(a) and A are known as the kinetic triplet. The determination
of this triplet is of huge importance to understand the kinetics of crosslinking process.
The apparent activation energy (E.) can be obtained through different methods, the
accuracy of which depends on the fulfilment of approaches such as the type of
transformation process being carried out, single or multi-step process. Due to its
simplicity, Kissinger method is one of the most used [30]. The apparent activation energy
(Ea) is evaluated based on the peak temperature (Tp) measurements at maximum curing
rate, taking into account that Kissinger method is only valid for a one-step process [31].

The Kissinger method follows Equation (111.2.2.5):
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B\ . (AR E,
In <T_p2) = ln( I )—R_T (1.2.2.5)

By plotting In (%) versus Ti the apparent activation energy is obtained through
7 P

the slope of the linear fit. As a main drawback, the Kissinger method only provides a
single value of the E, at the peak temperature and cannot follow the evolution of E, with
the conversion a. Despite this, several authors have tried to overcome this drawback,
such as Farjas, et al. [32]. This method complements the maximum peak values with
additional values such as the time corresponding to the full width at half maximum

(Atewnm), Which is more sensitive to the existence of multiple processes.

An alternative to the Kissinger method is the isoconversional methods, which,
together with their simplicity, provide an accurate estimation of the E.. Vyazovkin, et al.
[33], proposes different isoconversional methods, evaluating the Ea throughout the
conversion process with the advantage of not having to assume a reaction model.
Isoconversional methods can be differential or integral. The expressions of these
methods, regardless of their type, can be obtained from Equation (I11.2.2.4), applying the

principle of isoconversion, results in Equation (111.2.2.6):

)

dIn
0

As above-mentioned, the adequate estimation of apparent activation energy (Ea)

/N

Ea,ai

=—— (11.2.2.6)

~-

ai

determines the accuracy of the kinetic study of the crosslinking process and here is
where isoconversional integral methods play an important role. Based on integration of

Equation (111.2.2.4), the resulting expression is observed in Equation (111.2.2.7):

¢ da t —Eq
54 f TR dt (1.2.2.7)
0 0

As an example of differential isoconversional method, the Friedman method [34],
takes natural logarithms. Rearranging terms for Equation (111.2.2.8), this method
assumes that the reaction model stays constant throughout the full conversion process.
The advantage of this method is that does not make approaches but provides valuable

information of the actual crosslinking process [35].
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day _ Eq .22
ln(ﬁ-ﬁ)—ln[A-f(a)]—R_Ta (11.2.2.8)

Different isoconversional integral methods with different accuracies on
the E, estimation have been developed by some authors. The accuracy of these
methods depends on the numerical approximation obtained by solving the temperature-
dependent integral term of the Arrhenius constant (temperature integral). Among others,
the usefulness of the Flynn-Wall-Ozawa (FWQO) Equation (111.2.2.9) [36,37], Kissinger-
Akahira-Sunose (KAS) Equation (I11.2.2.10) [38] or Starink methods Equation (I11.2.2.11)
[39] should be noted. This last method (Starink method), playing with the optimization of
B

T{%BZ

the mathematical parameters obtain a slope of—1.008-:; when ln(

) is plotted

versus Ti while FWO and KAS methods provide a slope of —-1.000 and -1.052,

a

respectively. The mathematical approximation done by Starink method has
demonstrated higher accuracy than FWO and KAS methods.

Eq
In(g) = €~ 1052 =5 (11.2.2.9)
B\ _ Eq
ln(T—O%)—C—l.OOO — (11.2.2.10)
B ) Eq
= C—1.008- 0.2.2.11
ln(To}_gz €~ 1008 7% ( )

On the other hand, Vyazovkin, et al. [33], with the aim of reducing, as far as
possible, the deviation of E., recommends that the values of the conversion degree
should be taken from « = 0.05 to « = 0.95 by increasing steps of 0.05. In this way,
expanding the analysis range, the accuracy of the estimation of Ea is increased. Malek
[40], proposes a method by determining the reaction model calculating two functions
y(a) and z(a), defined as shown in Equations (111.2.2.12) and (111.2.2.13):

y@ =2 e — 4 F ) (1112.2.12)
dt
da\ T
z(a) = n(x) - (E) ,[_3 (1.2.2.13)
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Looking for similarities between the FWO method Equation (111.2.2.9) and the

method proposed by Malek, the term xis equivalent to :;' and Ato f(a), that

represents the function reaction model, during the crosslinking process. Regarding
the z(a), it is determined by the expression of the temperature integral m(x), which can
be obtained using the 4th rational expression proposed by Senum and Yang [41]. On the
other hand, Flynn [42], suggested a correction in the expression as it is shown in
Equation (111.2.2.14), that has been obtained from experimental data:

3 2
2(x) = x° + 18x“ + 86x + 96 (111.2.2.14)

x* 4+ 20x3 + 120x2 + 240x + 120

Table 111.2.2.1 summarizes several kinetic models with expressions of their
characteristic function f(a), whose representation of the selected reaction model

determines the accuracy of the linear fit to obtain Ea.

Table 111.2.2.1. Summary of algebraic expression for reaction model f(«).

Reaction Model Code f(a)
2D-Ractieon R2 1-a)2 (111.2.2.15)
e 1
2D-Diffusion D2 m (|||2216)
Johnson-Mehl-
Avrami JMA(n) n(1-a)-[-In(1 - a)]t~"/n (n.2.2.17)
Jander D3 3/2-(1—a)/3 (111.2.2.18)

[1-(1-a)]*s

The success of a correct kinetic model that accurately predicts the complex
mechanism of curing of vegetal oil resins derives from several factors, among the main
ones the use of appropriate methods for the determination of the kinetic triplet as well as
the correct data collection. In the current literature, several articles related to the kinetic
study of different vegetable oils can be found. Due to the similarity in the number and
position of epoxide groups, the studies carried out on soybean oil are noteworthy [43-
46]. Regarding epoxidized linseed oil, studies with the use of photocrosslinkers have
been carried out for the use of ELO as a coating for wood [47]. Kinetic studies have been
done which carried out by means of crosslinking with acid hardeners, supporting the use

of isoconversional methods for the determination of the kinetic parameters [48]. In this
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study, catalysts and accelerators are not employed restricting the extrapolation of the
results to industrial scale, where these elements are key in process acceleration and
scale-up. In another example, Lascano et al. in a previous study, determined the
accuracy of different isoconversional methods by comparing different methods, but in
this case, applied to a resin based on diglycidyl ether of bisphenol A (DGEBA) cross-
linked with amine hardener [24]. On the other hand, in a study by Mahendran et al.
different isoconversional methods such as Friedman (FR), KAS and Vyazovkin (VA)
were studied on an ELO resin cross-linked with ahnidrides [49], but in contrast to the
present article, the study of the possible autocatalytic contribution in the cross-linking
process, using the Sestak-Berggren methodology, has not been carried out. In view of
the above-mentioned aspects, the present article performs a thorough comparison of the
different isoconversional methods in order to determine their adequacy for an ELO-based
epoxy resin crosslinked with anhydrides. In addition, the possible autocatalytic
contribution in the crosslinking process is studied, as well as the possible influence of
the location of the different epoxy groups in the determination of these parameters.

[11.2.2.3. Results and Discussion

Dynamic differential scanning calorimetry was employed to analyze the curing
kinetics of the epoxy resin based on epoxidized linseed oil. Samples were subjected to
a single step heating cycle, obtaining the total enthalpy released (AHy) during the
crosslinking process. Figure [11.2.2.1 shows the DSC plot representation of the curing
process of epoxy resin based on epoxidized linseed oil at different heating rates (10, 20,
30 and 40 °C/min). The temperature for the maximum curing rate or peak temperature

(Tp), was determined analyzing the peak during the heating cycle
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Figure 111.2.2.1. Differential scanning calorimetry (DSC) thermal curves of epoxidized
linseed oil (ELO)-methyl nadic anhydride (MNA) system at various heating rates, showing
the exothermicity of the crosslinking process.

DSC results are summarized in table 111.2.2.2. A clear increasing tendency can
be observed for the temperature peak for the maximum curing rate (T,). This changes
from 192.8 °C using a heating rate () of 10 °C/min, and exceeds 223 °C for the highest
heating rate in this study (40 °C/min). The acceleration of the crosslinking reaction,
increasing S, gives rise to a three-dimensional crosslinked net structure which is
responsible for reducing chain mobility and, subsequently, hindering the free diffusion,
this having an effect on both temperature for the maximum rate (T,) and the total
released enthalpy (AHy), as some authors as Carbonell-Verdu, et al. [50] and Rocks, et
al. [51]. On the other hand, the glass transition temperature (Ty) can vary depending on
the heating rate and the post-curing process. Using a dynamic-mechanical thermal
analysis (DMTA), Samper, et al. [52] demonstrated a glass transition temperature (Tg) of
the cured ELO-MNA system without post-curing process close to 127 °C, with a heating
rate of 5 °C/min. Therefore, knowing that higher heating rates can cause an increase
in Tg, it is expected that these values are higher than the 127 °C obtained in the study by
Samper et al., and lower than the 148 °C obtained when a post-cure of 2 h at 160 °C is

applied.
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Table 111.2.2.2. Main data obtained from dynamic DSC runs of ELO/MNA epoxy system
at different heating rates.

B (°C-min Curing Cycle
Tp (°C) AHr (J-97)
10 192.80 140.72
20 206.70 146.07
30 216.17 198.51
40 223.32 215.77

Figure I11.2.2.2a shows the plot representation of conversion () versus absolute
temperature (T). Itis important to remark that as the heating rate increased, the sigmoidal
curves are displaced to higher temperature. As the geometric shape and the distance
between curves are almost the same, it is possible to suggest that the heating rate (B)
does not affect the reaction model f(a) even though the crosslinking process of an
epoxy resin is not a simple process. Figure 111.2.2.2b shows the plot representation of the

curing rate (Z—:) as a function of the conversion (). Once again, it can be seen how

increasing the heating rate (B) from 10 to 40 °C/min, the shape of the curve remains
almost invariable, thus suggesting the same reaction model f(a) for the entire range
studied. It is worthy to note that the curing or crosslinking process of an epoxy resin is
not a typical single-step reaction. It consists of several overlapped processes related with
the studies initiated by authors such as Fischer and Tanaka and Kakiuchi in the 1960s
[53-55]. Multiple reactions occur at the same time, related with the presence of a proton
donor, which can start the reaction with the epoxy groups, and the anhydride-based
hardener [56]. Nevertheless, the overall process, as shown in figure 111.2.2.1, can be
assimilated to a single-step process for the sake of simplicity and comparison with kinetic
parameters of other petroleum-derived epoxy resins and assess the effect of the oxirane

location on the curing kinetics.
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Figure 111.2.2.2. (a) the extent of conversion (a) and (b) the curing rate of an ELO/MNA
epoxy system at different heating rates of ELO/MNA epoxy system.

Within the goal to determinate the kinetic triplet (Ea, f(a) and A), the apparent
activation energy is one of the most important parameters. Kissinger method is one of
the simplest methods Equation (111.2.2.5), since it can be used independently of the
transformation process, in this case, a curing process. Despite this, this method assumes
a single-step process and, as above-mentioned, the crosslinking process of an epoxy
resin is a multi-step process, as such the Kissinger method gives an initial approximation
of the kinetic parameters. As above-mentioned, the accuracy of these methods depends
on the type of reaction that is taking place, being the accuracy enhanced if the reaction
occurs in a single step for the different heating rates (8). For this reason, the conversion
at the maximum reaction rate ap, must be very similar, independently of the heating rate
(B) used. In the previous figure 111.2.2.2b ¢ is shown in the highest point of the plot
representation. These values are giving as average value of ap, 0.5733 + 0.02 with
values very similar to the different heating rates used and values reported by literature
[24,57).

Using the Kissinger method, figure 111.2.2.3a represents the linear fitting, whose
slope correspond to the E.. In this case the value obtained is 70.07 = 0.066 kJ/mol, which
is a typical value consistent with the literature data of epoxy resin (E. = 70 kJ/mol) [57].
As above-mentioned, one of the main drawbacks of the Kissinger method is the analysis
of one-step reaction model using only one point equivalent to maximum reaction
temperature [58]. For this reason, following the approach suggested by Farjas, et al. [32],
the variation of In Atrwhm versus 1/(T,) has been plotted in figure 111.2.2.3b. In the case to
obtain values of E. very similar to Kissinger method it would indicate that the reaction is

indeed carried out in one-step. The slope obtained after linear fitting is 69.12 + 0.039
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kJ/mol being practically the same, which corroborates the correct approximation done

with the use of Kissinger method.
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Figure 111.2.2.3. Experimental plot corresponding to (a) the Kissinger method and (b)
Atrwhm against 1/(T,) of an ELO/MNA epoxy system at different heating rates.

Notwithstanding the ease of application of the Kissinger method, it does not fail
to give a single value for Ea. Thus, to evaluate possible change of E, with the conversion,
the use of isoconversional methods (both differential and integral methods) is needed.
Results obtained by Friedman, FWO, KAS and Starink methods are gathered in table

[11.2.2.3. In The first approach done by Friedman method (differential method), the

apparent energy is determined from the slope of the plot In (Z—?) vs T for various degree

of conversion. Taking into account the use of a linear heating rate (8 = dT/dt) and solving
the resulting integration, the temperature integral does not provide an exact analytical
solution. For this reason, the value of E, obtained (66.83 £ 2.7 kJ/mol) it is considered to
be less accurate than other isoconversional methods differing in their approximations.
For example, FWO method, by Doyle’s approximation [37,59] and KAS method through
the approximation done by Murray and White leads accurate approximation [60,61].
Finally, the Starink method uses a more accurate approximation of the temperature
integral (figure 111.2.2.4) and, consequently, E; obtained is 68.57 + 4.38 kJ/mol
with r values of -0.992. For all the aforementioned methods, E. ranges from 66 to 69
kJ/mol, which is in total accordance with most epoxy systems reported by the literature
and showing how the use of epoxidized linseed oil as biobased epoxy resin does not
affect the conversion (&) of the curing process and a single-step analysis is a valid

approximation.
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Figure 111.2.2.4. Plot corresponding to Starink method during all the extent of conversion
of an ELO/MNA epoxy system at different heating rates.

Table 111.2.2.3. Apparent activation energy values obtained by isoconversional methods
of an ELO/MNA epoxy system at different heating rates

Isoconversional Method Apparent Activation Energy,

Ea (kJ/mol)

Friedman 66.83 + 2.70
Flynn—-Wall-Ozawa (FWO) 66.27 £ 3.56
Kissinger—Akahira—Sunose (KAS) 66.22 £ 2.62
Starink 68.57 £ 4.38

The wide evaluation range (o = 0.05 — o = 0.95) of E,, provides a high accuracy,
although this is only the first approach, since the accuracy of the kinetic analysis depends
on other parameters of the kinetic triplet, such as reaction model f(a) and pre-
exponential factor, A. As summarized in Equations (l11.2.2.12) and (111.2.2.13), Malek
proposed a method to determine these two parameters by calculating the functions y(a)

and z(a) by graphical methods related to the thermally activated process [62]. Figure
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[11.2.2.5 shows the plot of y(a) versus the conversion f(«) at different heating rates. The
maximum value of y(a), denoted as am, has been highlighted in the graphic
representation. In this case, regardless of the analyzed heating rate, all values obtained
are higher than 0 (values listed in table 111.2.2.4). Due to the values obtained between
0.04 and 0.1 and the geometry of the curves, an autocatalytic reaction model with a high
proportion of the autocatalytic process is suggested [63,64]. To fulfil this premise, one of
the conditions is that value of am is between 0 and «, (condition clearly fulfilled) and that

the maximum of the z(a) function obtained at different heating rates, denoted as a,,’ is

higher than ay. Figure 111.2.2.6 shows z(a) plot of experimental data as a function of the
degree of conversion by Equation (111.2.2.13), and values of a;’ are summarized in table

.2.2.4.
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Figure 111.2.2.5. y(a) plot of experimental data as a function of the extent of conversion of
an ELO/MNA epoxy system at different heating rates.
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Figure 111.2.2.6. z(a) plot of experimental data as a function of the extent of conversion of
an ELO/MNA epoxy system at different heating rates.

Table 111.2.2.4. Maximum values obtained from d(a)/dT, y(«) and z(a) function of an
ELO/MNA epoxy system at different heating rates.

B (°C/min) a, ay ay
10 0.595 0.1038 0.6284
20 0.588 0.0284 0.6193
30 0.569 0.0151 0.5997
40 0.541 0.0401 0.5903

Once again, regardless of the heating rate used, au < a,ﬁ"’; therefore, the second
condition is accomplished to determine that the kinetic process is autocatalytic.
Analyzing the evolution of am as a function of the heating rate, it is possible to observe a
decreasing relationship, with higher values of am (0.1038) for a lower heating rate (10
°C/min), indicating that the autocatalytic effect is greater at lower heating rates. This
statement agrees with what was found by Lascano, et al. [24] in previous studies, where
it is stated that the autocatalytic effect is more intense with higher av values.

Furthermore, as can be seen in figure 111.2.2.6, the experimental comparison of z(a) with
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some generalized master plots [65], shows, according to the particular geometry, a

consistent model with a large contribution of the autocatalytic effect.

Thereupon, it is possible to use an autocatalytic reaction model by determining
the parameters (n and m) characteristic of the Sestak—Berggren model (SB(m,n)) as
recommended by Malek in the case, accomplished in the actual ELO/MNA system cured
at different heating rates, which a,° # 0.632 and av € (0, o) [40]. This reaction model is
governed by Equation (I11.2.2.19), whennis thenth reaction order and the
exponent m represents the autocatalytic effect, indicating that the conversion rates are

directly related to the reacted (crosslinked) material

fl@=a™ - (1-a) (11.2.2.19)

Replacing the function in Equation (111.2.2.4), the following expression is obtained
Equation (111.2.2.20):

TR g (1= o) (111.2.2.20)

Some authors, like Criado, et al. [66] and Malek [40] describe linear iterations to
obtain the mentioned m and n parameters. While other authors like Krishnaswamy, et al.
[67] and El-Thaher, et al. [68] use non-linear curve fitting to obtain m and n parameters

and the pre-exponential factor, A by applying natural logarithms, Equation (l1.2.2.21):

In (,8 %) + RE:aT =mA)+m-n(a) +n-in(1 —a) (1n.2.2.21)

The values of In(A), n and m parameters obtained after non-linear curve fitting
are summarized in table 5. Average value of In(A) is 16.924 + 0.087, and m and n 0.107
+ 0.065 and 0.973 + 0.041, respectively, so determination of the kinetic triplet has been
carried out. Finally, in order to corroborate the fit of the theoretical model, figure
[11.2.2.7 shows the comparison between the values obtained using the proposed model
and the experimental data, represented by symbols. Due to the overlap concordance in
both representations, it is possible to state that the kinetic triplet obtained has a good

accuracy compared with the experimental data, regardless of the heating rate used.
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Figure 111.2.2.7. Theoretical and experimental comparison of the extent of conversion of
an ELO/MNA epoxy system at different heating rates.

Table I11.2.2.5. Calculated SB(m,n) parameters by nonlinear fit of a ELO/MNA epoxy
system at different heating rates.

B (°C/min) In(A) m n
10 17.015 £ 0.011 0.185 + 0.041 1.011 £ 0.007
20 16.939 + 0.018 0.127 + 0.006 0.916 £ 0.011
30 16.939 £ 0.019 0.0283 = 0.006 0.975 +0.013
40 16.805 + 0.019 0.089 + 0.006 0.993 £ 0.013
Average Value 16.924 + 0.087 0.107 £ 0.065 0.973 £0.041

[11.2.2.4. Conclusions

The curing kinetics of bio-based epoxy resin from epoxidized linseed oil has been
broadly analyzed using dynamic DSC at four different heating rates (10, 20, 30 and 40
°C/min). The apparent activation energy (E.), one of the main kinetic parameters, was
determined using differential and integral isoconversional models, giving results with low

dispersion [66-69 kJ/mol] and independently of the conversion rate «a.

The analysis of the highest point in the graphical representation of

parameters y(a) and z(a) versus conversion, a, allowed obtaining the parameters
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denoted aw and «a;’, which fulfill two conditions (1: aw is between 0 and g and
2: aw < ay’). The higher value of av (0.1038), indicates that the autocatalytic effect is
greater at low heating rates (10 °C/min). The reaction model, f(a) and the pre-
exponential factor, A, were obtained through the Sestak-Berggren parameters
(SB(m,n)). Theoretical curves plotted applying the values of kinetic triplet obtained show
a great concordance with the experimental data, confirming the accuracy of the
parameters obtained for an epoxy resin based on ELO. This widens the use of flax crops
as linseed oil can be converted into a biobased epoxy resin with similar
curing/crosslinking parameters to those of petroleum-derived epoxy resins.
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Abstract: This research deals with the influence of different curing and post-curing temperatures on
the mechanical and thermomechanical properties as well as the gel time of an epoxy resin prepared
by the reaction of diglycidyl ether of bisphenol A (DGEBA) with an amine hardener and a reactive
diluent derived from plants at 31 wt %. The highest performance was obtained for the resins cured at
moderate-to-high temperatures, that is, 80 °C and 90 °C, which additionally showed a significant
reduction in the gel time. This effect was ascribed to the formation of a stronger polymer network by an
extended cross-linking process of the polymer chains during the resin manufacturing. Furthermore,
post-curing at either 125 °C or 150 °C yielded thermosets with higher mechanical strength and,
more interestingly, improved toughness, particularly for the samples previously cured at moderate
temperatures. In particular, the partially bio-based epoxy resin cured at 80 °C and post-cured at
150 °C for 1 h and 30 min, respectively, showed the most balanced performance due to the formation
of a more homogeneous cross-linked structure.

Keywords: bio-based thermosets; post-curing; gel time; mechanical properties

1. Introduction

Since their early introduction in the 1930s, epoxy resins have been the most used thermosetting
polymers available. Epoxy resins show a great range of inherent properties, resulting from their highly
reactive epoxy groups located in the terminal chains [1,2]. The resultant outstanding properties make
these thermosets suitable for high-performance applications, for instance in aircraft and automotive
industries [3,4]. Currently, epoxy systems based on diglycidyl ether of bisphenol A (DGEBA) are
widely used in the plastic industry since they present remarkable structural properties including
low shrinkage, coating properties, and high chemical resistance [5,6]. Despite this, thermosetting
polymer materials are typically known by their intrinsic brittleness due to the high cross-linking
density formed during curing [7,8]. Thus, the final properties of a structural epoxy system are not only
highly influenced by the type and chemical structure of the monomers and the curing agent, which is
the cross-linking precursor, but also by the curing conditions and external factors, such as the curing
temperature, pressure, and so forth [9,10].

A potential advantage of epoxy systems is their capability to tailor their final properties on the
basis of the selection of the processing conditions and parameters. In this context, choosing the type

Pofymers 2019, 11, 1354; doi:10.3390/polym11081354 www.mdpi.com/journal/polymers
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Optimization of the curing and post-curing conditions
for the manufacturing of partially bio-based epoxy resins
with improved toughness

Abstract

This research deals with the influence of different curing and post-curing
temperatures on the mechanical and thermomechanical properties as well as the gel
time of an epoxy resin prepared by the reaction of diglycidyl ether of bisphenol A
(DGEBA) with an amine hardener and a reactive diluent derived from plants at 31 wt %.
The highest performance was obtained for the resins cured at moderate-to-high
temperatures, that is, 80 °C and 90 °C, which additionally showed a significant reduction
in the gel time. This effect was ascribed to the formation of a stronger polymer network
by an extended cross-linking process of the polymer chains during the resin
manufacturing. Furthermore, post-curing at either 125 °C or 150 °C yielded thermosets
with higher mechanical strength and, more interestingly, improved toughness,
particularly for the samples previously cured at moderate temperatures. In particular, the
partially bio-based epoxy resin cured at 80 °C and post-cured at 150 °C for 1 h and 30
min, respectively, showed the most balanced performance due to the formation of a more

homogeneous cross-linked structure.

Keywords: bio-based thermosets; post-curing; gel time; mechanical properties
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[11.2.3.1. Introduction

Since their early introduction in the 1930s, epoxy resins have been the most used
thermosetting polymers available. Epoxy resins show a great range of inherent
properties, resulting from their highly reactive epoxy groups located in the terminal chains
[1,2]. The resultant outstanding properties make these thermosets suitable for high-
performance applications, for instance in aircraft and automotive industries [3,4].
Currently, epoxy systems based on diglycidyl ether of bisphenol A (DGEBA) are widely
used in the plastic industry since they present remarkable structural properties including
low shrinkage, coating properties, and high chemical resistance [5,6]. Despite this,
thermosetting polymer materials are typically known by their intrinsic brittleness due to
the high cross-linking density formed during curing [7,8]. Thus, the final properties of a
structural epoxy system are not only highly influenced by the type and chemical structure
of the monomers and the curing agent, which is the cross-linking precursor, but also by
the curing conditions and external factors, such as the curing temperature, pressure, and
so forth [9,10].

A potential advantage of epoxy systems is their capability to tailor their final
properties on the basis of the selection of the processing conditions and parameters. In
this context, choosing the type of cross-linking agent is one of the most effective
methods. Different amine hardeners, anhydride hardeners, and acid hardeners have
been tested to develop epoxy-type thermosetting polymers [11-14]. Among them, amine
hardeners are the most employed as they can provide cross-linking at relatively low
temperatures [15,16]. The stoichiometric ratio between the epoxy resin components and
the hardener should be carefully chosen. Any variation on this ratio may cause an excess
or lack of either epoxide or amine groups, modifying, in a direct way, the epoxy system
properties [17]. This effect is particularly relevant for the glass transition temperature (Tg)
of the resultant epoxy resins [18,19]. In this regard, many research studies have found
that the optimal properties are achieved at the stoichiometric point [17,20]. Another
strategy to modify their properties is based on the addition of some diluents or
“flexibilizers” [21,22]. Besides changing viscosity and toughness, these additives are also
added for manufacturing purposes, since epoxy resins may present an excessively short
pot-life that can lead to an earlier gelation process, making the systems difficult to handle
[23].

In recent years, a wide range of several renewable building blocks and green
composites [24] have been pursued in the polymer industry, with the aim to reduce the

dependence on petrochemical feedstocks. Industry can take advantage of the long
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chains of vegetable oils, which are made of three fatty acids, that is, triglycerides
structures linked to a glycerol base molecule [25]. Vegetable oils present interesting
features due to their carbon-carbon double bonds and the high reactivity provided by the
multiple functional groups [26]. The addition of vegetable oils to conventional resins can
successfully reduce the fossil content of synthetic resins and thus, partially decouple
them to petroleum. Then, several research works have been recently devoted to
exploring substitutes obtained from renewable resources to produce epoxy systems. For
instance, Jaillet, et al. [27] successfully synthesized a polyacid hardener from soybean
of higher reactivation, which could potentially replace amine hardeners. In another study,
Stemmelen, et al. [28] synthesized aminated fatty acid (AFA) hardeners for curing
epoxidized linseed oil (ELO), observing a beneficial effect on the thermochemical
properties due to the improved oxidation profile of the epoxy resin.

The improvement of the final properties of a given epoxy system can also be
obtained by optimizing the curing process [29]. In particular, the application of low
temperatures during curing can yield a thermosetting resin with a low T4, since some
reactive groups, either from the epoxy resins or hardeners, do not react completely [30].
Thereafter, post-curing is habitually needed in order to maximize the final T4 value [31].
Post-curing is habitually set at a higher temperature than that applied during curing in
order to reach the optimal state of cross-linking of the thermoset [32,33]. This process
results in a resin with improved mechanical properties that, in combination to the low
shrinkage attained, offers the highest stability. Furthermore, it can also provide greater
resistance in coating surfaces and higher adhesion strength, making the resultant resins
suitable for several industrial applications such as paints, adhesives, high-performance

membranes, and so on [34-36].

The objective of this work is to study and optimize the temperature applied during
curing and post-curing of a partially bio-based epoxy resin. The newly produced
thermoset was evaluated in terms of its mechanical, morphological, rheological, and

thermomechanical properties.

[11.2.3.2. Experimental

Materials

The commercial partially bio-based epoxy system was composed of an epoxy
resin and an amine-based type hardener supplied as Resoltech® 1070 ECO and
Resoltech® 1074 ECO, respectively, by Castro Composites (Pontevedra, Spain). The

epoxy resin is particularly made of a mixture of petroleum-derived DGEBA and a plant-
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based reactive diluent from vegetable oil epoxidation. As indicated by the supplier, the
bio-based content of the cured resin is 31 wt %, as determined by ASTM D6866-12. The
chemical structure of the main reactive components of the epoxy resin and the cross-

linking/hardening system are shown in figure 111.2.3.1.
Main components of the petroleum derived epoxy resin:

Reaction product from bisphenol A and epichlorohydrin (Av. Mw < 700 Da)

7y O

l o \O
y |

Glycerol triglycidyl ether Methyl toluene-4-sulfonate

Plant-based reactive diluent from vegetable oil epoxidation:

Q O
MM/MO Epoxidized vegetable oil

Main components of the cross-linking/hardening system:

O
‘P\/ "
O. n
H,N n
NH.»
H,N
Oﬁ/)f 5 i 12
n

Reaction product from propoxylated 3-aminomethyl-3,5,5-trimethylcyclohexylamine
propylidynetrimethanol and ammonia

NH,

Benzyl alcohol 1,3-bis(aminomethyl)cyclohexane

NH,

Figure 111.2.3.1. Main reactive components of the partially bio-based epoxy system.
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Resin Manufacturing

The bio-based epoxy resin and the hardener were added under the stoichiometric
ratio 100:35 (wt/wt) in a glass vessel, following the manufacturer recommendations. To
this end, the bio-based epoxy resin and the curing agent were thoroughly mixed manually
for 5 min and then casted into a silicon mold. The resultant mixture has a density of 1.22
g-cm= and viscosity of 700 mPa-s and also, according to the manufacturer, its T4 can
reach values of up to 73 °C. Further details about the uncured mixture can be found in
our previous research [37]. All samples were cured for 1 h and subsequently post-cured
for 30 min. The different curing and post-curing temperatures are summarized in table
11.2.3.1.

Table 111.2.3.1. Composition and labelling of the partially bio-based epoxy resins
according to the selected curing and post-curing temperatures. The standard curing (SC)
and the post-curing (PC) treatments were applied for 1 h and 30 min, respectively.

Resin Teuring (OC) Thost-curing (OC)

SCro -
SC7PCi2s 70 125
SC7PCiso 150

SCso -
SCgoPCi2s 80 125
SCgoPCis0 150

SCoo -
SCo0PCi2s 90 125
SCooPCiso 150

Mechanical Tests

Flexural tests were performed according to ISO 178 on rectangular pieces with
dimensions of 4 x 10 x 80 mm? in a mechanical universal testing machine ELIB 50 from
S.A.E. Ibertest (Madrid, Spain) with a 5 kN load cell. The cross-head speed was set at
10 mm-mint. The impact strength was determined by the Charpy test, following the
recommendations of ISO 179, in a Charpy pendulum from Metrotec (San Sebastian,
Spain) using a 1-J pendulum. Hardness was obtained following ISO 868 in a durometer
676-D from J. Bot Instruments (Barcelona, Spain). Tests were carried out at room

temperature using, at least, six specimens of each sample.
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Microscopy

The morphology of the fracture surfaces of the bio-based epoxy resins obtained
from the impact tests was analyzed by using field-emission scanning electron
microscopy (FESEM) in a ZEISS ULTRA 55 FESEM microscope from Oxford
Instruments (Abingdon, UK). An acceleration voltage of 2 kV was used. All samples’
surfaces were previously coated with an ultrathin gold-palladium layer in a high-vacuum

sputter coater EM MED20 from Leica Microsystem (Milton Keynes, UK).

Thermomechanical and Rheological Tests

The thermomechanical properties of the bio-based epoxy resins were evaluated
by dynamic mechanical thermal analysis (DMTA) in an oscillatory rheometer AR-G2 from
TA Instruments (New Castle, DE, USA). Tests were carried out in torsion—shear
conditions, with a special clamp system made for solid samples. The samples, sizing 4
X 10 x 40 mm3, were subjected to a heating program from 30 °C to 140 °C at a heating
rate of 2 °C-mint. The curing behavior was studied by means of a system of parallel
plates of 25 mm diameter made for liquid samples, with a constant gap of 0.2 mm. These
samples were extended over the preheated plates and subjected to an isothermal
heating program at 70°C, 80°C,and 90°C for 1 h. In both cases, a maximum
deformation (y) of 0.1 % and a constant frequency of 1 Hz were set. The gel time was
obtained from the crossover point between the storage modulus (G’) and the loss

modulus (G"), in G' = G" conditions, according to Equation (111.2.3.1):

(11.2.3.1)

Il
a
ol

gel

where tge is the gel time, C is a constant, and k is the reaction rate constant that

can be parameterized through the Arrhenius expression, shown in Equation (111.2.3.2):

k=Ae RS (I11.2.3.2)

where A is the frequency factor, E, is the apparent activation energy, R refers to
the universal gas constant, and T is the absolute temperature. By substituting Equation
(I11.2.3.2) in Equation (111.2.3.1), the following Equation (I11.2.3.3) was obtained:
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1
tger = C,_Ea (11.2.3.3)

Then, Equation (111.2.3.4) resulted by taking natural logarithms on both sides of
Equation (111.2.3.3):

E
n(tge)) = € + 25 (111.2.3.4)

Finally, by plotting In(t ;) versus% the value of E, was calculated through the

slope of the linear fitting.

[11.2.3.3. Results and Discussion

Mechanical Properties of Partially Bio-Based Epoxy Resins

The flexural properties of the partially bio-based epoxy resins after curing and
post-curing are gathered in table 111.2.3.2. The value of the flexural modulus (Es) of the
bio-based epoxy resin cured at 70 °C was 977 + 127 MPa, whereas its flexural strength
(o) was 77.4 + 13.4 MPa, thus both values were relatively high. One can observe that
the curing temperature increase led to an increase of the flexural strength properties of
the thermosetting system. In particular, E; increased to values of 1260 + 192 MPa and
2403 + 210 MPa when the samples were cured at 80 °C and 90 °C, respectively,
representing an increase of 191 % and 245 % when compared with the specimen cured
at 70 °C. This effect can be ascribed to the fact that the application of high curing
temperatures promotes cross-linking of the thermosetting resin and then yields a
stronger polymer network, in which the density of the cross-linked chains increases, and
the chain mobility is reduced [38]. In relation to post-curing, all the samples showed a
further mechanical strength improvement by the application of the thermal post-
treatment at both 125 °C and 150 °C. However, one notices that the highest improvement
in the flexural properties was attained by subjecting the samples to, first, a curing at
80°C and, subsequently, a post-curing at 150°C. This bio-based epoxy resin
reached Er and of values of 3237 + 377 MPa and 123.9 + 7.6 MPa, respectively, which
represents an increase of approximately 231 % and 60.1 % compared with the specimen
cured at 70 °C without any thermal post-treatment. Unexpectedly, the partially bio-based
epoxy resins cured at 90 °C and then post-cured at either 125 °C or 150 °C showed lower

mechanical values than those obtained for the samples previously cured at 80 °C and
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subjected to the same post-curing conditions. The decrease observed in the mechanical
resistance for the sample cured at the highest temperature can be ascribed to an
excessive increase of the cross-linking degree that potentially yields a polymer structure
with a heterogeneous load distribution and also a wide distribution of gaps between the
cross-linked regions. In this regard, Gupta, et al. [31] and also Bueche [39] reported that,
although the mechanical performance of epoxy-type thermosetting resins habitually
tends to increase with the cross-linking degree, excessively cross-linked structures can
also promote a decrease of the average number of cross-linking points. Therefore, the
use of excessive high temperatures can potentially restrict the formation of
homogeneously cross-linked structures by limiting the molecular diffusion during the
resin manufacturing. The resultant phenomenon increases the chance that polymer
chains achieve a tension large enough to break, thus reaching a final value of stress at
break below the one initially expected to occur.

Table 111.2.3.2. Flexural modulus (Es), and flexural strength (or), Shore D hardness, and
impact strength of the partially bio-based epoxy resins subjected to standard curing (SC)
and post-curing (PC) treatments.

Flexural test

Resin Shore D Impact strength
E: (MPa) o; (MPa) hardness (kd'm?)
SCo 977 £ 127 77.4+13.4 77.4+£29 11.9+21
SC70PCi2s 1766 + 391 89.2+13.1 81.3+12 12.2+1.9
SC7PCiso 1854 + 256 93.2+22.2 80.0+1.2 12.8+1.3
SCeo 1260 + 192 81.1+15.9 822+1.38 11.5+1.6
SCs0PCi2s 2379 £ 185 114.4 + 22.0 85.3+1.0 13.3+1.7
SCsoPCiso 3237 + 377 1239+ 7.6 85.3+0.5 16.8+ 2.5
SCoo 2403 £ 210 105.6 + 10.3 85.0+1.5 12.0+0.9
SCgyPCi2s 2520 + 298 110.6 + 6.3 84.3+0.6 159+ 3.7
SCooPCiso 2207 + 164 101.1+12.3 83.4+17 12.4+1.2

The hardness at the Shore D scale and the impact-absorbed energy values,
obtained by the Charpy test, are also gathered in table 111.2.2.2. In relation to hardness,
the values followed the same tendency as observed above for E; and of since this
property is related to the mechanical resistance properties. Similarly, the Shore D
hardness value increased from 77.4 + 2.9, for the partially bio-based epoxy resin cured
at 70 °C without any thermal post-treatment, up to 85.3 £ 0.5, for the specimens cured
at 80 °C and post-cured at 125 °C or 150 °C. In the case of the impact strength, it can be

observed that all the partially bio-based epoxy resins showed no dependency on the
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curing temperature, that is, the samples absorbed nearly the same quantity of energy, of
about 12 kJ-m2, after being cured at 70 °C, 80 °C, and 90 °C. Interestingly, the partially
bio-based epoxy resins developed improved toughness when subjected to the different
post-curing treatments. Thus, the samples cured at 70°C, 80°C, and 90°C and
thereafter post-cured at 125 °C showed values of 12.2 + 1.9 kJ-m?2, 13.3 + 1.7 kJ-m?,
and 15.9 + 3.7 kJ-m2, respectively. The maximum energy absorption was also observed
for the resin cured at 80 °C and post-cured at 150 °C, which showed an impact-strength
value 16.8 + 2.5 kJ-m2. Although fracture resistance tends to decrease when the cross-
linking density increases [40], this property can be additionally dependent on other
structural parameters. For instance, Min, et al. [41] reported that toughness is also
affected by the free volume, chain flexibility, and degree of the intermolecular packing of
the thermoset. Therefore, it can increase at temperatures below T4. This effect is
explained by the fact that the conformation configuration of the individual bonds is
modified and, thus, the resultant free volume varies due to the rotation of the benzene
rings in the epoxy resin.

Morphology and Density of Partially Bio-Based Epoxy
Resins

The FESEM images of the surface fractures from the impact tests are shown
in figure 111.2.3.2. Left and right images gather the FESEM micrographs taken at high and
low magnification, respectively. The images corresponding to the specimen cured at
80 °C without being post-cured are presented in figure 111.2.3.2a,b. As it can be seen, the
surface fractures were uniform, showing many crack growths. The surfaces are typical
of a brittle fracture caused by the absence of plastic deformation [42], which is in
accordance to the mechanical properties reported above. One can observe a
morphological change in the fracture surface of the partially bio-based epoxy resin that
was subjected to post-curing at 125°C, shown infigure 111.2.3.2c,d. These images
revealed the existence of a ductile fracture, presenting some rough and tearing zones.
A similar morphology can be observed in the sample post-cured at 150 °C, included
in figure 111.2.3.2e,f. Alternatively, one can observe in figure 111.2.3.2g,h that the surface
fracture corresponding to the sample subjected to curing and post-curing at 70 °C and
125 °C, respectively, was relatively smooth and uniform. This surface is typical of a brittle
fracture, and it was relatively similar to that observed for the sample cured at
80 °C without any post-curing treatment. In this regard, Min, et al. [41] indicated that
epoxy systems can unexpectedly present a more ductile fracture behavior at higher
curing temperatures. This observation is in agreement with the above-reported

mechanical properties, since both samples showed similar values of impact strength. A
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rougher surface can be observed in figure 111.2.2.2i,j, which correspond to the partially
bio-based epoxy resin subjected to curing at 90 °C and post-curing at 125°C. The
morphology attained indicates that the fracture surface was relatively ductile, as
supported by the mechanical analysis, due to the fact that both the use of high curing
temperatures and the application of a post-curing treatment leads to an increase in

mechanical ductility.
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Figure 111.2.3.2. Field-emission scanning electron microscopy (FESEM) corresponding to
the fracture surfaces from impact tests of the partially bio-based epoxy resins subjected
to standard curing (SC) and post-curing (PC) treatments: (a,b) SCso; (c,d) SCgoPCuizs;
(e,f) SCsoPCuso; (g,h) SC70PCuzs; (i,j) SCooPC12s. Images were taken at x500 (left column)
and x100 (right column), with scales of 10 um and 100 um, respectively.

The densities of the partially bio-based epoxy resins after the different curing and
post-curing processes were also evaluated in order to ascertain the effect of the thermal
treatments on the resin free volume. The values of density are summarized in table
[11.2.3.3. One notices that the density values of the samples significantly increased from
1.15 + 0.02 g-cm3, for a curing temperature of 70 °C, to 1.60 + 0.26 g-cm™, for 80 °C.
This effect is in accordance with the literature, where it is proposed that by increasing
the curing temperature, the cross-linking density increases, thus obtaining stiffer
materials [38]. However, the sample cured at 90 °C showed a density of only 1.19 + 0.01
g-cm3, which can be ascribed to the formation of the aforementioned excessive cross-
linked structure with a higher free volume. In this regard, Gupta and Brahatheeswaran
[43] proposed that, although increasing the curing temperature generally yields cross-
linking density increases, an opposite effect can be attained at excessive high
temperatures, in which high degrees of cross-linking results in an increase in the resin
free volume due to the formation of an heterogeneously cross-linked structure.
Therefore, as described above, the use of excessive high temperatures can not only
increase the curing speed but also limits the molecular diffusion process during the resin
formation, resulting in cross-linked structures with lower mechanical performance and
also lower densities [39]. Moreover, one can observe that the post-curing treatment also
induced a noticeable effect on the density of all the partially bio-based thermosetting
resins. It can be observed that, in all cases, the specimens subjected to post-curing at
125°C showed an unexpected decrease of density, which are in agreement to the
increase of the sample free volume due to a low intermolecular packing of the thermoset.
Interestingly, a more extended cross-linking between the resin molecules and the
hardener molecules was attained in the specimens that were cured at 70 °C and 80 °C
and subsequently post-cured at 150 °C, since their density presented an increase of 21
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% and 9 %, respectively, compared with the samples thermally post-treated at 125 °C.
Otherwise, the samples cured at 90 °C and post-cured at 150 °C presented a lower
density value. Therefore, for samples cured at moderate temperatures, that is, 70 °C and
80 °C, the use of high temperatures during post-curing can result advantageous to obtain
thermosets with a cross-linked structure that is more homogenous. This observation
suggests that, on the basis of the toughness improvement reported above, in addition to
cross-linking, other phenomena affecting the intermolecular packing occurred in the
thermoset.

Table 111.2.3.3. Density of the partially bio-based epoxy resins subjected to standard
curing (SC) and post-curing (PC) treatments.

Resin Density (g.cm)

SCro 1.15+0.02
SC7PCi2s 1.11 £ 0.05
SC70PCiso 1.35+0.17

SCso 1.60 £ 0.26
SCg0PCizs 1.32 +£0.07
SCgoPCiso 1.45+0.19

SCoo 1.19+0.01
SCgoPCi25 1.07 £ 0.04
SCgoPCiso 0.97 £ 0.17

Rheological Properties of Partially Bio-Based Epoxy
Resins

The curing processes of the partially bio-based epoxy resin carried out at 70 °C,
80 °C, and 90 °C were studied by oscillatory rheometry, and the results are gathered
in figure 111.2.3.3. In the evolution of G’ with time, shown in figure 111.2.3.3a, low values
can be observed at the early stages of the curing process. However, as cross-linking
occurred, the Mw of the bio-based epoxy resin increased and, thus, the values of G’
increased, improving the material elastic behavior. Figure 111.2.3.3b shows the phase
angle (0) between the obtained deformation (y) and the applied stress (o). At the first
step of the curing process, the 6 value was close to 90°, which is characteristic of a liquid
behavior. The curing process was identified by the decrease of o with time, being
reduced to approximately 0°. Therefore, for an elastic solid material, this rheological

behavior confirms that the curing process fully ended.
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Figure 111.2.3.3. Evolution of (a) storage modulus (G') and (b) phase angle (&) with time
of the partially bio-based epoxy resins subjected to standard curing (SC) treatment,
obtained by rheometry.

The gel time is one of the most important parameters from a manufacturing point
of view since it delimits the change from the liquid to the solid state and it is noticed by
an increase in the mixture viscosity. The gel point of these polymer networks occurred in
a conversion around 0.7. This parameter can be estimated either when & is 45° or by the
crossover point between G' and G". Table 111.2.3.4 summarizes the gel time values at
different curing temperatures. As mentioned above, the cross-linking process ended
when the é value was 0°. One can observe that the gel time decreased from 1426.1 s,
at the curing temperature of 70 °C, to 445.2 s, when the curing temperature was set at
90 °C. Then, as expected, the gel time decreased markedly with the curing temperature
increase, since high temperatures can significantly speed up the cross-linking process.
This observation represents a valuable indicator of the cross-linking reaction course. In
particular, for a curing temperature of 70 °C, the curing time was 2250.3 s, whereas it
decreased significantly to 750.2 s when the curing temperature increased to 90 °C.
Alternatively, the maximum storage modulus (G'max) values were achieved when the
samples were completely cured. These values are also gathered in table 111.2.3.4, in
which one can observe that the highest value was attained for the sample cured at 80 °C,

which is in accordance with the mechanical properties reported above.
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Table 111.2.3.4. Gel time (tger), curing time (tcuring), and maximum storage modulus (G'max)
of the partially bio-based epoxy resins after the different curing temperatures.

Teuring (°C) tgel (S) teuring (S) G’max (GPa)
70 1426.1 £ 28.5 2250.3+56.1 1.042+0.02
80 760.6 +£15.2 1250.0+18.8 1.738 +0.03
90 4452 +89 750.2+18.7 1.311+0.03

Eawas obtained through the slope of the linear fitting of the plot

of ln(tgel) versus % shown in figure 111.2.3.4. It resulted in a value of 60.28 kJ-mol?,

having an excellent correlation coefficient (R?>= 0.999). This is in agreement with our
previous work dealing with the kinetic analysis of the curing process of DGEBA-based
epoxy resins using bio-based diluents, in which the E, values ranged between 50 kJ-mol
Land 70 kJ-mol? [37]. The Ea value of the here-prepared partially bio-based epoxy resin
is similar, for instance, to the values reported for conventional epoxy—amine systems,
that is, 58-59 kJ-mol* [44], but higher than those of epoxy-anhydride systems, that is,
46-48 kJ-mol* [45]. In this regard, Karger-Kocsis, et al. [46] indicated that E, increased
from 53 kJ-molt to 72 kJ-mol? by increasing the vegetable oil content in the epoxy

system.
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Figure 111.2.3.4. Determination of the apparent activation energy (Ea) of the partially bio-
based epoxy resins by the linear fitting of the gel time versus the inverse temperature,
according to Equation (111.2.3.4).
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Thermomechanical Properties of Partially Bio-Based

Epoxy Resins

Figure 111.2.3.5 shows the thermomechanical behavior of the bio-based epoxy
resins after the different curing and post-curing treatments. Table 111.2.3.5 summarizes
the values of G' at 40.Cand 110°C and also of T,y obtained from the DMTA
curves. Figure 111.2.3.5a—c depict the evolution of G" with temperature for the samples
that were subjected to curing at 70 °C, 80 °C, 90 °C and post-curing at 125 °C and 150
°C. At 40 °C, the values of G' were 1.029 + 0.021 GPa, 1.039 + 0.025 GPa, and 1.037 *
0.024 GPa for the resins cured at 70°C, 80°C,and 90 °C, respectively. As the
temperature increased, a sharp drop in the G' values of two orders of magnitude were
observed, indicating that the partially bio-based epoxy resins underwent glass transition.
At a higher temperature, that is, 110 °C, the samples showed similar G’ values, that is,
4.29 + 0.09 MPa, 4.99 + 0.15 MPa, and 4.68 £ 0.09 MPa, for each respective curing
temperature. It is also worthy to mention that higher G' values were attained with the
curing temperature increase. This result can be explained by the fact that the increase

in the cross-linking density results in a material’s stiffness [47].
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Figure 111.2.3.5. Thermomechanical behavior of the partially bio-based epoxy resins

subjected to standard curing (SC) and post-curing (PC) treatments: (a-c) storage
modulus (G"); (d-f) damping factor (fan o).

Table 111.2.3.5. Storage modulus (G') at 40°C and 110°C and glass transition
temperature (Tg) of the partially bio-based epoxy resins subjected to standard curing (SC)
and post-curing (PC) treatments.

Resin G’at 40°C (GPa) G’at 110 °C (MPa) Tg (°C)
SCro 1.029 + 0.021 4.29 + 0.09 62.5+1.25
SC70PC12s 1.203 £ 0.024 7.56 + 0.15 90.5+1.71
SCnPCis0  1.255+0.027 8.15+0.16 94.1+1.97
SCeo 1.039 £ 0.025 4.99 + 0.09 65.1+ 1.63
SCgPCi12s  1.132 +0.019 5.89+0.11 84.9+1.95
SCgPCis0  1.048 + 0.022 6.96 £ 0.17 93.4+1.87
SCoo 1.037 £ 0.024 4.68 = 0.09 70.4 £ 1.47
SCoPCi12s  1.230 = 0.025 7.57 £0.15 90.7 £ 2.35
SCgoPCiso 1.121 £ 0.02 7.47£0.14 95.3+3.01
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Furthermore, the effect of the post-curing treatment was noticeable, especially
for the partially bio-based epoxy resins that were thermally post-treated at 150 °C. These
samples showed a significant improvement in elasticity, reaching values of 1.255 + 0.027
GPa, 1.048 + 0.022 GPa, and 1.221 + 0.02 GPa at a temperature of 40 °C, and values
of 8.15 + 0.16 GPa, 6.96 £ 0.17 GPa, and 7.47 £ 0.14 GPa at 110 °C, for curing
temperatures of 70 °C, 80 °C, and 90 °C, respectively. Therefore, the partially bio-based
epoxy resin cured and post-cured at 70°C and 150 °C, respectively, showed the
highest G’ values. However, it is worth emphasizing that, despite the fact that the post-
curing treatment tended to increase G', the samples cured at 80 °C and 90 °C and then
subjected to post-curing at 150 °C presented lower G' values at 40 °C than those post-
cured at 125 °C. In particular, unexpected low G’ values were attained for the resins
cured at 80°C and then post-cured at either 125°C or 150 °C, even though they
presented a highly cross-linked structure. In this regard, Dyakonov, et al. [48] indicated
that elasticity in epoxy resins is not only related to an increase in the cross-linking density
but also to a phenomenon of resin vitrification. Therefore, it is proposed that resin
vitrification was successfully prevented for the samples cured at moderate temperatures
and then post-cured at high temperature, that is, 150 °C, due to a more efficient
molecular diffusion. This result supports the improved toughness of the partially bio-
based epoxy resin observed during the mechanical analysis, and it offers a new

technological advantage from a mechanical point of view.

The evolution of the damping factor (tan &) with temperature is shown in figure
[11.2.3.5d—f. The tan 6 peak relates to the Tq of the biopolymer. The resins cured at 70 °C,
80 °C, 90 °C presented T4 values of approximately 62.5 + 1.25°C, 65.1 £ 1.63°C, 70.4
*+ 1.47 °C, respectively. It is noteworthy that by increasing the curing temperature, the
cross-linking degree was extended, and it resulted in an increase of T4 [49]. The effect
of post-curing on the thermomechanical behavior of the samples was noticeable since it
favored the functional groups to react after the curing process. Higher temperatures
promoted the cross-linking process to continue and led to a further increase in the Ty
values. For instance, the partially bio-based epoxy resins that were subjected to curing
at 70 °C or 80 °C and subsequent post-curing at 125 °C had an increase of 28 % and
45 %, respectively, in the Tyvalues when compared with their counterpart resin without
post-curing. In particular, the latter samples reached values of 90.5 £ 1.71 °C and 84.9
*+ 1.95°C. In the case of the partially bio-based epoxy resins subjected to post-curing at
150 °C, the increase in Tg was even more significant. In particular, the values obtained
after post-curing at 150 °C were 94.1 + 1.97 °C, 93.4 + 1.87 °C, and 95.3 + 3.01 °C for
the samples previously cured at 70 °C, 80 °C, and 90 °C, respectively. Wu [50] suggested
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that Ty stabilization relates to a restriction of the mobility degree of the polymer chains.
Therefore, the Tgvalues attained correlate with the previous density measurements,
confirming the reduction of the sample free volume due to the successful extension of
the cross-linking process by the formation of a more homogeneous structure. In addition,
the partially bio-based epoxy resins subjected to post-curing at 125 °C presented lower
T4 values than those post-cured at 150 °C, even though the latter samples showed higher

toughness.

[11.2.3.4. Conclusions

The effect of the curing and post-curing conditions on epoxy resins prepared by
the reaction of DGEBA with amine hardener and a bio-based reactive diluent at 31 wt %
was analyzed by flexural tests, FESEM, and oscillatory rheometry at different isothermal
heating rates. It was observed that the partially bio-based thermosetting resins cured
and post-cured at higher temperatures tended to present higher mechanical and
thermomechanical performance due to the formation of a highly cross-linked structure of
lower free volume. However, interestingly, the samples cured at moderate temperatures
and then post-cured at high temperatures unexpectedly developed improved toughness
performance. In particular, it was observed that curing at 80 °C for 1 h and subsequent
post-curing at 150 °C for 30 min yielded the partially bio-based epoxy resin with the most
balanced mechanical and thermomechanical properties. This result was ascribed to the
formation of a more homogeneous cross-linked structure based on a strong polymer
network but with also improved chain mobility. Based on the above, it can be concluded
that the final properties of these epoxy resin systems can be effectively controlled by the
selection of the curing and post-curing temperatures. The application of the optimal
conditions can then yield partially bio-based epoxy resins with improved toughness that
represent an environmentally friendly solution for the thermosetting industry. Moreover,

they can be manufactured in a shorter production time since the gel time is also reduced.
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Featured Application: In the present work, green-composites have been developed from a
partially biobased epoxy resin reinforced with flaxseed flour wastes. The attractive aesthetic
appearance, similar to wood, and the balanced overall properties of the obtained composites may
be interesting for use in sectors such as decoration, furniture or automotive industry.

Abstract: In the present work, green-composites from a partially biobased epoxy resin (BioEP)
reinforced with lignocellulosic particles, obtained from flax industry by-products or wastes, have been
manufactured by casting. In this study, the flaxseed has been crushed by two different mechanical
milling processes to achieve different particle sizes, namely coarse size (CFF), and fine size (FFF)
particle flaxseed flour, with a particle size ranging between 100-220 pm and 40-140 pm respectively.
Subsequently, different loadings of each particle size (10, 20, 30, and 40 wt%) were mixed with
the BioEP resin and poured into a mold and subjected to a curing cycle to obtain solid samples
for mechanical, thermal, water absorption, and morphological characterization. The main aim of
this research was to study the effect of the particle size and its content on the overall properties
of composites with BioEP. The results show that the best mechanical properties were obtained for
composites with a low reinforcement content (10 wt%) and with the finest particle size (FFF) due to a
better dispersion into the matrix, and a better polymer-particle interaction too. This also resulted in a
lower water absorption capacity due to the presence of fewer voids in the developed composites.
Therefore, this study shows the feasibility of using flax wastes from the seeds as a filler in highly
environmentally friendly composites with a wood-like appearance with potential use in furniture or
automotive sectors.

Keywords: Flax seed; biobased epoxy; green-composite; waste valorization; size particle

1. Introduction

During the last years, there has been a significant increase in social concern for the environmental
problem generated by petrochemical polymeric materials [1-3]. For this reason, one of the main
objectives of the scientific community is the research and development of new highly environmentally
friendly materials which could be suitable to replace petroleum-based polymers to reduce their
carbon footprint [4]. Many of these researches focus on the field of polymer composites reinforced
with lignocellulosic particles giving rise to the so-called wood plastic composites (WPC). A series of
advantages make the use of lignocellulosic reinforcements very attractive for their use as reinforcement,

Appl. Sci. 2020, 10, 3688; doi:10.3390/app10113688 www.mdpi.com/journal/applsci
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Manufacturing and  characterization of green
composites with partially biobased epoxy resin and
flaxseed flour wastes

Abstract

In the present work, green-composites from a partially biobased epoxy resin
(BioEP) reinforced with lignocellulosic particles, obtained from flax industry by-products
or wastes, have been manufactured by casting. In this study, the flaxseed has been
crushed by two different mechanical milling processes to achieve different particle sizes,
namely coarse size (CFF), and fine size (FFF) particle flaxseed flour, with a particle size
ranging between 100-220 um and 40-140 um respectively. Subsequently, different
loadings of each patrticle size (10, 20, 30, and 40 wt %) were mixed with the BioEP resin
and poured into a mold and subjected to a curing cycle to obtain solid samples for
mechanical, thermal, water absorption, and morphological characterization. The main
aim of this research was to study the effect of the particle size and its content on the
overall properties of composites with BioEP. The results show that the best mechanical
properties were obtained for composites with a low reinforcement content (10 wt %) and
with the finest particle size (FFF) due to a better dispersion into the matrix, and a better
polymer-particle interaction too. This also resulted in a lower water absorption capacity
due to the presence of fewer voids in the developed composites. Therefore, this study
shows the feasibility of using flax wastes from the seeds as a filler in highly
environmentally friendly composites with a wood-like appearance with potential use in

furniture or automotive sectors.

Keywords: Flax seed; biobased epoxy; green-composite; waste

valorization; size patrticle
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[11.2.4.1. Introduction

During the last years, there has been a significant increase in social concern for
the environmental problem generated by petrochemical polymeric materials [1-3]. For
this reason, one of the main objectives of the scientific community is the research and
development of new highly environmentally friendly materials which could be suitable to
replace petroleum-based polymers to reduce their carbon footprint [4]. Many of these
research focus on the field of polymer composites reinforced with lignocellulosic particles
giving rise to the so-called wood plastic composites (WPC). A series of advantages make
the use of lignocellulosic reinforcements very attractive for their use as reinforcement,
such as their low cost, low density, non-abrasive properties, non-toxic, biodegradable,
and their environmentally friendly nature [5,6]. Besides, the lignocellulosic particles
usually provide an aesthetic wood-like surface finish, which makes them very interesting
for use in sectors where aesthetics is an essential factor, such as the furniture or
automotive sectors. Furthermore, WPCs have several advantages over wood, such as
low maintenance, high dimensional stability, and high resistance to biological attack [7,8].
There are many research works that have focused on the effect of different types of
lignocellulosic particles on the properties of both thermoplastic and thermoset matrices.
For example, interesting works have been developed with rice husks [9-11], peanut
shells [7,12,13], almond shells [14-16], hazelnut shells [17,18], date palm seeds [19],
lemon peel [20], Posidonia oceanica [21,22], olive stones [23], among others. Most of
these lignocellulosic particles come from agricultural by-products or wastes that are
currently used for animal feeding and just left on controlled landfills. Therefore, the use
of these wastes, widely available as a source of fillers for composite materials, can be a
new economic opportunity for the agricultural sector and thereby contributing to generate

sustainable circular economies [24-26].

Flax (Linum usitatissimum L.) is a worldwide cultivated plant, mainly for obtaining
fibers and oil-rich seeds [27]. It is estimated that the world production of flaxseed, also
known as linseed, was approximately 3.2 million tons during 2018 [28]. Traditionally
flaxseeds have been used as an oil source, due to its high triglyceride content (between
30 and 41 wt %), for use in paints and coatings, linoleum, inks, varnishes, cosmetics,
soap production, among others [29,30]. However, over the past few years, the flaxseed
oil has also gained popularity as a nutritional supplement due to its high content of a-
linolenic acid (ALA), an omega-3 fatty acid beneficial in preventing cardiovascular
disease or hypertension [31]. In addition, many studies have shown that flaxseed oil has
a positive effect on diseases such as hyperlipidaemia, colon and breast cancer, or

atherosclerosis [32]. The main by-product generated during oil extraction is flaxseed
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cake, which is the solid mass left after the seeds are pressed during the oil extraction
process. For this reason, flaxseed cake is widely available and, a cost-effective and
environmentally friendly material to be used in composites [33]. The flaxseed cake is rich
in cyanogenic glycosides, which may be degraded to toxic hydrogen cyanide (HCN) upon
ingestion and may represent a risk to human health if used in food applications without
prior detoxification treatment [31]. For this reason, currently, a part of this by-product is
spray-dried to obtain flour (flaxseed flour), which is used as a low-value by-product for
obtaining livestock feed or fertilizers [34,35]. In other cases, this waste is used for
composting or simply incinerated [36]. Therefore, the flaxseed flour can potentially be a

candidate for use in composites.

Furthermore, a significant part of the plastic matrices used in WPCs is
thermoplastic petroleum-derived polymers such as polypropylene (PP), polyethylene
(PE), polystyrene (PS), polyvinylchloride (PVC), among others. However, there has been
a tendency in recent years to replace these matrices by biobased and biodegradable
(actually soil compostable) polymers such as polylactic acid (PLA) or
polyhydroxyalkanoates (PHA) [37], to achieve fully biodegradable WPCs. Natural fiber
reinforced plastics (NFRP) represent a wider group that includes WPCs and
thermosetting-based composites, as well. For thermosetting resins, this trend is focused
on the use of fully or partially biobased resins [38-42]. With this, it is possible to reduce
the dependence on fossil fuels. Besides this, these fully/partially thermosetting resins,
positively contribute to reducing the carbon footprint generated by their petrochemical
counterparts such as phenolics (PF), epoxies (EP), or unsaturated polyesters (UP). A
promising source for biobased epoxy resins and plasticizers are epoxidized vegetable
oils, which are obtained by epoxidizing the C-C double bonds of unsaturated fatty acids
contained in triglycerides, the main component of vegetable oils [43-45]. However, due
to the long aliphatic chains in the triglycerides and their low cross-linking density, epoxy
resins obtained from vegetable oils tend to have low glass transition temperatures (Tg)
and lower mechanical properties than traditional epoxy resins [46]. Therefore, to obtain
environmentally friendly materials with balanced mechanical and thermal properties, one
of the most efficient approaches is copolymerization of epoxidized vegetable oils with
petroleum-derived epoxy resins, thus giving rise to a partially biobased epoxy resin with
high mechanical properties [47]. Niedermann, et al. [48] investigated the effect of the
epoxidized soybean oil (ESO) content (0, 25, 50, 75, and 100 wt %) on bisphenol-A
based aromatic epoxy resin (DGEBA). The results showed a decrease in T4 as the ESO
content increased but indicated that Ty of the DGEBA/ESO system (75/25) was very
similar (138 °C) to the base DGEBA resin (140 °C). Obviously, this was remarkably
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higher than the Tg4 of neat crosslinked ESO (75 °C). Similar trends were also observed
for mechanical properties such as tensile strength and impact energy, where the addition
of 25 wt % ESO decreased the mechanical properties of DGEBA resin but made them
more resistant than ESO resin. Regarding the manufacturing of materials with these cast
resins, Wu, et al. [49] reported impregnation bamboo with epoxy with previous
delignification processes to obtain almost transparent bamboo goods. Salasinska, et al.
[50], reported new environmentally friendly composites with epoxy resins and Pinus
sibirica lignocellulosic fillers at a constant wt % of 20 %. These composites were
manufactured at a laboratory scale by mixing the components and finally, a conventional
cast method was used to pour the liquid mixture into a mold. Casting is the most widely
used method to manufacture composites with thermosetting resins and lignocellulosic
particles. Kumar, et al. [51] reported manufacturing by casting and characterization of
epoxy composites with up to 12.5 wt % wood particles. Centrifugal casting is a way to
obtain gradation of the filler due to centrifugal forces as reported by Stabik and Chomiak
[52]. They report that as well as the particle gradation occurs, gradation of properties
occurs too which could be interesting from different standpoints (decorative, percolation

thresholds in some parts, and so on.

The main objective of the present work was to obtain green composites from a
partially biobased epoxy resin reinforced with flaxseed flour waste using the casting
method. Specifically, the effect of particle size and the content of flaxseed flour on the
mechanical, morphological, thermal, and water absorption properties of the
bioepoxy/flaxseed flour composites, has been investigated. In the present work, four
compositions (10, 20, 30, and 40 wt %) and two-particle sizes (CFF and FFF) were

investigated.

[11.2.4.2. Experimental

Materials

The matrix material used in this study was a commercial epoxy resin
Resoltech® 1070 ECO (viscosity of 1750 mPa s and a density of 1.18 g cm™ at 23 °C).
The hardener was an amine-based system Resoltech® 1074 ECO (viscosity of 50 mPa
s and density of 0.96 g cm?®at 23 °C). Both were supplied by Castro Composites
(Pontevedra, Spain). The epoxy resin was based on a mixture of a diglycidyl ether of
bisphenol A (DGEBA) and a plant-based epoxy reactive diluent from vegetable oil

epoxidation. The resin to hardener weight ratio was 100:35 (parts by weight), and as
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indicated by the supplier the cured resin contained 31 wt % biobased content (according
to ASTM D6866-12).

Flaxseed (FS) used in this work was supplied by Sorribas S.A. (Polinya, Spain).
The raw FS was crushed in a grinder (Moulinex, Allencon, France) to obtain flaxseed
flour (FF) with an average patrticle size of 157 um (CFF-coarse flaxseed flour). Then, a
part of the obtained CFF was ground using an ultra-centrifugal mill from Retsch Gmbh
model Mill ZM 1000 (Haan, Germany) with a sieve of 250 um and a rotating speed of
10,000 rpm, obtaining FF with an average particle size of 91 um (FFF-fine flaxseed

flour). Figure 111.2.4.1 shows an image of the raw FS and the obtained FF after each of

the grinding processes.

N e ,

g

Figure 111.2.4.1. Images corresponding to (a) raw flaxseeds (FS); (b) flaxseed flour (FF)
obtained by grinder (CFF); (c) flaxseed flour (FF) obtained by ultracentrifuge (FFF).

BioEP/FF Composites’ Manufacturing

Different contents (10, 20, 30, and 40 wt %) of CFF and FFF were added to the
liquid epoxy resin Resoltech® 1070 ECO and were mixed at room temperature in a
planetary mixer KAPL 5KPM5 from KitchenAid (Benton Harbor, MI, USA) with a total
volume of 4.8 L. First, the FF was added to the mixer with the biobased resin and was
subjected to initial homogenization at 40 rpm for 5 min. Then, Resoltech® 1074 ECO
hardener was added in the stoichiometric ratio (100:35 wt/wt) to the BioEP/FF mixture
and subjected to a second mixing cycle at 60 rpm for 2.5 min. After this two-stage mixing
cycle, the resin was subjected to vacuum to remove air bubbles in a vacuum chamber
MCP 00ILC from HEK-GmbH (Lubeck, Germany) for 5 min. A maximum vacuum of -1
bar was applied. The resulting resin-filler mixture was poured into a silicone mold
designed with standardized cavities for mechanical characterization and then subjected
to a curing cycle in an oven at 80 °C for 1 h. Cured samples were post-cured at 150 °C
for 30 min. The optimal curing and post-curing conditions of the partially biobased epoxy
resin were selected according to a previous study [53]. Finally, cured samples were

demolded from the silicone molds and used for different characterizations.
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The nomenclature of the samples is denoted with the acronym BioEP_iCFF for
samples with FF obtained by a simple grinding process, and BioEP_iFFF for samples
reinforced with FF obtained by using an ultra-centrifugal mill, where i represents the filler
content (10, 20, 30 and 40 wt %).

BioEP/FF Composites’ Characterization

Mechanical Properties

Flexural properties of BIoEP resin and BioEP/FF composites were obtained at
room temperature in a universal test machine Ibertest ELIB 30 (S.A.E. Ibertest, Madrid,
Spain) equipped with a 5 kN load cell following the guidelines of the ISO 178.
Rectangular samples with dimensions 80 x 40 x 4 mm? were subjected to a three-point
bending flexural test with a crosshead speed of 5 mm min=. At least five specimens of

each composition were tested, and characteristic average values were calculated.

Impact-absorbed energy of different samples was obtained in a 1-J Charpy’s
impact pendulum from Metrotec S.A. (San Sebastian, Spain) as indicated in 1SO
179:1993. The values of the impact-absorbed energy of each sample were calculated as
the average of the energies obtained for five different specimens.

Shore D hardness values of BioEP resin and BioEP/FF composites were
obtained with a Shore D hardness durometer model 676-D from J. Bot Instruments S.A.
(Barcelona, Spain) according to 1ISO 868. At least five different measurements were

taken at room temperature, and average values were calculated.

Thermal Properties

Thermal stability at elevated temperatures of BioEP and BioEP/FF composites
was studied by thermogravimetric analysis (TGA) using a TGA/SDT 851 thermobalance
from Mettler-Toledo Inc. (Schwerzenbach, Switzerland). Samples with an average
weight ranging from 7 to 9 mg were heated from 30 to 700 °C at a constant heating rate
of 10 °C mint. All samples were tested in triplicate in a nitrogen atmosphere with a
constant nitrogen flow rate of 66 mL min™. The onset degradation temperature (To) was
assumed at a weight loss of 5 wt %, and the maximum degradation rate temperature
(Tmax) Was obtained as the corresponding peak in the first derivative from TGA curves
(DTG).
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Thermo-Mechanical Properties

Dynamic mechanical thermal analysis (DMTA) of BioEP and BioEP/FF
composites was carried out in torsion mode in an oscillatory rheometer AR G2 by TA
Instruments (New Castle, DE, USA) equipped with a special clamp system for solid
samples working in a combination of torsion and shear. Rectangular samples (40 x 10 x
4 mm?3) were subjected to a temperature sweep program from 30 °C to 140 °C at a
constant heating rate of 2 °C min. The frequency of the dynamic stress was setto 1 Hz,
and a maximum shear strain (y) of 0.1 % was used in all tests. The evolution of the
storage modulus (G’) and the dynamic damping factor (tan &) were recorded as a

function of increasing temperature.

The effect of temperature on the dimensional stability of BioEP/FF composites
was studied by thermomechanical analysis (TMA) using a Q400 TMA analyzer from TA
Instruments (New Castle, DE, USA). Samples with dimensions of 4 x 10 x 10 mm?® were
subjected to a heating ramp from 0 °C to 140 °C, at a constant heating rate of 2 °C min°
1 with an applied load of 20 mN. The coefficient of linear thermal expansion (CLTE) was
calculated as the slope of the linear relationship between the expansion and
temperature, both below and above T4 All measurements were done in triplicate to

obtain reliable values.

Morphological Properties

The morphology of fractured surfaces from an impact test of BioEP resin, different
BioEP/FF composites, and flaxseed flour particles was observed using a field emission
scanning electron microscope (FESEM) ZEISS model ULTRA55 (Eindhoven, The
Netherlands) working at an acceleration voltage of 2 kV. Before the morphological
characterization, all samples were surface coated with a thin layer of platinum in a high
vacuum sputter coater EM MED20 from Leica Microsystems (Milton Keynes, UK) to

provide electrical conductivity to samples.

Water Uptake

Water absorption of samples was carried out in triplicate by immersion of samples
(80 x 10 x 4 mm?) in distilled water at room temperature following 1SO 62:2008. Samples
were extracted at different times and appropriately weighed using an analytical balance
with an accuracy of £ 0.001 g, after removing the residual water with a dry cloth. Before

the initial water immersion, samples were dried at 60 °C for 24 h to remove residual
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moisture. Water absorption percentage was calculated by using the following

expression:

Water absorption of samples was carried out in triplicate by immersion of samples
(80 x 10 x 4 mm?3) in distilled water at room temperature following ISO 62:2008. Samples
were extracted at different times and appropriately weighed using an analytical balance
with an accuracy of £ 0.001 g, after removing the residual water with a dry cloth. Before
the initial water immersion, samples were dried at 60 °C for 24 h to remove residual
moisture. Water absorption percentage was calculated by using the following
expression:
W, — W)

Water uptake (%) = [(ti

. ]100 (11.2.4.1)

where W; is the dry weight of the sample after the corresponding time t, and Wo is
the initial weight of the sample before water immersion. The evolution of water uptake

was followed in a total period of 12 weeks.

The diffusion coefficient (D) for all samples was calculated by the application of

the first Fick’s law using the following equation [54]:

D=n [mThr (I11.2.4.2)

where mis a slope value, that can be calculated from the plot of Wy/Ws (dry
weight after the corresponding time/saturation weight of the sample) versus t?,

and h stands for the initial thickness of the sample.

The previous equation for the calculation of D is only valid for a one-dimensional
shape. To obtain the accurately corrected diffusion coefficient (D) for three-dimensional
shapes, the Stefan approximation was applied, which assumes that the diffusion rates

are the same for all directions [18]:

h hy?
D, =D [1 +o —] (111.2.4.3)
L w

where L and w are the length and width of each sample, respectively.
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Color Properties

The influence of the FF content and size in the color of BioEP/FF composites
were studied in a colorimeter model KONICA CM-3600d Colorflex-DIFF2 from Hunter
Associates Laboratory (Virginia, EEUU). The CIELab color scale was used to measure
the degree of L* (lightness), a* (color coordinate from red to green) and b* (color
coordinate from yellow to blue). The total color difference (AE) was calculated using the
following equation:

AE = \[(AL)? + (Aa*)? + (Ab*)? (I11.2.4.4)

where AL*, Aa*, and Ab* are the differences between the corresponding color
parameter of the composites and the color parameter values of the reference material,

i.e., BIoEP matrix. Measurements were done in triplicate.

[11.2.4.3. Results and Discussion

Morphology of FF Particles

Figure 111.2.4.2 shows the FESEM images of the flax flour powder, as well as the
particle size distribution after each grinding process. Figure [11.2.4.2 includes
representative images of each patrticle size at different magnifications while the particle
size distribution plots were obtained by taking at least 50 measurements on different
FESEM images corresponding to each particle size, namely fine (F) or coarse (C), using
the software analysis included in the FESEM microscope. The following parameters were

obtained (area, angle, and length), and the histogram plots included the length.
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100 pm

100 pgm

Figure 111.2.4.2. Field emission scanning electron microscope (FESEM) images
corresponding to (a) CFF at x100 with a scale marker of 100 pm; (b) CFF at x500 with a
scale marker of 20 um; (c) particle size histogram of CFF; (d) FFF at x100 with a scale
marker of 100 um; (e) FFF at x500 with a scale marker of 20 um; (f) particle size histogram
of FFF.

As can be seen in the FESEM images at lower magnifications (figure 111.2.4.2a,d),
coarse particles obtained by simple grinding (CFF) as well as fine flax flour particles with
smaller dimensions (FFF), tend to form aggregates due to their high hydrophilicity.
Quantitatively we can see from the size distribution made by measuring randomly chosen
particles (figure 111.2.4.2c,f), that CFF offers a particle size of 100-220 um with an average
particle size around 157 pm and remarkably higher particle content in the 140-160 pum
range. On the other hand, FFF particle distribution shows that their size changes in the
40-140 pum range with smaller average particle size, of about 91 um, and the most
abundant content of particles is in the range of 80-100 um. Therefore, it is evident that
with the grinding of FF by ultra-centrifugation, finer particle sizes were obtained, which
resulted in a better filler dispersion in the matrix, as well as improved polymer-filler

interactions, with a positive effect on the general properties of the developed composites.

The grinding process has a relevant effect on both particle aggregate and
geometry. Despite this, these differences can be seen in figure 111.2.4.2 since in general,
both CFF and FFF particles had an irregular morphology with a rough surface and the
presence of granular fractures (typical morphology of hard lignocellulosic particles after
being subjected to crushing processes [54-56]). Figure 111.2.4.3 shows in a more detailed
way the above-mentioned effects. Figure 111.2.4.3a shows the morphology of directly
ground flax particles after the cold press process. One can see these particles show very
irregular shapes. Moreover, it is possible to find particles with high size and very small
particles. This is because no particle size separation has been carried out after this
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grinding process which led to coarse flax flour (CFF). In addition, aggregate formation is

evident (in fact, the adhesive carbon tape cannot be seen).

Figure 111.2.4.3. FESEM images corresponding to (a) CFF at x100 with a scale marker of
100 pum; (b) FFF at x100 with a scale marker of 100 pm.

Regarding fine flax flour (FFF), as shown in figure 111.2.4.3b, it is evident that the
shape is more likely spherical, the particle size range is narrower, and the aggregation
phenomenon is less pronounced. The sieving process after ultra-centrifugation gives
more homogeneity on the obtained morphologies and less aggregation.
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Mechanical Properties

Table 111.2.4.1 shows the mechanical behavior of unfiled BioEP resin and
BioEP/FF composites reinforced with different contents of CFF and FFF. Regarding the
flexural properties, it can be seen that FF addition to the BioEP matrix results in a
significant decrease in flexural strength compared to the unfilled BioEP resin. This
decrease is much more pronounced as the FF content (both CFF and FFF) increases.
As expected, the lowest flexural strength is obtained in composites reinforced with 40
wt % of CFF and FFF, obtaining a flexural strength of 22.5 and 22.9 MPa, respectively,
which represents a decrease of 76.4 % and 75.9 % in comparison to the flexural strength
of the unfilled BioEP resin (95.2 MPa). This decrease in flexural strength is due to the
lack of adhesion between the lignocellulosic filler and the surrounding matrix, which
causes stress concentration phenomena that promote breakage [20]. Another issue with
a high influence on the mechanical properties of composites is the filler aspect ratio. High
filler aspect ratios (above 6) result in a better stress transfer from the matrix to the
filler/reinforcement, thus improving their mechanical properties. However, this stresses
transfer is poorer in the case of low aspect ratio filler, such as the FF used, with an aspect
ratio comprised between 1-2 [57]. If the two types FF, i.e., coarse and fine FF (CFF and
FFF, respectively) are compared, it can be seen that the flexural strength is always lower
for all composites containing CFF. This is because the bigger particle size causes a
larger weak interfacial area between the BioEP resin and the reinforcement, i.e., it
decreases the adhesion between the hydrophobic matrix and the hydrophilic
reinforcement which generates an increase in the stress concentration phenomena that
negatively affect the mechanical properties of composites [58]. The biggest difference in
flexural strength between composites with CFF and FFF is obtained for samples with 10
wt % of FF. For this composition, the flexural strength was 24.2 % higher for FFF-

reinforced composite compared to CFF-reinforced composite.

Table 111.2.4.1. Summary of the main mechanical properties of BioEP and BioEP/FF
composites reinforced with different content of coarse (CFF) and fine (FFF) flaxseed flour
particles obtained by flexural, impact, and hardness tests.

Flexural Properties Impact Energy
Code Hardness (Shore D)
FS (MPa) E;(MPa) (kJ m™?)

BioEP 95.2+3.4 2985+115 21.8+3.4 83.2+1.0
BioEP_10CFF 40.4+1.3 2840+ 242 2.7+0.9 83.3+0.6
BioEP_20CFF 31.5+0.5 2878 +86 2.6+0.6 82.3+1.0
BioEP_30CFF 28.0+2.0 293093 24+0.2 82.2+1.0
BioEP_40CFF 22.5+0.8 2290 +127 22+0.3 81.0+1.0
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BioEP_10FFF 50.2+1.4 357953 3.6+05 83.3+1.0
BioEP_20FFF 38.7+7.0 2975+84 34+0.1 83.7+0.5
BioEP_30FFF 31.8+1.5 2696 + 20 2704 83.0+1.1
BioEP_40FFF 22.9+24 2108 £ 204 24+0.2 81.6+0.8

Regarding the flexural modulus, different trends can be observed for each of the
fillers. The flexural modulus of CFF-reinforced composites is hardly affected by 10, 20,
and 30 wt % filler and the modulus values are similar to those obtained for BioEP resin
(2840—-2985 MPa). However, the flexural modulus of the composite reinforced with 40
wt % CFF decreases significantly to 2290 MPa, representing a decrease of 23.3 %
compared to the unfilled BioEP resin. This is directly related to an embrittlement process
which is much more evident at higher filler loadings. It is important to bear in mind that
the flexural modulus is directly related to the supported stress and inversely related to
the flexural deformation. BIoEP is intrinsically brittle, therefore, the change in the flexural
deflection before fracture is very low. This is even reduced in BioEP/FF composites, but
the most important parameter is a clear decrease of the flexural strength from 95.2 MPa
down to 22.9 MPa. For this reason, at 40 wt % CFF, the modulus decreases in a
remarkable way since the flexural stress is remarkably reduced while the elongation is

almost identical to neat BioEP, which is an intrinsically brittle material.

In the case of FFF-reinforced composites, the addition of 10 wt % FFF to the
BioEP matrix significantly increases the flexural modulus from 2985 MPa (unreinforced
BioEP) resin up to 3579 MPa, which is an increase of nearly 20 %. This increase in the
flexural modulus compared to the 10 wt % CFF reinforced composite may be due to the
better dispersion of fine particles into the matrix and improved polymer-particle
interaction due to its smaller size, which results in comparatively higher flexural strength
values, and consequently higher modulus and stiffness. It should be noted that the
sample reinforced with 10 wt % FFF has similar and even higher flexural mechanical
properties than those obtained in commercial WPCs currently used in furniture
applications [59,60]. For higher FFF contents, it is observed that the flexural modulus
decreases as the reinforcement content increases, obtaining the lowest modulus for the
sample reinforced with 40 wt % FFF, 2108 MPa, which shows the same behavior above-

mentioned.

Regarding the impact energy (Charpy test), it can be seen in table 111.2.4.1, that
the incorporation of both CFF and FFF in the BioEP resin results in a remarkable

decrease in impact-absorbed energy from 21.8 kJ m corresponding to the unfilled
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BioEP resin to values around 3 kJ m2for FF reinforced composites. This behavior is
typical of polymeric composites filled with lignocellulosic particles due to the lack of (or
very poor) interfacial adhesion between the reinforcement and the matrix, which gives
rise to stress concentration points, promoting the formation of microcracks at the
interface when impact conditions are applied that easily induce crack propagation, thus
decreasing their impact resistance [61,62]. Impact energy absorption is also influenced
by the filler content in the matrix. As can be seen, the impact energy absorption becomes
lower as the reinforcement content increases, obtaining the lowest impact-absorbed
energy for composites reinforced with 40 wt % CFF and FFF, with an impact energy of
2.2 and 2.4 kJ m2 respectively, which represents a decrease of nearly 90 % in both
cases with respect to the BioEP resin. This decrease in impact energy with the higher
filler content is due to the greater lack of interaction between the filler and the matrix,
which results in a higher void content, thus increasing the stress concentration
phenomena. Particle size is another factor affecting the impact of energy absorption.
When comparing the composites, the energy absorption values for the different
percentages of reinforcement are slightly lower in the case of CFF-reinforced
composites. This is because the coarse particles have less dispersion in the matrix as
well as a larger surface area that leaves a greater amount of surface-exposed between
the filler and the matrix, negatively affecting the mechanical properties [63]. It is worthy
to note that the better results regarding mechanical properties, obtained with FFF were
expected as the morphology of FFF is rounded (almost spherical in most cases) while
CFF show very irregular shapes with angular geometries that contribute to micro crack

formation and subsequent growth.

Regarding the Shore D hardness, it can be seen in Table 111.2.4.1 that the
incorporation of the FF filler into the BioEP matrix hardly affects hardness. Only a slight
decrease is seen in samples reinforced with 40 wt % CFF and FFF, in which a hardness
of 81.0 and 81.6 Shore D, respectively, was obtained, which means a decrease of 2.6 %
and 1.9 %, respectively, in comparison to the BioEP resin hardness (83.2 Shore D). The
slight decrease in hardness in composites reinforced with a high amount of FF may be
due to the lower lignocellulosic reinforcement hardness compared to the thermosetting
matrix used [58]. By considering these mechanical properties, it seems that composites
with 10 wt % FFF offer the best-balanced properties. Despite this, other compositions
must not be discarded as they offer a higher biobased content and wood-like surface
finish. Obviously, these high wt % FF composites would not be suitable for technical
applications since there brittle and with low tensile strength, but they can find interesting

applications in the decorative sector and leather goods (buckles, buttons, among others).
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Thermal Properties

The thermal stability at high temperatures of FF, BioEP resin, and different
BioEP/FF composites was obtained by thermogravimetric analysis (TGA). The
temperature effect on the mass of each sample is shown in table I11.2.4.2, while figure
[11.2.4.4 shows the corresponding TGA and DTG curves for FF, BioEP resin and
BioEP/FF with varying CFF and FFF content from 10 to 40 wt %.
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Figure 111.2.4.4. Thermal degradation of BioEP, FF, and BioEP/FF composites reinforced
with a different content of coarse (CFF) and fine (FFF) flaxseed flour (a) thermogravimetry
(TG) weight loss and (b) differential thermogravimetry (DTG) first derivative curves.

Table 111.2.4.2. Thermal parameters of BioEP and BioEP/FF composites reinforced with
different contents of coarse (CFF) and fine (FFF) flaxseed flour, obtained by
thermogravimetry (TGA).

Code To! (°C) Tmax (°C) Wt % residual mass

BioEP 306.0+x21 327.5x1.7 85+£0.3
BioEP_10CFF 292.7+28 322225 129+04
BioEP 20CFF 273.7+19 322.2%1.9 135+ 05
BioEP_30CFF 268.0+3.1 322.0x25 15.0+£0.6
BioEP_40CFF 249.2+20 323.2t1.4 18.7+£0.6
BioEP_10FFF 279.2+1.0 322.2+1.8 10.1+£0.5
BioEP_20FFF 270.1+2.4 323.0+3.2 127+ 0.4
BioEP_30FFF 264.0+1.6 321.1+1.8 15.7+0.3
BioEP_40FFF 2442 +22 319.0%+2.1 20.3+£0.4

1 To, calculated at 5 % mass loss.

As shown in figure 111.2.4.4a, the FF showed four typical degradation stages of
lignocellulosic materials. In the first stage, produced at 50-150 °C, the moisture contained
in the material evaporated, which was reflected by a mass loss of around 2.3 wt % [64].

In the second stage thermal depolymerization of hemicelluloses took place in the
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temperature range from 150 to 375 °C with a weight loss of about 41.4 % [65]. In the
third stage, which was located at 375-450 °C, cellulose degradation occurred, this stage
being observed by a weight loss of 18.9 % [61]. Finally, the lignin degradation was
detected, which begins at around 250 °C, but due to its complex structure, it degraded
more slowly, producing a progressive weight loss up to 500 °C. Its decomposition being
overlapped with that of other compounds [14]. As shown in the TGA graph, the residual
mass of FF was high, which can be due to its high mineral content [66]. On the other
hand, as can be seen intable 111.2.4.2, the thermal degradation of the BIioEP resin
occurred in a single step, starting its degradation (To) around 306 °C and with a maximum
degradation temperature (Tmax) Of 327.5 °C. Regarding BioEP/FF composites
degradation, it can be seen that the FF filler addition to the matrix results in a slight

decrease of the composites’ thermal stability, which is reflected by a To decrease.

This is due to the low thermal stability of the lignocellulosic reinforcement, whose
degradation onset temperature begins around 234 °C, which affects the overall thermal
stability of composites negatively. Besides, the increased filler content in composites
results in a reduced weight fraction of the BIioEP resin, causing a more significant
decrease in Toas the filler content increases [20]. Comparing the two types of
composites obtained according to the filler size, it can be seen that the thermal stability
was slightly lower, i.e., lower To, for composites with different FFF contents. This lower
thermal stability was more evident for composites with 10 wt % FFF, where a decrease
in To of 27 °C compared to the Ty of the BioEP resin can be observed, while this decrease
is only 13 °C for the same composite containing 10 wt % CFF. By observing the DTG
curves (figure 111.2.4.4b) it can be seen that the thermal degradation of BioEP/FF
composites takes place in two stages. These stages were more evident in the reinforced
samples with high filler contents (40 wt %). In the first stage, BioEP resin was thermally
degraded along with the low molecular weight components of FF such as hemicelluloses,
while in the second stage the thermal degradation of cellulose and lignin occurred. For
this reason, this stage was more evident in composites with high filler content. Regarding
the maximum degradation temperature (Tmax), Obtained from the peak of the first
degradation stage of the DTG curves, it can be seen that the incorporation of the
reinforcement into the BioEP matrix slightly decreases this temperature (it almost
remains constant). In this case, the Tmax Of composites did not vary significantly with the
particle size or content, obtaining a Tmax Of around 322 °C for all developed composites,
except for the composite reinforced with 40 wt % of FFF, which has a Tmax slightly lower
of about 319 °C. Therefore, after thermogravimetric analysis, the results suggest that as

the lignocellulosic reinforcement content increases, the thermal stability of the
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composites decreases, while the residual mass at high temperatures (700 °C) increases.
Nevertheless, the overall thermal stability of these composites is not compromised by

incorporating FF in both coarse and fine particle size.

Morphological Properties

The particle dispersion and its interaction with the matrix are two of the main
aspects that influence the composite’s mechanical properties. To study these
phenomena, a morphological study was carried out using FESEM on impact fractured
surfaces of BioEP resin and BioEP/FF composites filled with 10 wt % and 40 wt % CFF
and FFF. Figure 111.2.4.5a shows the BioEP resin fracture surface, which is characterized
by a smooth surface with the presence of cleavage planes characteristic of a brittle

fracture.

Figure 111.2.4.5. FESEM images at x500 of impact-fracture surface of: (a) BioEP; (b)
BioEP_10CFF; (c) BioEP_40CFF; (d) BioEP_10FFF and (e) BioEP_40FFF.
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After the addition of 10 wt % of both CFF and FFF filler (figure 111.2.4.5b,d), it can
be seen that the fracture surface acquires a noticeable roughness, and small holes
appear randomly located on the surface, which corresponds to the particles pulled out
after the impact test. These voids/holes are representative of poor adhesion between the
polymeric matrix and the lignocellulosic filler, which results, as above-mentioned, in low
stresses transfer from the matrix to the filler, thus negatively affecting the overall
mechanical properties of the obtained composites. Comparing the two types of
composites reinforced with 10 wt % FF, it can be seen that fine particles (FFF) reinforced
composites, a better particle dispersion in the matrix is achieved due to the smaller
particle size, which is reflected in the absence of aggregates in the fracture surface. Such
aggregates are observed on the fracture surface of the coarse particles (CFF) reinforced
composites, as the larger particle size promotes their aggregation. The higher lack of
adhesion between these aggregates and the matrix due to the increase of the exposed
surface area intensifies the stress concentration phenomena that negatively affects the
mechanical properties, as it has been evidenced by a lower impact energy absorption
and lower flexural strength than the composite reinforced with 10 wt % FFF. Higher filler
contents (figure 111.2.4.5¢c,e) lead to an increase in the fracture surface roughness with
the presence of particles embedded in the matrix. An increase in the size of the
voids/holes was also observed, possibly because the higher filler content promoted
aggregate formation. This increase in the void size results in reduced interfacial adhesion
between the reinforcement and the matrix for composites reinforced with high FF
contents, which is reflected in poor mechanical properties. Comparing both composites
reinforced with 40 wt % of FF, the presence of large aggregates in the CFF reinforced
sample can be seen more clearly, while in the FFF reinforced sample, the dispersion of
particles was more homogeneous. Therefore, the increase of the filler content in the
matrix results in a significant decrease in ductile and resistant mechanical properties, as
shown by the evolution of impact energy absorption and flexural strength, due to a
reduction in interfacial adhesion between filler and matrix by a decrease in the resin’s
ability to fully embed the particles. This also occurs with coarse particles (CFF), which
have a higher surface area, exposing more surface area to weak bonding with the matrix,

resulting in lower flexural strength and higher water absorption capacity.

Thermo-Mechanical Properties

Figure 111.2.4.6 shows the evolution of the storage modulus (G’) and the dynamic
damping factor (tan &) as a function of the temperature of BioEP resin and BioEP
composites reinforced with 10 wt % and 40 wt % of CFF and FFF. On the other
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hand, Table 111.2.4.3 shows the storage modulus at 40 °C and 110 °C, as well as the
glass transition temperature (T,), obtained from the peak maximum of the tan é curve for

all considered composites.

a) b)
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Figure 111.2.4.6. A comparative plot of the dynamic mechanical thermal analysis (DMTA)
behavior of BioEP and BioEP/FF composites reinforced with CFF (10 and 40 wt %) and
FFF (10 and 40 wt %): (a) storage modulus (G, and (b) dynamic damping factor (tan o).
Table I11.2.4.3. Values of dynamic mechanical, thermal analysis (DMTA), and
thermomechanical analysis (TMA) of BioEP and BioEP composites reinforced with
different CFF and FFF content.
DMTA TMA
G’at 40 G’at 110 CLTE below CLTE above
Code oC oC Ty T, T,
(o]
(MPa) (MPa) (°C) (UM MK (um m™ K™
BioEP 981 £ 25 6.3+£0.3 912'81i 0.356 £ 0.008 0.565 + 0.005
. 90.8 £
BioEP_10CFF 1015 +36 10.4+£0.2 27 0.395+0.015 0.938 + 0.005
. 90.7 £
BioEP_20CFF 1041+58 125+0.3 17 0.385+0.002 0.621 +0.005
. 89.8 £
BioEP_30CFF 1091+49 18.4+0.9 55 0.570+0.006 0.813 +0.005
. 90.2 £
BioEP_40CFF 826 = 30 185+0.8 25 0.404 £ 0.010 0.727 £ 0.007
. 89.8 £
BioEP_10FFF 1147 +13 10.4+0.2 21 0.529 £ 0.013 0.824 + 0.003
. 89.1+
BioEP_20FFF 1064 +52 11.5%0.3 18 0.380+£0.009 0.687 +0.006
. 89.2 +
BioEP_30FFF 93540 14104 16 0.436 £ 0.007 0.635 % 0.002
. 89.9 +
BioEP_40FFF 878 £ 24 16.3+£0.4 29 0.554 £ 0.002 0.770 £ 0.001
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The storage modulus (G’) (figure 111.2.4.6a) shows different behavior depending
on the filler content. As shown in table 111.2.4.3, the addition of a lignocellulosic filler into
the BIioEP resin hardly affects the storage modulus at low temperatures (40 °C), resulting
in very similar G’ values to the unfilled BioEP resin. However, at high temperatures (110
°C), it can be seen more clearly how the filler content leads to an increase in G’. As
observed in figure 11.2.4.6a, G’increases as the filler content increases, resulting in
more rigid materials as the FF content increases. This is because the particles give rise
to a high degree of mechanical restriction since they act as interlock points that reduce
the mobility of the polymeric 3D-thermosetting net and their deformation ability. This
phenomenon is much more pronounced at high temperatures when the chain motion or
vibration is greater [22,61]. Comparing the composites according to the type of
reinforcement, it can be seen that the reinforced composites with coarse particles (CFF)
have a higher modulus at high temperatures, thus showing their higher capacity to
maintain the mechanical load with recoverable viscoelastic deformation at high
temperatures compared to the FFF-reinforced composites [56]. Figure 111.2.4.6b shows
the dynamic damping factor (tan &) evolution regarding temperature. As can be seen,
the BIioEP resin curve has the highest value of tan §; however, this value decreases as

the FF content in the matrix increases.

This decrease is due to the attenuation that the addition of the filler stiff domains
causes in the resin since filler particles act as a steric hindrance [56]. As shown in table
[11.2.4.3, the T4 of the BioEP resin, obtained from the peak maximum of the dynamic
damping factor, is around 92 °C. After the addition of the lignocellulosic filler,
the T4 remains almost constant, with slight changes due to the restriction that the rigid
particles randomly dispersed in the epoxy matrix cause [51]. Comparing both
composites, it can be seen that the T, decrease is slightly higher for FFF-reinforced
composites, with a T4 of around 89 °C for all of them, on the other hand, it can be seen
that Ty obtained for CFF-reinforced composites is about 90 °C. This slight difference
in Ty between the two composites may be because the smaller size of the particles and
the greater dispersion of them in the matrix results in greater interaction between the
filler and the matrix and, therefore, the mobility of the polymer chains in these regions
are more restricted [67]. Despite this hypothesis, the changes in T4 are so slight that it is
not possible to hypothesize a remarkable effect of the filler on Tg. In addition, it is worthy
to note that FF has been obtained after cold-pressing flaxseed and some residual oil

could be present in the flour, thus explaining this slight decrease in T, [68].

To analyze the dimensional stability of the obtained composites, the coefficient

of linear thermal expansion (CLTE) was determined by thermomechanical analysis
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(TMA). Table IIl.2.4.3 shows the CLTE of BioEP resin and FF-reinforced BioEP
composites obtained from the slope of the thermal expansion curves in the rubbery
(above Tg) and glassy (below Tg) regions. As shown in table 111.2.4.3, the BioEP resin
shows a low CLTE, both below and above the Ty, characteristic of thermosetting resins,
which usually exhibit excellent dimensional stability [69]. As can be seen, the CLTE is
lower for all the samples obtained at temperatures below T4. This is due to the lower
mobility of the polymeric chains in the glassy state, which results in low values of linear
expansion [70]. Concerning CLTE below Ty, it was observed that the addition of FF filler
to BioEP resin increased its value, which evidenced lower dimensional stability of
composites with respect to BioEP resin; nevertheless, the dimensional stability of these
composites was not compromised since the CLTE values obtained for all composites
were still very low. In table 111.2.4.3, it can be seen how the CLTE values below Ty in the
developed composites did not show any clear trend regarding the filler content. This was
also observed for CLTE above Tg4, where there was an increase in this value after the
addition of FF filler into the BioEP resin, but there was no trend with respect to the filler
content used in the matrix. In this case, it can be seen how the lowest dimensional
stability of the developed composites was obtained for composites filled with 10 wt % for
both types of filler size, CFF and FFF, with CLTE values of 0.938 and 0.824 pm mK-
! respectively. Despite this slight increase, the dimensional stability of the developed
composites was very high compared to conventional WPCs with CLTE values higher
than 50 pm m* K1 [71-73].

Water Uptake Properties

Figure 111.2.4.7 shows the evolution of the water absorption over time for BioEP
resin and BioEP/FF composites filled with 10 wt % and 40 wt % of CFF and FFF. The
water diffusion in the wood plastic composites is based on three different mechanisms,
the first one involves the water molecules diffusion inside the micro-voids of the
polymeric chains, the second mechanism is based on the water absorption by capillarity
inside the voids and defects present at the matrix-filler interface, finally, the third
mechanism involves the transport through the micro cracks that appear from the swelling
of the fillers, namely, the swelling of the reinforcement produced by the contact with the
water gives rise to the appearance of microcracks in the fragile thermosetting resin,
which facilitates its penetration in the interface between the filler and the matrix [74]. As
can be seen infigure I11.2.4.7, the addition of FF into the BIioEP resin significantly
increased its water absorption capacity, which rose as the reinforcement content in the

matrix increased. This could be due to two possible reasons, one of them is to the
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hydrophilic nature of the lignocellulosic filler, since cellulose and hemicellulose contain
hydroxyl (-OH) groups in their structure that can easily interact with water molecules
through hydrogen bonding, thus allowing a path for water entering [61,75]. The other
reason is the presence of small voids, pores and microcracks in the internal structure
due to the lack of interfacial interaction between the filler and matrix and to the filler
swelling. that facilitates the water accumulation in the composite by capillarity [24,76].
By observing the water absorption curves of BioEP/FF composites, two stages can be
clearly differentiated. We can see an initial stage with rapid water absorption, followed
by a second stage where the curve stabilized into an asymptotic value, thus indicating
saturation. Therefore, the water absorption of BioEP/FF composites followed Fickian’s
diffusion behavior. However, at low immersion times, figure 111.2.4.74a, it can be seen how
the weight gain in the curves of the composites stops being gradual and a rapid increase
in weight appears between 10 and 12 h of immersion in all of them. This can be due to
the appearance of deformations or damage to the matrix for that immersion time, such
as the appearance of microcracks due to the swelling of the filler or the fiber/matrix
debonding [77]. As shown in table 111.2.4.4, the water saturation of composites increases
as the filler content does. In this case, it can be seen how the water saturation of
composites reinforced with 10 wt % of FF (both CFF and FFF) reaches values of 4.8 wt
%. Obviously, composites with 40 wt % of FF water saturation are located at about 12.5
wt %, which means an increase in water absorption compared to neat BioEP resin of
114.3 % and 458 % respectively. A comparison of the two types of composites obtained
shows that CFF-reinforced composites have a slightly higher water absorption compared
to their FFF counterparts. This may be due to the larger particle size of the CFF filler,
which results in less interaction with the matrix, producing a higher number of voids within
the structure of composites. These voids allow the accumulation of water at the interface
between the particle and the matrix thus increasing the absorption capacity of the
composites [78]. In addition, the increased contact between FF particles as their size
and content in the matrix increases contributes to water absorption by capillarity due to
the creation of a percolating path through the filler network [79]. It should be noted that
the water absorption of FF waste is lower than that obtained from other agroforestry
waste that has been used in similar amounts as reinforcements in thermosetting
polymeric matrices, such as peanut shells [63] or palm kernel shell [80]. As can be seen
in figure 111.2.4.7, there are some slight differences between the sort-term behavior (first
24 h, figure 111.2.4.7a) and the long-term behavior (90 days immersion, figure 111.2.4.7b).
Despite this visual difference, it is worthy to note the scale. For the short-term graph,
some specimens do not follow the expected behavior (e.g., BioEP/CFF 10 wt %), but the

changes in the water absorption are very low, of about 0.2-0.3 wt %, which could be even
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included in the measurement error. In addition, this initial stage (24 h), is very sensitive

to the surface, i.e., the presence of particles not fully embedded and directly exposed to

water, which could cause these slight changes. The stationary water absorption after 90

days, represents the actual water uptake behavior as all these initial phenomena

disappear, and this agrees with the expected behavior in terms of particle size and

loading.

1.0

0.8

0.6

0.4

Water Uptake (wt%)

0.2 4

0.0 -4

—sa— BioEP

—s=— BioEP_10CFF

—=— BioEP_40CFF
BioEP_10FFF

—=— BioEP_40FFF

L s S e S S S S S I
2 4 6 8 10 12 14 16 18 20 22 24 26
Inmersion time in water (hours)

b)

—s=— BioEP
—=— BioEP_10CFF
—=— BioEP_40CFF

BioEP_10FFF
—=— BioEP_40FFF

.

30 40 50 60 70 80 90
Inmersion time in water (days)

Figure I11.2.4.7. Evolution of water absorption over time of BiOEP resin and BioEP
composites filled with CFF (10 and 40 wt %) and FFF (10 and 40 wt %): (a) water
absorption during the first 24 h; (b) water absorption during a period of 12 weeks.

Table 111.2.4.4. Values of water saturation (Ws), diffusion coefficient (D) and the corrected
diffusion coefficient (D¢) for BioEP resin and BioEP composites reinforced with different

CFF and FFF content.

Code Ws (Wt %) D x 10°(cm?s?) D¢x 10° (cm?s™)

BioEP 2.2x0.0 0.72£0.90 0.36 £0.42
BioEP_10CFF 49+0.1 1.51+0.40 4,99 +2.03
BioEP_20CFF 75%0.1 2.07 £ 0.06 6.84+29
BioEP_30CFF 8.4+£0.2 3.35x0.10 11.1+£25
BioEP_40CFF 12.7+0.1 4.27 £0.05 14.2+0.9
BioEP_10FFF 46+0.1 1.38+£0.01 456 +0.2
BioEP_20FFF 6.5+0.1 2.23 £ 0.05 7.37 £ 0.6
BioEP_30FFF 7.7+£0.1 2.39£0.04 7.9+£0.8
BioEP_40FFF 12.4+0.1 3.39£0.05 11.2+0.9

Table 111.2.4.4 shows the values of the saturation by weight (Ws), as well as the

diffusion coefficient (D) and the corrected diffusion coefficient (Dc) of BioEP resin and the

obtained BioEP/FF composites. The diffusion coefficient is one of the most important

parameters of the Fick’s model, which is related to the initial diffusion of water molecules
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into the matrix surface by entering through external micro-voids towards the internal
structure of the composites [81]. As can be seen, the BioEP resin is characterized by
aWsof 2.2 wt %, aD of 0.72 x 10° cm? s> and a D of 0.36 x 10° cm? s*. After the
incorporation of the highly hydrophilic lignocellulosic residue, it is observed, as expected,
that D and D. increase as the CFF and FFF content does, following the behavior shown
by other composites reinforced with natural fillers [18,82,83]. Therefore, it can be
concluded that the increase in the amount of lignocellulosic filler increases the ability of
water molecules to enter through the composite. Comparing both composites (with CFF
and FFF), it can be seen how CFF-filled materials tend to have a higher diffusion
coefficient than FFF-filled composites, mainly due to the larger particle size and the more
significant presence of voids in the internal structure of the composite due to the lack of
matrix-filler interaction [84].

Color Properties

Figure 111.2.4.8 shows the resulting visual aspect of BioEP resin and BioEP/FF
composites filled with coarse particles-CFF (figure 11.2.4,8a) and fine particles-FFF (figure

111.2.4.8b) after the curing/post-curing cycle.

Figure 111.2.4.8. Visual aspect of BioEP and BioEP composites reinforced with different
FF content; (a) (left to right) BioEP resin and BioEP composites reinforced with 10, 20,
30 and 40 wt% of CFF; (b) (left to right) BioEP resin and BioEP composites reinforced
with 10, 20, 30 and 40 wt % of FFF.

Table 111.2.4.5 gathers the color parameters for the BioEP resin and BioEP/FF
composites. As can be seen in figure 111.2.4.8, BioEP/FF composites obtained by casting
show dimensional uniformity as well as a uniform and defect-free surface appearance.
This situation is even more evident in composites with FFF. As can be seen, the unfilled
BioEP resin sample has some degree of transparency, which is reflected by the
low a* and b* values. After the addition of the FF filler, composites become brown due
to the natural color of the lignocellulosic filler (see figure 111.2.4.1), which produces an

increase in the values in the a* and b* coordinates (table 111.2.4.5). As it can be seen
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in figure 111.2.4.8, and quantitatively analyzed by the CIElab coordinates, the color of
composites filled with FF is very similar in all of them except that with 10 wt % of FFF,
which presents a lighter brown color, obtaining a lower AE with respect to the BioEP than
the rest of the composites. Comparing both types of composites according to the filler
size (CFF or FFF), it can be seen how the surface appearance of FFF-filled composites
is much more homogeneous than CFF-filled composites. In the case of CFF-reinforced
composites, random whitish spots are present on the surface, which may be due to the
formation of large filler aggregates, which negatively affect both aesthetics and
mechanical properties. The brown wood color acquired by the samples after the filler
incorporation, and the excellent surface appearance acquired mainly in the samples
reinforced with FFF can be attractive from the aesthetic point of view for applications in

sectors such as furniture, construction, or automotive [85,86].

Table 111.2.4.5. Color parameters from the CIELab space of BioEP resin and BioEP
composites reinforced with different CFF and FFF content.

Code L* a* b* AE

BioEP 39.50 -0.48 1.60 -
BioEP_10CFF 39.51 8.97 19.02 19.82
BioEP_20CFF 40.77 9.51 19.36 20.42
BioEP_30CFF 40.93 9.59 19.54 20.62
BioEP_40CFF 41.48 9.68 19.83 20.97
BioEP_10FFF 35.82 9.61 15.80 17.80
BioEP_20FFF 36.27 9.52 16.83 18.50
BioEP_30FFF 37.77 9.44 17.11 18.49
BioEP_40FFF 39.55 9.63 18.42 19.62

[11.2.4.4. Conclusions

The main objective of the present work was to evaluate the influence of FF
particle size, i.e., coarse (CFF) and fine (FFF), and the filler content (10, 20, 30 and 40
wt%) on the mechanical, thermal, water uptake and morphological properties of
composites of a partially biobased epoxy (BioEP) resin processed by casting. The
addition of this lignocellulosic filler into the BioEP matrix resulted in a decrease in flexural
strength and impact absorption energy with increasing filler content. This is because of
the lack of (or very poor) polymer matrix-particle filler interactions. However, this
decrease is lower for composites with finer particles, due to their better dispersion and

better interaction with the matrix. In this work, it has been observed that the composite
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filled with 10 wt % of FFF presents a flexural strength and impact energy absorption
24.2 % and 33.3 % higher than its counterpart with CFF. Particle size has also a high
influence on water absorption. It has been observed that composites with fine particles
(FFF) filler offer less water absorption due to the presence of fewer voids in their structure
as a result of better dispersion and fewer aggregates. In the case of CFF-filled
composites, the larger size increases the lack of adhesion with the matrix generating
voids and aggregates that allow the water entering, thus leading to a higher water
absorption and diffusion coefficient.

Therefore, the present work has revealed that the finer filler particle size results
in better mechanical and water absorption properties in these natural fiber reinforced
plastics (NFRPs). Besides, a partially biobased, high environmentally friendly material
can be obtained. On one hand, the partial biobased epoxy content (31 wt %) can be
increased up to almost 70 wt % renewable origin in composites with 40 wt % FF (both
CFF or FFF). In addition, this work has revealed an alternative to upgrading wastes from
the flaxseed industry. The developed BioEP/FF composites offer an attractive wood-like
aesthetic appearance, and therefore, they can be used in sectors such as decoration,

furniture, or the automotive industry.

Once the particle size and the amount of FF have been optimized to obtain more
balanced mechanical, thermal and water absorption properties in the BioEP/FF
composite, further studies will focus on the use of highly reactive coupling agents, i.e.,
silanes such as (3-glycidyloxypropyl) trimethoxy silane and (3-aminopropyl) trimethoxy
silane, to provide increased interaction between the epoxy matrix and the embedded FF
particles. All these steps, including an industrial scalation and cost study will assess the

viability of these materials to contribute to the circular economy in the flax industry.
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Abstract: This research is focused on manufacturing and characterization of hybrid composite laminates obtained different
stacking sequences of basalt and flax fabrics with silane treatments embedded in a partially bio-sourced epoxy resin as
matrix. They were manufactured by the vacuum-assisted resin infusion molding and mechanical properties were tested in
tensile, flexural and impact conditions. The effect of the coupling agent on the fiber/matrix interface was studied by FESEM.
The effect of temperature on mechanical properties was evaluated by DMTA and TMA. FESEM images revealed improved
fiber/matrix interactions with silane treatment, having a more satisfactory effect on basalt fibers than on flax fibers because of
its silica-based structure, leading to improved mechanical properties. It is worthy to note that the hybrid stacking sequence
has no remarkable influence on the elongation at break. On the contrary, the hybrid stacking sequence offered a great
influence on both the elastic modulus and the tensile strength.

Keywords: Bio-based epoxy resin, Hybrid composites laminates, VARIM

Introduction

Composite materials are one of the most promising areas
of thermosetting polymers. Conventional fibers such as
carbon, aramids, and glass, offer superior mechanical
properties to most materials and this has led composite
materials into advanced materials sectors and high-
performance applications. Some of their outstanding properties
are lightness, high Young’s modulus, high tensile strength
and good thermal stability, among others [1-3]. When these
fibers are used as reinforcements embedded into a polymeric
matrix (usually a thermosetting polymer), the obtained
composite materials offer a synergistic improvement in both
manufacturing and final properties. These composites are
lightweight technical materials with growing uses in
advanced industrial sectors such as aerospace, aeronautics,
automotive, medical devices and equipment, or construction
sector [4-6]. The excellent performance of these materials
allows them to substitute other conventional materials such
as steel in civil applications [7]. Despite these notorious
qualities, the overall cost of these fibers, mainly carbon and
aramids is still high due to complex manufacturing processes
[8]. To overcome the cost-related problem, some efforts
have been done to totally or partially replace the content of
these fibers in composite materials or laminates, aiming a
good balance between performance and cost. In the last
decade, most research works have focused on the potential
of hybrid composite materials laminates with different
fibers/fabrics in a particular stacking sequence. Artemenko
et al. [9], reported a hybrid composite with carbon and glass
fibers, with the subsequent cost reduction. Nevertheless, the

*Corresponding author: diclas@epsa.upv.es
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decrease in mechanical properties was noticeable. In
particular, these hybrid carbon/glass composites showed a
flexural strength 40 % lower than carbon fiber composites.
Marom et al. [10], manufactured hybrid composite laminates
with aramid (Kevlar®) and carbon fiber, achieving hybrid
materials with good impact absorption properties when
Kevlar plies were located in the outer layers of the
composite material.

In addition to the cost reduction, in the last decade the
increasing concern about environment is leading the change
to the use of environmentally friendly materials and
processes. In accordance to this tendency, the use of natural
fibers has emerged as an interesting alternative to give high
environmental efficiency materials. Natural fibers are
obtained from renewable resources which represents a
notorious advantage from a production standpoint [11], and
a positive effect on reducing greenhouse gases emissions.
The most used fibers in the manufacture of composite
materials are jute, hemp, cotton and flax, among others [12,
13]. One of the most interesting fibers for the composite’s
industry is flax. Due to its composition, which is mostly
made up of helical structures (microfibrils) of cellulose, flax
fibers can provide high tensile strength and modulus. The
microfibril orientation in flax fibers is 10 °, and the cellulose
content is around 71 %, which can lead to values of the
tensile strength of up to 1129 MPa [14]. Several authors
have focused their research works on hybrid structures
between synthetic and natural fibers. Zhang er al. [15],
reported interesting properties on hybrid composite materials
with flax and glass fibers. The showed good interaction
between the fibers since fracture toughness and interlaminar
shear strength turned out to be higher compared with
composite laminates with glass fibers. Morye er al. [16],
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Manufacturing and characterization of hybrid
composites with basalt and flax fabrics and a partially
bio-based epoxy resin

Abstract

This research is focused on manufacturing and characterization of hybrid
composite laminates obtained different stacking sequences of basalt and flax fabrics with
silane treatments embedded in a partially bio-sourced epoxy resin as matrix. They were
manufactured by the vacuum-assisted resin infusion molding and mechanical properties
were tested in tensile, flexural and impact conditions. The effect of the coupling agent on
the fiber/matrix interface was studied by FESEM. The effect of temperature on
mechanical properties was evaluated by DMTA and TMA. FESEM images revealed
improved fiber/matrix interactions with silane treatment, having a more satisfactory effect
on basalt fibers than on flax fibers because of its silica-based structure, leading to
improved mechanical properties. It is worthy to note that the hybrid stacking sequence
has no remarkable influence on the elongation at break. On the contrary, the hybrid
stacking sequence offered a great influence on both the elastic modulus and the tensile

strength.

Keywords: Bio-based epoxy resin, Hybrid composites laminates, VARIM
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[11.2.5.1. Introduction

Composite materials are one of the most promising areas of thermosetting
polymers. Conventional fibers such as carbon, aramids, and glass, offer superior
mechanical properties to most materials and this has led composite materials into
advanced materials sectors and high- performance applications. Some of their
outstanding properties are lightness, high Young’s modulus, high tensile strength and
good thermal stability, among others [1-3]. When these fibers are used as reinforcements
embedded into a polymeric matrix (usually a thermosetting polymer), the obtained
composite materials offer a synergistic improvement in both manufacturing and final
properties. These composites are lightweight technical materials with growing uses in
advanced industrial sectors such as aerospace, aeronautics, automotive, medical
devices and equipment, or construction sector [4-6]. The excellent performance of these
materials allows them to substitute other conventional materials such as steel in civil
applications [7]. Despite these notorious qualities, the overall cost of these fibers, mainly
carbon and aramids is still high due to complex manufacturing processes [8]. To
overcome the cost-related problem, some efforts have been done to totally or partially
replace the content of these fibers in composite materials or laminates, aiming a good
balance between performance and cost. In the last decade, most research works have
focused on the potential of hybrid composite materials laminates with different
fibers/fabrics in a particular stacking sequence. Artemenko and Kadykova [9], reported
a hybrid composite with carbon and glass fibers, with the subsequent cost reduction.
Nevertheless, the decrease in mechanical properties was noticeable. In particular, these
hybrid carbon/glass composites showed a flexural strength 40 % lower than carbon fiber
composites. Marom, et al. [10], manufactured hybrid composite laminates with aramid
(Kevlar®) and carbon fiber, achieving hybrid materials with good impact absorption

properties when Kevlar plies were located in the outer layers of the composite material.

In addition to the cost reduction, in the last decade the increasing concern about
environment is leading the change to the use of environmentally friendly materials and
processes. In accordance to this tendency, the use of natural fibers has emerged as an
interesting alternative to give high environmental efficiency materials. Natural fibers are
obtained from renewable resources which represents a notorious advantage from a
production standpoint [11], and a positive effect on reducing greenhouse gases
emissions. The most used fibers in the manufacture of composite materials are jute,
hemp, cotton and flax, among others [12,13]. One of the most interesting fibers for the
composite’s industry is flax. Due to its composition, which is mostly made up of helical

structures (microfibrils) of cellulose, flax fibers can provide high tensile strength and
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modulus. The microfibril orientation in flax fibers is 10°, and the cellulose content is
around 71 %, which can lead to values of the tensile strength of up to 1129 MPa [14].
Several authors have focused their research works on hybrid structures between
synthetic and natural fibers. Zhang, et al. [15], reported interesting properties on hybrid
composite materials with flax and glass fibers. The showed good interaction between the
fibers since fracture toughness and interlaminar shear strength turned out to be higher
compared with composite laminates with glass fibers. Morye and Wool [16], reported an
increase in the flexural an impact strength properties on hybrid composites of flax and
glass fibers. Ramesh, et al. [17] studied the hybrid effect of synthetic fibers such as
carbon and natural fibers such as hemp. Natural fibers were pre-treated with alkaline
solutions, which determined that the pre-treatment increased the mechanical properties
compared to untreated fibers, and caused water absorption to decrease too. Bajpai, et
al. [18] developed safety helmets based on hybrid fiberglass and jute fiber materials
embedded in an epoxy resin matrix. It was determined that the flexural properties were
superior when the fiberglass content was lower, thus allowing these materials with a high
percentage of natural fibers to replace conventional materials such as ABS.
Palanikumar, et al. [19] developed hybrid composites based on sisal and glass fibers,
where the incorporation of 20 % sisal fibers resulted in increased mechanical properties
in tensile and bending. Therefore, these hybrid composites were confirmed as an

alternative to all-glass fiber composite.

As an alternative to glass fibers, it is possible to find some different siliceous fibers
with interesting properties from a technical point of view. These fibers are obtained from
mineral products such as rocks, therefore, these fibers are known commercially as rock
wool, depending on the type of rock [20]. Among the rocks used for this purpose, basalt
is the most promising. This rock is the result of the cooling of magma on the earth’s
surface [21]. Due to its particular structure, processing of basalt rocks is much simpler,
cheaper and with less environmental impact than production of glass fibers, which
generates too much waste [22]. Properties such as low or no chemical reactivity, good
thermal behavior, good mechanical properties, high modulus, are some of the features
of basalt fibers [23,24]. Tehrani Dehkordi, et al. [25] reported improved buckling strength
when subjected to high impact energies on hybrid composites of basalt-nylon intraply
fabrics. Matykiewicz, et al. [26] reported the thermomechanical properties of hybrid
composites of basalt fibers and basalt powder. The hybrid composition achieved a
synergistic effect by improving the thermal resistance and the stiffness of the composite.
Several authors have studied the hybrid effect with natural fibers, Matykiewicz and

Barczewski [27], prepared a hybrid composite with basalt and flax fibers pre-treated with
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silanes. These hybrid fibers were embedded in an epoxy resin filled with basalt powder.
They determined that the mechanical properties of the composites were not affected by
the incorporation of the flax fibers. Moreover, they reported a clear coupling effect by
using silanes, resulting in a better fiber-matrix interaction and, subsequently, the stiffness
was increased. Sergi, et al. [28] investigated the effect of water aging and UV radiation
on hybrid composites based on basalt and hemp fibers, embedded into a thermoplastic
matrix of high-density polyethylene modified with maleic anhydride. They also reported
the positive effect of an accelerated aging on improving mechanical properties. In
addition, water absorption decreased due the compatibilizing effect of the aging process
with UV. Despite the good properties of these fibers, the interaction between them and
the surrounding thermosetting matrix is usually deficient, resulting in a marked decrease
in mechanical properties, since the loads are not transmitted correctly to the fibers
[29,30]. To improve this interaction, different types of treatments are usually performed
to selectively modify the fiber surface. Different physical and chemical processes have
been proposed to overcome this drawback. Among all these treatments, silanization
seems to be the most effective from both technical and economic considerations [31].
The dual functionality of silanes allows formation of bridges between the fiber surface

and the thermosetting polymer matrix [32].

Typical thermosetting resins for composites include unsaturated polyesters (UP),
epoxies (EP), phenolics (PF), vinyl ester (VE), among others. Epoxies are widely used
in engineering due to excellent properties they can provide [33,34]. conventional epoxies
for composites are based on diglycidyl ether of bisphenol A, DGEBA [35,36]. DGEBPA
epoxies are petroleum-based materials and substantially contribute to increase the
carbon footprint. With the aim of reducing this, different bio-based materials have been
proposed [37,38], mainly derived from non-edible vegetable oils (VO) [39]. The particular
structure of vegetable oils, based on a triglyceride with three different fatty acids allows
some chemical modifications, especially on unsaturated fatty acids such as oleic, linoleic

and linolenic acids [40].

The purpose of this research is to assess the potential of hybrid composite
laminates of flax and basalt fibers embedded into a partially bio-based epoxy resin,
obtained by vacuum assisted resin infusion molding (VARIM). This work also covers the
study of the interaction between basalt and flax fibers subjected to a silanization process.
In addition, the stacking sequence of flax and basalt fabrics on composite laminates is

evaluated in terms of mechanical performance.
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[11.2.5.2. Experimental

Materials

The matrix was a partially bio-based epoxy resin, commercial grade Resoltech®
1070 ECO and an amine- based hardener type Resoltech® 1074 ECO, both of them
supplied by Castro Composites (Pontevedra, Spain). The epoxy resin is based on
diglycidyl ether of bisphenol A (DGEBA) with 31 % of plant-based reactive diluent. It
provides good UV stability and high mechanical properties. The ratio between the epoxy
resin and the hardener was 100:35 respectively (parts by weight), as recommend the
manufacturer. Two types of fabrics were used to manufacture hybrid composite
laminates. Basalt fabric BAS 940.1270.T supplied by Basaltex (Wevelgem, Belgium) with
a specific surface weight of 940 g cm?and Biotex Flax fibers supplied by Composites
evolution (Chesterfield, United Kingdom) with a specific surface weight of 400 g cm™=2.
Some properties of flax fiber and basalt fiber fabrics are summarized in table 111.2.5.1, all
fabrics present a compensated setup on weft and warp directions. The glycidyl-functional
silane (3-glycidyloxypropyl) trimethoxysilane was used as a coupling agent and was
obtained from Sigma-Aldrich (Madrid, Spain).

Table 111.2.5.1. Physical properties of flax and basalt fibers, and their corresponding
fabrics used for composite manufacturing.

Properties Basalt fibers  Flax fiber
Density od unsized filament (kg dm™) 2.67 15
Moisture content (%) 0.1 -
Melting point (°C) 1350 -
Weave type Twill 2/2 Twill 2/2
Fiber diameter (um) 17 20
Young Modulus (GPa) 85 50
Yarn density: warp (ends cm™) 3.8 7
Yarn density: weft (ends cm?) 3.8 7
Ply thickness (mm) 0.53 0.6-0.8

Pre-treatment of Fibers

In order to remove any external agents (sizings), which can interfere with the
manufacturing process of basalt/flax composite laminates, basalt fabrics were initially
washed in a distilled water bath and then subjected to a thermal program at 300 °C for 3

h to remove any organic sizing.
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In order to improve the surface interaction between the reinforcing fibers and the
thermosetting matrix, both basalt and flax fabrics were subjected to a silanization
treatment. The aqueous solution for this treatment contained 1 wt % silane. Then the
solution was magnetically stirred for 2 hours at room temperature until homogenization.
Then, the corresponding fabrics were immersed in this solution for 2 hours at room
temperature. After this stage, the fabrics were removed from the bath and were dried at
80 °C for 12 hours.

Manufacturing of Hybrid Basalt/flax Composite Laminates

Manufacturing process of basalt/flax/epoxy composites was carried out by the
VARIM process. This method consists on a conventional infusion process assisted by
vacuum. VARIM process follows different stages. First, basalt and flax fabrics with
different stacking sequences as summarized in table 111.2.5.2, were placed on a board
coated with a thin layer of a release agent (polyvinyl alcohol) as it is shown in Scheme
[11.2.5.1a, all layers are biaxial fabrics (0/90).s. Then, a peel-ply sheet was placed above
the stacked fabrics followed by the bleeding fabric, to ensure good resin flow and
spreading (scheme 111.2.5.1b). Then, the system was sealed with a plastic bag with
double-side sealing tape. Finally, the resin inlet and the vacuum outlet were placed
appropriately (scheme II1.2.5.1c). Then the vacuum was tested to ensure no leaking.
Once this stage was checked and it was confirmed there was no leaking, the resin was
infused thus embedding all fabrics (Scheme 111.2.5.1d). After the infusion, the hybrid
composites were subjected to a curing cycle of 1 h at 80 °C and a subsequent post curing
cycle at 125 °C for 30 min.

Table 111.2.5.2. Composition and stacking sequence of hybrid composite laminates with
different basalt/flax plies.

Ply number
Code ratio Stacking Sequence
(basalt/flax)

BOF8 0/8 ...

N

Image view of the cross
section

B Basalt fabric ply Bl Flax fabric ply
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(b)

Scheme [11.2.5.1. Stages of the VARIM of hybrid composite laminates with different
basalt/flax plies with a partially bio-based epoxy resin; (a) defining the stacking sequence,
(b) adding the peel-ply and bleeding fabric, (c) testing the vacuum level to check no
leakage, and (d) resin infusion assisted by vacuum.

Mechanical Properties of Laminate Composites

Mechanical properties of hybrid basalt/flax epoxy composite laminates with bio-
based epoxy resin were evaluated in flexural and impact conditions. The flexural test
was performed following the guidelines of ISO 178 standard; the crosshead rate was set
at 5 mm min*. Flexural test was performed on an electromechanical universal testing
machine ELIB 50 from S. A. E. lberest (Madrid, Spain), with a 50 kN load cell. Impact
strength was evaluated by the Charpy test, following the guidelines of ISO 179 standard
in a Charpy pendulum from Metrotec (San Sebastian, Spain), using a 6 J pendulum on
notched samples (U type, 2 mm depth and a radio of 0.5 mm) as it is shown in figure
[11.2.5.1. All tests were conducted at room temperature with at least five samples of each
laminate. The average values of the corresponding parameters of each test were

calculated.
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Figure 111.2.5.1. Detail of U type notched samples for Charpy test to evaluate the impact
strength of hybrid composite laminates with different basalt/flax plies with a partially bio-
based epoxy resin.

In order to have a better understanding of the effect of the hybrid structure of
composite laminates on toughness, a conventional tensile test with the same notched
samples (figure 111.2.5.1) used for impact tests was carried out. This tensile test was
carried out in a ELIB 50 from S. A. E. Iberest (Madrid, Spain), with a 50 kN load cell and
the crosshead rate was set to 3 mm min. This test allows calculating the area below its
characteristic tensile diagram, which is directly related to overall toughness. The main
parameters obtained from this test were the maximum tensile strength and the area
below the tensile curve. Five different samples were tested, and the corresponding
values were averaged, in addition, longitudinal and cross-sectional data have been

considered.

Thermomechanical Characterization

Thermomechanical properties of hybrid basalt/flax composite laminates with bio-
based epoxy resin were evaluated by dynamic mechanical thermal analysis (DMTA). An
oscillatory rheometer AR-G2 from TA Instruments (New Castle, USA) equipped with a
clamp system for solid samples working in torsion-shear conditions was used. The
samples had a rectangular shape size of 40x10x4 mm?3. The heating program was a
temperature sweep from 30 °C up to 200 °C at a constant heating rate of 2 °C min™. The
maximum shear/torsion deformation (y) was defined as a percentage of 0.1 % and the

selected frequency for the oscillations was 1 Hz.

Additionally, to the dynamic characterization of basalt/ flax hybrid composites by
DMTA, their dimensional stability was analyzed by obtaining the coefficient of linear
thermal expansion (CLTE) in a thermomechanical analyzer (TMA) Q400 from TA
Instruments, using square samples (10x10 mm?) with a variable thickness from 7 to 11
mm, with parallel faces. The dynamic heating program was scheduled from 30 °C up to
170 °C to cover the range in which the T4 of the epoxy is expected. A constant heating

rate of 2 °C min! was used with a constant load of 20 mN.
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Fiber/matrix Interaction and Morphology Analysis

The interaction between basalt fibers and flax fibers with the epoxy resin matrix
in hybrid basalt/flax composite laminates was analyzed by field emission scanning
electron microscopy (FESEM), in a ZEISS ULTRA 55 FESEM microscope from Oxford
Instruments (Abingdon, United Kingdom) working at an acceleration voltage of 2 kV.
Prior to observation by FESEM, all samples were coated with an ultrathin gold-palladium
layer in a high vacuum sputter coater EM MED20 from Leica Microsystem (Milton
Keynes, United Kingdom), to provide electrical-conducting properties to samples. In
addition, the morphology of the fractured surfaces from fractured specimens from impact
test was observed using a stereomicroscope system SZX7 model from Olympus (Tokyo,
Japan). It was equipped with a KL 1500-LCD light source.

Statistical Analysis

The data obtained when analyzing the different properties of epoxy basalt/flax
composite laminates were evaluated with a p < 0.05 (95 %) confidence interval using an
analysis of variance (ANOVA). The OriginPro8 software from OriginLab Corporation

(Northampton, MA, USA) was used to perform the Tukey multiple comparison tests.

[11.2.5.3. Results and Discussion

Morphology of Untreated and Silanized Basalt and Flax
Fibers

Mechanical properties of composites are directly related to fiber/matrix
interactions. Strong fiber/matrix interactions allow load transfer from the matrix to the
reinforcing fiber and this has a positive effect on overall mechanical performance. On the
contrary, poor fiber/matrix interactions are responsible for poor mechanical properties
due to poor material’'s cohesion. The surfaces of the reinforcing fibers after the silane
treatment were analyzed by FESEM; these images are displayed in figure 111.2.5.2. Both
figure I1l.2.5.2(a) and figure 111.2.5.2(b), show basalt fiber surface as-received, without
any treatment. It can be noticed that the surface has some impurities, which appear in
the form of roughness on these surfaces. This roughness is no more than the protective
sizing of basalt fibers. This sizing is usually added to facilitate their handling during
manufacturing due to its brittleness. Flax fibers, unlike basalt fibers, do not have a
uniform surface, they have a fluted structure, generally having between 5 and 7 lateral
sides as indicated in figure 111.2.5.2(c) and figure 11.2.5.2(d), which is quite typical of

natural fibers, as this particular shape allows packing fibers [16]. Figure 111.2.5.2(e) and
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figure 111.2.5.2(f) show the surfaces of basalt fibers subjected to cleaning and subsequent
heat treatment at 300 °C to remove organic sizings. The results obtained after this
process is notorious as the initial roughness of untreated basalt fibers has almost
disappeared, resulting in completely smooth surfaces, meaning that the initial sizing of
the basalt fibers has been removed. This is necessary due to the presence of undesired
elements such as binders, sizings dirt, and others, which are usually present in the
surface of basalt fibers. Some of these chemicals are needed to appropriately
manufacture the highly brittle basalt fibers. If these chemicals and/or dirt are not
removed, the silanization process lose its effectiveness because these elements prevent
anchoring between the hydroxyl groups of the fibers on their surface and the hydrolyzed
silanol groups contained in the glycidyl-functional silane (3-glycidyloxypropyl), as
observed in previous studies [41], so that it does not cause subsequent failures while
manufacturing composite laminates and, moreover, allows good anchorage of silane
after silanization. The effect of silanization on both fibers can be seen in figure 111.2.5.2(g)
and figure 111.2.5.2(h) for basalt and in figure 111.2.5.2(i) and figure 111.2.5.2(j) for flax fibers.
As it can be seen for both fibers, the surface roughness has increased which is due to
formation of a thin layer of silane that has been strongly adhered to the fibers in a similar

way as reported by Park, et al. [42] and Samper, et al. [29].
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/4

Figure 111.2.5.2. FESEM images at different magnifications (x200 left column, x1000 right
column) corresponding to surface morphology of (a), (b) as-received basalt fibers, (c), (d)
untreated flax fibers, (e), (f) basalt fibers subjected to cleaning + heat treatment, (g), (h)

silanized basalt fibers and (i), (j) silanized flax fibers.
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Mechanical Properties and Morphology of Basalt/flax
Hybrid Composite Laminates

The mechanical behaviour of basalt/flax hybrid laminates was studied through
flexural and Charpy tests (as an estimation of the toughness). The values obtained by
the different mechanical tests are summarize in table 111.2.5.3. It is noteworthy that the
high values obtained for flexural strength and impact strength are mainly due to the effect
provided by the coupling agent as observed in other similar composite laminates [43-45].
It can be seen that the flexural strength (or) and flexural modulus (Er) for B8FO laminate
are 467.9 MPa and 14.7 GPa respectively, which are relatively high due to the stiff
properties of basalt fiber which are comparable to those of glass fibers and slate fibers
as reported by Samper, et al. [46]. In addition, this is due to the great affinity that these
types of fibers have with a polymeric matrix after silanization process, in this case, with
a glycidyl silane which can readily react with the epoxy resin. On the contrary, as flax
fiber is characterized by remarkably lower mechanical properties, the BOF8 composite
laminate offers a flexural strength of 51.5 MPa and a flexural modulus of 2.2 GPa which
are close to some engineering plastics. It is evident that this composite laminate with all-
basalt fabrics (B8FO0) is the one with the highest flexural strength and modulus but it is
possible to substitute some basalt fabrics with flax fabrics, which leads to increased
environmental efficiency and balanced mechanical properties. For example, the B6F2
composite laminate, with two flax plies offers high flexural properties of 307.7 MPa
(flexural strength) and 12.2 GPa (flexural modulus) which can compete with some
conventional glass fiber composites. Even the composite with 4 flax plies and 4 basalt
plies (B4F4) shows interesting mechanical performance, with a flexural strength of 241.9
MPa and a flexural modulus close to 10 GPa (9.5 GPa). This increase in flexural
properties can be attributed to the good synergy that the reinforcement fibers have with
the matrix because of the treatment with coupling agents carried out before their
manufacture, as above-mentioned. Usually, polymer-matrix interactions are not good
enough to guaranty load transfer, and this results in poor or decreased mechanical
properties. Nevertheless, coupling agents such as silanes, as they possess dual
functionality, they can react/interact with both the thermosetting matrix and the
reinforcing fiber and, positively contribute to load transfer, with a subsequent positive
effect on mechanical properties. The literature presents hybrid materials in which the
incorporation of glass fiber resulted in flexural properties similar to those obtained in this
work [47,48], making this a potential environmentally friendly alternative for some glass-
fiber composites in many applications. It is important to remark that even with the same

number of flax and basalt pies, B4F4 and B4F4alt composite laminates offer remarkably
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different flexural properties. In B4F4 composites, basalt fabrics are located in the external
plies of the symmetric laminates (see table 111.2.5.2) This stacking sequence provides
increased stiffness and strength. On the contrary, the B4F4alt composite laminate,
contains one external basalt ply and two internal (in the middle) basalt plies; so that, flax
fiber acts as the principal reinforcement material thus leading to decreased mechanical
properties. In particular, the flexural strength and modulus for the B4F4alt laminate are
156.5 MPa and 4.0 GPa which are almost half the values of the B4F4 stacking sequence.
As reported by Park and Jang [49], in hybrid carbon/polyethylene composites, the
stacking sequence and the relative position of the carbon plies play a key role on final
performance. As the flax ply number increases, it is detectable a decrease in flexural
performance but even for the B2F6 composite laminate, the flexural strength is
interesting (129.7 MPa) with a flexural modulus of 6.4 GPa. These properties are typical
of engineering plastics reinforced with short glass and/or carbon fibers [50,51], thus
giving an alternative to the high cost of these engineering plastics and, what is more

interesting, providing increased environmental efficiency.

With respect to the impact strength obtained by the Charpy test, table 111.2.5.3
shows the effect of hybridization on toughness, measured as the impact strength. In a
similar way to flexural properties, the highest impact strength is obtained for the all-
basalt composite (B8F0) with and absorbed energy of 116.9 kJ m™. This impact energy
is relatively high compared to other composite laminates. For example, Samper, et al.
[46] reported an impact strength of almost 80 kJ m2in composites with slate 4 plies
embedded into an epoxy resin, using a glycidyl silane as coupling agent. Basalt
laminates offer superior impact strength properties. As some basalt plies are exchanged
by flax plies, the impact strength decreases down to values of 9.0 kJ m2for the all-flax
composite laminate (BOF8) which indicates very low energy absorption, even lower than
some engineering plastics, such as PBSA injected samples (26 kJ m2), PCL/PHB binary
blends with 75 % of PCL and 25 % of PHB (11 kJm), and LDPE injected specimens (53
kJ m?) [52-54]. It should be noted that composite laminates made by four basalt plies
and four flax plies show relatively high values for the impact strength (B4F4alt), of 77.8
kJ m. Once again, composite laminates with the same number of basalt and flax plies
but with different stacking sequences show different behaviour. As indicated previously,
flax plies are not good energy absorbers; for this reason, the B4F4 shows slightly lower
energy absorption than the B4F4alt, with values of 64.0 kJ m2and 77.8 kJ m
respectively. In B4F4 composite, the outer plies are basalt fabrics and they can absorb
some energy in the initial stages of the impact process. Once the basalt fabrics are

broken, flax plies do not offer high resistance to deformation thus leading to slightly
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reduced impact strength values compared to B4F4alt. In this last case, an outer basalt
ply receives the impact and breaks and then, immediately, flax fibers are exposed to
impact with very low energy absorption but this stacking sequence contains two basalt
plies in the middle which are able to absorb energy once the pendulum has lost some of
its initial impact energy and this gives slightly higher impact strength. In addition, when
the strongest fibers are located at the skin region (outer plies), they can withstand high
tensile and compression stresses during the impact and this positively contributes
improved toughness as reported by Ary Subagia, et al. [55]. It is possible to observe
similar results in different hybrid composite structures in which, the stacking sequence is
a key parameter on final performance of composite plates; in general when the stiffer
and strongest plies are located in the skins (outer plies), flexural and impact properties
are remarkably improved [56].

Table 111.2.5.3. Mechanical properties of basalt/flax hybrid composite laminates with
different stacking sequences obtained from flexural and Charpy tests

Code Flexural properties Impact strength
ot (MPa) E: (GPa) (kJ m?)
B8FO 467.9 £ 83.32 14.7 £1.02 116.9 £ 2.12
B6F2 307.7 £ 53.92 12.2 +0.702 88.0 +5.7°
B4F4 241.9 + 39.6° 9.5+04° 64.0 + 4.8%¢
B2F6 129.7 + 24.7¢¢ 6.4 +0.4¢ 58.1 + 1.2¢8d
B4F4alt 156.5 + 28.69¢ 4.0+£0.2¢° 77.8 £5.0°
BOF8 51.5+10.2° 2.2+0.1f 9.0 +0.8f

af different letters in the same column indicate a significant difference among the samples
p<0.05

Energy absorption and subsequently, toughness, is key parameter on selecting
materials for engineering applications. For this reason, an additional estimation of the
toughness has been carried out by tensile tests with the same samples used for impact
tests. Figure 111.2.5.3 gathers a comparative plot of the stress-strain diagrams obtained
for basalt/flax hybrid composite plates. The area below the characteristic stress-strain
curve is representative for the overall toughness or the absorbed energy during the
deformation and fracture of composite plates. All composites show a linear behaviour
until fracture occurs. The most relevant information obtained from this test is summarized
in table 111.2.5.4. As one can see, a simple observation of figure 111.2.5.3 indicates that
the all-basalt composite plate is, with difference, the one with the highest toughness,
measured as the area below the stress-strain curve. In particular, this area is 25.06 MN

m m-3which is remarkably higher than the area below the stress-strain curve for all-flax
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composite plate (BOF8), which is 1.77 MN m m3, These units, i.e. MN m m3, suggest
energy or work (MN m) units per volume fraction (m=), so that, it is possible to use this
value as an estimation of the energy absorbed until failure. As expected, when some
basalt plies are exchanged by flax plies, the area below the o - € diagram decreases as
basalt is much tougher than flax. These results are in total agreement with those obtained
by the conventional Charpy test. Nevertheless, with regard to composites with the same
number of basalt and flax plies with different stacking sequences (B4F4 and B4F4 alt), it
is possible to observe some differences with the results obtained by the Charpy test.
Although there is a correlation between these two tests, the conditions are, obviously,
different since the Charpy considers energy absorption in a very short period of time
(impact) while the tensile test offers the energy absorption in a larger period of time.
Therefore, it is possible to conclude that the way the load is applied can influence the
final energy absorption as in this case. With regard to the maximum stress before failure
occurs, table 111.2.5.4 shows the same tendency observed by flexural tests. The
maximum stress value for the notched sample in this tensile test corresponds to the B8FO
laminate with a value of 211.9 MPa. On the contrary, the lowest value can be detected
for the all- flax composite (BOF8) with a maximum tensile stress of 21.7 MPa. As the

basalt plies are exchanged by flax plies, the maximum tensile stress decreases.
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Figure 111.2.5.3. Stress-strain curve plots of notched samples (U type) of basalt/flax hybrid
composite laminates with different stacking sequences obtained from tensile tests.
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Table [1.2.5.4. Mechanical properties of basalt/flax hybrid composite laminates with
different stacking sequences obtained tensile tests on notched samples (U type)

Code o: (MPa) & (%) Area
(MN m m-)
B8FO 211.9+13.8° 23.0+0.8?2 25.06 + 2.032
B6F2 146.8 + 18.1° 21.1+2.82° 15.41 + 1.24°
B4F4 104.8 + 12.9° 19.7 + 0.5P¢2 9.69 + 1.02°
B2F6 549+ 12.8° 11.4 + 3.0¢ 3.39 +0.31¢
B4F4alt 85.9 + 5.4¢ 18.3 + 1.0¢b2 5.65 = 0.49¢
BOF8 21.7 + 6.8 16.2 + 3.5¢b2 1.77 £ 0.15f

af different letters in the same column indicate a significant difference among the samples
p<0.05

The fractured surfaces of the hybrid composite plates from impact tests were
observed by FESEM in order to assess the effectiveness of the coupling agent in terms
of the interface phenomena of the reinforcing fibers and the polymer matrix. The polymer-
fiber interface gives an idea of the effect of the coupling agent treatment on mechanical
properties. Figure Ill.2.5.4a and 111.2.5.4b correspond to the fracture of the all basalt
(B8F0) composite laminate. It can be observed that there are no discontinuities between
the matrix and the surrounding fibers, that is, which indicates good wettability of the fiber
resin with the resin. This is because the coupling agent (glycidyl silane) has an epoxy
functionality that can react with both basalt fiber and epoxy matrix. The coupling between
the glycidyl silane and the basalt fiber takes place by the condensation reaction of the
hydrolyzed silane and the hydroxyl groups in the outmost layers of basalt fiber. This
chemical anchorage of the silane onto the basalt fiber is achieved during the pre-
treatment stage, and there is still a glycidyl group which can be able to react with the
epoxy resin during the crosslinking. For this reasons, coupling agents act as a physical
bridges between the fibers and the matrix and this allows good material’s cohesion and
continuity which has a positive effect on mechanical performance as described by
Espania, et al. [57]. As one can see, the individual fibers show a very rough surface which
corresponds to the failure of the epoxy matrix instead of fiber debonding or pull-out,
which is indicating good interface interactions as reported by Samper, et al. [46]. The
fracture surface corresponding to all-flax composite plate (BOF8) is shown in figure
[11.2.5.4c and 111.2.5.4d. As it can be seen, there are some small gaps around the flax
fibers, which leads to poor interaction between the fiber and the epoxy resin. This is
indicating that the fiber is not well embedded into the epoxy resin, even with the previous
silanization process. As reported by Bertomeu, et al. [58], in flax/epoxy composites, the

gap around the fiber and the surrounding matrix can be reduced by using conventional
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silanization treatment on flax fabrics; nevertheless, this gap does not disappear. The
presence of these gaps does not allow right load transfer from the epoxy matrix to the
flax fiber, and this has a negative effect on final properties. In addition, it is important to
bear in mind that the mechanical properties of flax fibers are remarkably lower than those
of basalt fibers, and all this has an effect on final performance of all-flax composites
[59,60].

Figure 111.2.5.4. FESEM images at different magnifications (x200 left column, x500 right
column) corresponding to fractured surfaces from impact tests of composites with
different fibers embedded into an epoxy resin matrix, (a), (b) all-basalt B8 FO composite
plate, (c), (d) all- flax BOF8 composite plate.

In order to better ascertain the characteristics of the fractured surfaces of the
hybrid composite laminates from impact test, fractured surfaces were also observed by
optical stereomicroscopy with different ocular magnifying glasses. Figure I11.2.5.5
gathers the cross-section and the fracture surfaces from impact tests corresponding to
the different hybrid composite laminates. The fractured surface of the all-basalt B8FO
composite plate is displayed in figures 111.2.5.5b and I11.2.5.5¢ which shows the fracture
surface is the result of a low matrix resistance (rigid epoxy matrix) compared to the strong
basalt fiber. It is possible to see that the fibers exhibit small tearing areas at their fracture
points, which is representative for a brittle behaviour of basalt fibers [42]. This is an

indication of the strength these fibers provide to composites and this agrees with the
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above-mentioned impact-absorbed energy values which were the highest for B8FO0
composite plate, due mostly to the excellent mechanical properties of the basalt fiber
and the good fiber/matrix interface achieved after the silanization, as observed in the
FESEM analysis. For hybrid composites, the fractured surface always shows the same
morphology. As it can be seen in figures I11.2.5.5e and [11.2.5.5f, corresponding to the
hybrid B6F2 composite plate, the fracture is caused by the premature failure of the flax
fibers, since these present a lower pull-out length compared to the basalt fibers. This is
due to their lower strength compared to basalt fiber as reported in literature [61,62].
Although the interface between the flax fiber and the epoxy matrix is good enough, there
is poor interaction with basalt plies and, therefore, these laminates show small gaps
between the flax and basalt plies, causing delamination failure at the interface. On one
hand, this poor interlaminar interaction can be caused by the manufacturing process
since, the behaviour of both fibers with the epoxy resin is completely different. On the
other hand, the silanized basalt fibers stablish strong interactions with the epoxy resin
while the highly porous flax fiber absorbs more epoxy resin and this leads to a
heterogeneous epoxy distribution in the plies. The same comments can be done for
hybrid composite plates with different stacking sequences as shown in figure 111.2.5.5
with increasing the number of flax plies: Figures 111.2.5.5h and I11.2.5.5i (B4F4), figures
[11.2.5.5k and I11.2.5.5] (B2F6). In all these composites, flax fabrics fails before basalt
fabrics. Figures I11.2.5.5q and I11.2.5.5r show the fractured surface all-flax BOF8
composite laminate. Despite the fiber/matrix interface interaction was relatively good, the
presence of interlaminar gaps was greater, which resulted in a decrease in its
mechanical properties as described previously. Jusoh, et al. [63] suggested that the
different nature of natural and basalt fibers resulted in poor interfacial bonding. Possible
premature delamination of the layers may be caused by an internal failure of the
interlayer as occurred in laminates made with glass and flax fibers, and with glass and
jute laminates, that presented a high degree of stretching causing the fibers to pull out

during fracture.
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Figure I11.2.5.5. Stereomicroscopy images at different magnifications (x16, left and central
column; x40 right column) corresponding to the cross section and the fracture surfaces
from impact tests of (a), (b), (c) B8FO, (d), (e), (f) B6F2, (g), (h), (i) B4F4, (j), (k), (I) B2F6,
(m), (n), (o) B4F4alt, (p), (q), (r) BOF8.
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Thermal and Thermomechanical Properties of Basalt/ flax
Hybrid Composite Laminates

Regarding to the dynamic mechanical thermal behaviour (DMTA) of hybrid
basalt/flax composite laminates, figure 111.2.5.6 gathers the comparative plots of the
storage modulus (G") and the dynamic damping factor (tan &) with respect to
temperature. Table 111.2.5.5 includes some characteristic values of G' at 60 °C and 125
°C as to compare the dynamic performance of the hybrid composites. Figure 111.2.5.6a
shows the evolution of the storage modulus (G') as a function of the increasing
temperature. It is important to bear in mind that the storage modulus is directly related to
the stiffness of the material and its elastic behaviour (ability to storage energy when
dynamically loaded). It can be seen that all-basalt BSFO composite plate has a G' value
of 1.78 GPa at a temperature of 60 °C. Above this temperature, between 70 °C and 110
°C a remarkable decrease in G' (about two- fold decrease) can be observed, which is
attributable to the a-relaxation of the epoxy resin or its glass transition temperature (Tg).
The a-relaxation in crosslinked thermosetting resins is directly related chain mobility.
Below the a-relaxation, the chain mobility into the 3D crosslinked epoxy resin is highly
restricted. Nevertheless, above the a-relaxation, the material behaves as a rubber like
material and this is a clear evidence of the structure relaxation. Although the crosslinked
structure is not lost, some segments can move, vibrate, and so on, leading to this rubbery
behaviour. The internal structural stresses due to the fully crosslinked epoxy resin, is
relaxed at moderate-to-high temperatures, thus indicating a transition from a rigid state
to a rubbery state, which is representative for the glass transition temperature (Tg) this
movement is made between the crosslinking points in the glass-to-rubber transition, and
this is related to the tan & peak [64]. As one can see, a clear decrease in G’takes place
during the a-relaxation or Ty. For example, for the B8FO compaosite plate, the G' value
below Tg4(at 60 °C) is 1.78 GPa and this is reduced down to values of 98.4 MPa above
the T4 (at 125 °C). This indicates that below T4 the material behaves as a stiff and rigid
material while above the Tg, the material has become soft. The hybrid stacking sequence
has a clear effect on G'. The G' curve for the all-basalt B8FO composite laminate
corresponds to the highest values of the developed materials. As the flax content
increases in hybrid basalt/flax composites, these plates become less stiff and,
subsequently, the G' characteristic curves are shifted to lower values. The shape of the
curve is the same but all the curves are moved down which indicate softer composites
[16]. This corroborates the data obtained by flexural tests; by increasing the number of
flax fibers layers the material’s stiffness decreases. The lowest storage modulus

corresponds, as expected, to the all-flax BOF8 composite plate with a value of G' of 0.57
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GPa at 60 °C. Figure I11.2.5.6b shows the evolution of the dynamic damping factor which
is a measure of the lost energy to the stored energy ratio, tan & with increasing
temperature. The glass transition temperature (Tg) is gathered in table 111.2.5.5. Despite
there are several criteria to obtain the Ty, one of the most recognized methods is that
based on the peak maximum for the dynamic damping factor. The glass transition
temperature corresponds to the matrix (epoxy resin), and, as it can be observed, there
is not a remarkable change for all hybrid basalt/flax composites (p<0.05). The Tgis highly
dependent on several factors such as the type of epoxy resin, the functionality, the
hardener, the curing cycle, the use of a post-curing cycle, the use of accelerators, among
others [65-67]. Varley, et al. [68] have reported a Tq value of a partially bio-based epoxy
resin of about 90 °C after a curing and a post-curing cycle. They reported that reinforcing
fibers (with or without a previous surface treatment) do not affect in a remarkable way
the Ty.

1E9 o

44444444

G'(Pa)
tan (3)

1E8

T T T T T T T T
50 75 100 125 150 175 50 75 100 125 150

Temperature, T (°C) Temperature, T (°C)

(a) (b)
Figure 111.2.5.6. DMTA behaviour of hybrid basalt/flax composite laminates with different
stacking sequences; (a) storage modulus, G' and (b) dynamic damping factor, tan (5).

The dimensional stability has been determined through the estimation of the
coefficient of linear thermal expansion (CLTE) below and above T, of all composite
laminates in this study. As it can be seen in table 111.2.5.5, the CLTE of all laminates
below Tq4 is comprised between 250 um m* Ktand 260 ym m* K, and although small
changes can be observed, they are comprised within the standard deviation (lower than
10 %). These values are typical of a glassy state as the CLTE is directly related to the
deformation ability [58]. Above the Ty it is possible to see some differences; both all-
basalt and all-flax composite laminates show a CLTE of 296.0 um m?* K*and 273.2 ym
m-1 K1, respectively, while all hybrid composites show slightly higher CLTE comprised

between 320-370 ym m™ K. This phenomenon above T4 has been observed by Gupta
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and Brahatheeswaran [69] that suggested an additional expansion of the rubber state

compared to the glassy state.

Table 111.2.5.5. Thermomechanical properties basalt/flax hybrid laminate composites
obtained by DMTA and TMA

DMTA results CLTE (um m?t K1) by TMA
Code G’at60°C  G’at 125
Tg (°C) (GPa) °C (MPa) Below Ty Above Ty

B8FO 90.1+1.8* 1.78+0.04% 98.4+2.0% 260.9+17.22> 296.0+ 17.02°
B6F2 91.1+20* 147+0.03" 69.3+1.7° 256.1+21.0** 323.6+18.8%
B4F4 91.8+21* 1.07+0.039 64.9+1.1° 2457+19.2° 367.8+19.2°
B2F6 90.4+2.3* 1.37+0.05° 91.3+2.22 254.2+21.8* 320.6+17.12
B4F4alt 90.4+1.32 1.35+0.04° 62.3+1.6° 260.3+22.8* 376.9+22.1°
BOF8 90.9+15%* 0.57+0.01° 26.6+0.59 250.9+20.32> 273.2+20.7>2

a¢ different letters in the same column indicate a significant difference among the
samples p<0.05

[11.2.5.4. Conclusions

This work has assessed the potential of hybrid basalt/flax composite laminates
with a partially bio-based epoxy resin for applications in engineering. These composite
laminates can be manufactured by the vacuum assisted resin infusion moulding (VARIM)
with excellent reproducibility. A previous treatment of both basalt and flax fabrics gives
enhanced mechanical properties on composites. Obviously, the all-basalt composite
laminate (8 basalt plies) shows the maximum flexural strength and modulus of 467.9
MPa and 14.7 GPa respectively. But the most important findings of this work is that hybrid
composite laminates containing different flax plies can give interesting properties from a
technical point of view. It is worthy to remark the high flexural strength and modulus of
hybrid composites containing 2 flax plies and 6 basalt plies (307.7 MPa and 12.2 GPa
respectively) and the composite with 4 flax plies and 4 basalt plies with a flexural strength
of 241.9 MPa and a flexural modulus of almost 10 GPa. These properties allow the use
of these composites as potential substitutes of glass and basalt composites in technical
applications. In addition, hybrid basalt/flax composites give improved environmental
efficiency that can positively contribute to a sustainable development in the field of
composite materials. It is important to bear in mind that flax fibers and the partially bio-
based resin offer decreased footprint compared to conventional petroleum-derived
matrices, i.e. epoxies, unsaturated polyesters, vinyl esters, phenol-formaldehyde resins,
among other, and the typical reinforcing fibers in composites, i.e. carbon, aramid and

glass fibers.
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Abstract

This work focuses on the manufacturing and charac-
terization of novel and lightweight hybrid sandwich-
type structures, using different stacking sequences of
flax and basalt fabrics as reinforcement fibers, both
of them previously silanized. To reduce the overall
weight and facilitate the manufacturing process, a
polyester non-woven core, was used which, besides
reducing the weight of the composite it also acts as
a media to spread the resin. These composites were
manufactured with a partially bio-based epoxy resin
with a reactive diluent derived from epoxidized veg-
etable oils that contributes to a 31 % of biobased
content. The hybrid composites were obtained by
vacuum-assisted resin infusion moulding (VARIM),
where the core was used as a media to spread the
resin. The mechanical properties were evaluated in
flexural and impact conditions.

Resumen

Este trabajo se centra en la fabricacion y caracteri-
zacion de nuevos materiales tipo sandwich hibridos
de bajo peso, con diferentes configuraciones de api-
lamiento de refuerzo de basalto y lino tratadas pre-
viamente con silanos. Para aligerar el peso y facilitar
la fabricacién, se empled un nicleo de poliéster no
tejido que, ademéas de aligerar el peso del compuesto
también actud como medio de difusion de la resina.
Se empled una resina epoxi de origen parcialmente re-
novable con un diluyente reactivo derivado de aceites
vegetales epoxidados que contribuye a un 31 % de ori-
gen renovable. Los compuestos hibridos se fabricaron
mediante moldeado por infusién de resina asistida por
vacio (VARIM), donde el niicleo se utilizé como medio
de infusion de la resina. Las propiedades mecanicas
se evaluaron en condiciones de impacto y de flexion.
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Manufacturing of composite materials with high
environmental efficiency using epoxy resin of renewable
origin and permeable light cores for vacuum-assisted
infusion molding

Abstract

This work focuses on the manufacturing and characterization of novel and
lightweight hybrid sandwich-type structures, using different stacking sequences of flax
and basalt fabrics as reinforcement fibers, both of them previously silanized. To reduce
the overall weight and facilitate the manufacturing process, a polyester non-woven core,
was used which, besides reducing the weight of the composite it also acts as a media to
spread the resin. These composites were manufactured with a partially bio-based epoxy
resin with a reactive diluent derived from epoxidized vegetable oils that contributes to a
31 % of biobased content. The hybrid composites were obtained by vacuum-assisted
resin infusion moulding (VARIM), where the core was used as a media to spread the
resin. The mechanical properties were evaluated in flexural and impact conditions. The
interactions in the fiber-matrix interface were studied through field emission scanning
electron microscopy (FESEM). The obtained data revealed that the silane (coupling
agent) treatment works better on basalt fibers than on flax fibers, resulting in superior
flexural properties on structures where these fibers are present. It is noteworthy to
mention that the stacking sequence of plies directly influences the flexural properties,
but it does not significantly affect the energy absorbed when these composites work on

impact conditions.

Keywords: Hybrid composite materials, non-woven cores, silane coupling

agents, VARIM process, basalt fibers, flax fibers
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[11.2.6.1. Introduction

The use of composite polymeric materials has increased considerably in our lives
not only in technical applications but in everyday applications. This is due to their ability
to tailor the desired properties [1]. Thermosetting matrices such as unsaturated polyester
resins (UP), epoxies (EP), phenolics (PF) [2-4], among others, and reinforcing fibers
such as carbon (CF), aramid (AF), and glass (GF) are the most used due to the high
mechanical properties they can provide together with very low weights that make them
suitable for automotive, sports, ballistic, civil construction applicatiozns among others [5-
9]. Despite this, the conventional highperformance fibers offer some disadvantages.
Among others, a critical drawback of these fibers is related to the production costs and
conditions as, for example, CF requires extremely high temperatures to obtain highly
purified fibers. On the other hand, these conventional reinforcing fibers have a
substantial environmental impact, related to the production stages and the problematics
after their useful life; this means thattheir mass production is practically unfeasible
[10,11].

Matrices based on epoxy resins are the most used, due to excellent mechanical,
thermal, and coating properties that provide to composite materials. This is generally
achieved by the functional groups that are found in its structure, namely epoxy/oxirane
rings which can polymerize to form 3D net structures. Most of the currently available
epoxy resins are based on diglycidyl ether of bisphenol A (DGEBA), which comes from
the reaction of epichlorohydrin and bisphenol A (BPA) [12]. These components are
petroleum-derived materials and, like synthetic fibers have a considerable impact on the
increase in the carbon footprint. In order to develop composite materials with low or
restricted environmental impact, research studies have been carried out in both
components, i.e. the thermosetting matrix and the reinforcing fibers [13]. Traditional
epoxies are bioderived as above-mentioned, but in the last decades, new epoxies have
been industrially manufactured from renewable resources thus contributing to lowering

the overall carbon footprint.

This type of resins is characterized by the fact that part of its content is obtained
from renewable resources, unlike conventional resins obtained from petroleum
derivatives. Vegetable oils (VOs) have gained high relevance due to their potential in
manufacturing biobased materials [14,15]. The basic structure of these vegetable oils is
based on a triglyceride structure composed of three different fatty acids chemically
attached to a glycerol skeleton. Some of these fatty acids, such as oleic, linoleic, and

linolenic acids, contain one, two and three unsaturated carbons, respectively, and this
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allows selective modification of VOs with different chemical functionalities. VO’s can be
epoxidized, maleinized, hydroxylated, acrylated, and so on to give partially bio-based
resins. These “eco-friendly” resins have been developed in such a way that their
mechanical and thermal properties are similar to their petrochemical counterparts so that
they can compete with petroleumderived thermosetting resins with the additional feature

of the renewable origin [13].

An alternative to the use of synthetic and rock-wool fibers in the manufacturing of
high-performance composite materials is to replace fully or partially some of these fibers
and/or fabrics with natural fibers. Several researchers have focused their research on
developing hybrid composite materials with conventional and natural fibers. Natural
fibers such as hemp, flax, palm leaf are the most used and offer interesting, balanced
properties [16,17]. One fiber that stands out for its excellent mechanical properties, due
to its composition and structure is flax [9]. Nevertheless, all-flax composites cannot
compete with high-performance composite materials. That is why the manufacturing of
hybrid composite structures has become an interesting alternative to find a balance

between environmental concerns and technical properties.

As natural fibers cannot compete with high-tech fibers such as carbon or aramids,
it is quite common to combine natural fibers with mineral fibers, which are cost-effective
compared to high tech fibers. Basalt fibers have been used in thermoplastics and
thermosetting composite materials as an alternative to glass fiber. These fibers are
obtained from basalt rocks, which is one of the most abundant on the earth’s surface. Its
structure is quite similar to glass fiber but with different silica and alumina content. Unlike
glass fiber, the production process of basalt fiber is simpler, more efficient and does not
generate waste due to the simple structure. Barouni and Dhakal [18] have developed
flax/glass hybrid composites with improvement in the impact damage characteristics due
to the capability to absorb the impact energy of flax fibers. On the other hand, Mazur, et
al. [19] studied the hybrid effect of composites based on basalt and carbon fibers, where
an increase in the strength and tensile modulus was reported when the shared mass of

the fibers was about 7 wt %.

Among the hybrid composite materials, it is worthy to note the interest on
sandwich panels. These have been used in areas where larger thicknesses, lightweights,
high rigidity, and insulation capacity are required. They are generally used in the
construction, automotive, aircraft areas, and so on, due to their extraordinary ability to

support flexural (out-of-the plane) forces [20]. Sandwich panels are composed of two
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outer sheets (face sheets) and a core that generally has lower properties than the face

sheets but it contributes to support the out-of-plane forces by shear with the outer sheets.

The face sheets are usually composite laminates with several layers with fabrics
oriented in different directions to improve the isotropy behaviour [21]. These face sheets
often consist of unsaturated polyester (UP) sheets with glass fibers (GF) for applications
with moderate mechanical performance, or epoxy (EP) plies with carbon fibers (CF)
and/or aramid (AF) for applications with high mechanical responsibility [22,23]. The core
is usually made of materials with low density and relatively poor mechanical
characteristics, since their purpose is not to support mechanical resistance. Core
materials offer high lightness and a very good capacity of shear stresses absorption.
Some of the widely used cores include balsa wood, polyurethane, or honeycomb
structures [24-26]. Manufacturing of composite sandwich panels usually is carried out by

hand layup and vacuum bagging.

In the recent years some research has been focused on the development of cores
which are not only a part of the sandwich panel but also, can contribute to improve
manufacturing processes. Vacuum assisted resin infusion moulding (VARIM) is a very
widely used technique alternative to the industrial resin transfer moulding (RTM) to obtain
composite materials with excellent balanced properties in a simple way. Nevertheless,
the VARIM process requires different consumables (infusion nozzle, bleeding web, spiral
tube, and so on), and it is not the best manufacturing process for sandwich panels since
the typical cores do not transfer the infused resin. Recently, new cores have been

developed with multifunctional features.

On the one hand, they can act as core materials in sandwich structures, but on
the other hand, they offer enough porosity to enhance resin infusion through it. Some of
these cores are composed of a cell structure separated by channels with synthetic
microspheres, which do not absorb resin; this channel helps the resin flow through the
composite material [27]. Chatys, et al. [28] have used Lantor Soric® in carbon fiber
sandwich composites to manufacture car safety bumpers due to its flexibility and the
ability to absorb impact energy compared to conventional metal parts. Eum, et al. [29]
have reported that using the core as an infusion media in a conventional VARTM
process, it is possible to provide similar properties to similar composites since this does

not catch resin and helps to the correct its flow.

Hybrid composite materials, due to the diverse nature of their components, do
not usually have the required synergy, since the stresses are not correctly transferred to

the reinforcement fibers, which are generally the most resistant material. In general, to
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improve the interface interaction between fibers and the resin, several methods have
been developed. The most used method is chemical treatment with tailored silanes.
Silanes offer dual functionality, thus allowing them to react firstly with the fiber surface,
and during the crosslinking, they can react with the resin, thus leading to real chemical

bridges between the thermosetting matrix and the reinforcement fibers [30,31].

The objective of this work is the development of novel, highly lightweight
sandwich structures, using basalt and flax fibers as reinforcement fibers. As a core
material, a polyester non-woven with hexagonal cells has been used to assess the
potential of manufacturing high-performance composite sandwich panels by using a
conventional vacuum assisted resin infusion moulding (VARIM) using the core as
infusion media. The obtained sandwich panels have been characterized in flexural and
impact conditions to understand the strength properties and the effect of silane
treatment. FESEM has been carried out to analyze the interface interaction between the
reinforcement fibers and the partially bio-based epoxy resin.

[11.2.6.2. Experimental

Materials

A partially bio-based (31 % renewable content according to with ASTM D6866-
12) commercial-grade epoxy resin was used as the thermosetting matrix. This consisted
on a base epoxy resin Resoltech® 1070 ECO and an amine-based hardener grade
Resoltech® 1074 ECO from Castro Composites (Pontevedra, Spain). The resin to
hardener ratio was 100/35 parts by weight as recommended by the manufacturer. The

system was deeply mixed by manual methods until a uniform mix was obtained.

Two different reinforcement fabrics were used. Basalt fabric BAS 940.1270 from
Basaltex® (Wevelgem, Belgium) made of 100 % continuous basalt filaments. This fabric
shows a specific surface weight of 940 g/cm? and a thickness of 0.54 mm. Flax fabrics
Biotex® Flax were obtained from Composites evolution (Chesterfield, United Kingdom)

with a specific surface weight of 400 g/cm? with a thickness of 0.7 mm.

The core material was a nonwoven Lantor Soric® XF supplied by LANTOR®
(Veenendaal, The Netherlands) with a specific surface weight of 250 g/cm?. This was
used as core material and infusion media. To improve the interface interaction between
the selected fibers/fabrics and the epoxy matrix, a glycidylfunctional silane (3-
glycidyloxypropyl) trimethoxysilane was used as a coupling agent. This was supplied by
Sigma- Aldrich (Madrid, Spain).
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Pre-Treatment of Fabrics

Generally, basalt fibers are coated by a silane-based sizing to impart strands that
can interfere with the panels production process. To remove it and any external

impurities, basalt fibers were initially subjected to a thermal treatment at 300 °C for 3 h.

The interface interaction between the fabrics and the matrix was enhanced by a
silanization treatment. Both basalt and flax fibers were immersed in an aqueous solution
with 1 wt % silane for 2 h at room temperature; then the solution was stirred with a
magnetic stirrer to obtain a uniform solution. During this stage, hydrolysis of silane occurs

and the subsequent hudroxyl groups move to the surface of the fabrics.

To complete the silanization process of chemical anchoring of the silanes through
condensation with the hydroxyls on the surface of both fibers, an air circulating oven was
used to dry the functionalized fabrics for 12 h at 80 °C. This stage provides strong links
between the hydrolyzed silane groups and the hydroxyl goupd in both basalt and flax
fabrics, through a condensation process with the release