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ABSTRACT: This work presents the results of flexural tests car-
ried out on samples aged for different periods of time in a UV-Vis-
ible light chamber. The processing variables studied were the type
of reinforcing fabric, the resin type, and the cure conditions. The
evolution of flexural characteristics with time exposure adjusts to
a mathematical model that corresponds to a damped exponential
curve. The aging degree varies between 16 and 41%, depending on
the preparation of the composites and the mechanical characteris-
tics of the material. The aged material featured losses of its me-
chanical properties, and more on toughness than on strength prop-
erties. The kind of unsaturated o-phthalic polyester resin used
showed no influence on the loss of mechanical properties. High
cure temperatures decreased the loss of toughness to a higher de-
gree than that observed for the loss of strength. The configuration
of the reinforced fabrics used also influenced the mechanical prop-
erties: a mixed taffeta-multiaxial reinforced configuration leads to
a high loss index on toughness properties and modulus of the
composite.
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Reinforced composites made of unsaturated polyester-glass
fiber are being used increasingly in different industrial applica-
tions. Lightness, low cost, good mechanical strength, corrosion
resistance, and relatively easy processing procedures are some of
the interesting properties that lead these materials to be success-
fully applied in both the transportation and chemical industries.
The state of heat degradation of polyester-based composites has
been reviewed by Dudgeon [1]. Nevertheless, recent studies have
been focused on the durability of these materials in organic and
aqueous [2-15], alkaline [9,16,17], and acid media [9-11,17-19].
Effects of sunlight and high-energy radiation on nonreinforced
polymers are well known [20-27], but similar information is
scarce regarding composites. Some authors have reported the ef-
fects of sunlight on the surface and on the fiber-matrix interface
[28,29]. Davis [24] claimed that both the kind of catalyst and the
polyester resin used influenced the degree of aging, although no
data have been published. Moreover, there are no concrete specifi-
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cations about the composite characteristics. The influence of pro-
cessing variables on the aging behavior of the composite is also an
interesting aspect that has not been studied extensively [30]. The
present work correlates mechanical characteristics and the aging
degree of different composites with the following processing pa-
rameters: curing cycle, reinforcement characteristics, and nature of
the resin.

The literature in many cases reports raw experimental data
without correlating them with any mathematical model that allows
interpretation. The correlation of experimental data with a mathe-
matical model would permit determining the evolution of mechan-
ical characteristics of the composite during its life [31-33]. This
approach will increase the possibility of predicting material fail-
ures and therefore assisting its maintenance. An important contri-
bution of this work is the development of a mathematical model
that correlates the mechanical characteristics of the material with
the time of aging.

Experimental and Sample Preparation
Materials

As aforementioned, three different parameters were considered
in the preparation of the composites: resin type, reinforcing fabric,
and cure temperature. Two different o-phthalic polyester resins of
extensive commercial application have been selected: (A) a BASF
P5™ of medium reactivity and (B) a BASF P6™ of high reactiv-
ity. Mechanical characteristics of these resins are presented in
Table 1. Methyl ethyl ketone peroxide, at 1.5% v/v in relation to the
resin volume, was used as the catalyst and cobalt octanoate, at
0.15% v/v, was used as the accelerator. Two different E-type fiber-
glass fabrics were used: waved taffeta with a specific weight of 300
g/m? and plain multiaxial 2D of 440 g/m>. Fibers were arranged at
0 to 90° in both cases. One-third of *45° multiaxial 2D fabric of
440 g/m? was also used close to the 0 to 90° taffeta fabric in order
to simulate a mixed configuration composite. All composites were
obtained by a hand layup method.

Two curing temperatures were used: room temperature (16 to
18°C) and 40°C as a mild temperature. The first temperature is
typical in low-cost production. The second one is more utilized
for larger products that need better curing conditions at the low-
est possible manufacturing cost, which is the case of the truck,
railway, tank, and swimming pool industries. Demolding of the
composites was performed after 24 h. Nonirradiated samples were
tested three days after being demolded and this was the time taken
as the reference time. Characteristics and nomenclature of these
samples are shown in Table 2. The range of the sample density
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TABLE 1—Mechanical characteristics of neat resins.

Resin A Resin B
Properties P5) (P6)
Tensile Strength, MPa 80 65
Break Strain, % 2.0 2.0
Flexural Strength, MPa 110 115
Flexural Modulus, GPa 4.0 4.5
Impact Toughness, kJ/m? 14 20
Heat Distortion Temperature, °C 70 95

TABLE 2—Laminates nomenclature code and configuration of compos-
ite laminates.

Cure Reinforcing
Laminate  Configuration = Resin = Temperature Fabric
AM (0-90°)s A 17°C Multiaxial 2D
BM (0-90°)s B 17°C Multiaxial 2D
AMC (0-90°)s A 40°C Multiaxial 2D
BMC (0-90°)s B 40°C Multiaxial 2D
AT (0-90°)s A 16°C Taffeta
AX (0-90°/%45°), A 18°C Taffeta +
Multiaxial 2D

was very narrow: 1.58 to 1.63 g/cm?>. The fiber volume content
varied from 32.0 to 33.4% and the void content was between 2.5
and 8.9%.

Mechanical Testing

Flexural tests were performed in accordance with ASTM D
790M-86, by means of a universal testing machine, the IN-
STRON® 4204, and a three-point loading device. Five coupons
were tested for each condition and their dimensions were: width =
25 mm, span length = 120 mm, and total length = 150 mm. Thick-
ness varied from 3 mm in taffeta laminates to 3.9 mm in mixed lam-
inates, and 4.5 mm in the whole multiaxial 2D configuration. The
cross head speed was 5 mm/min.

Data obtained in this test allowed the calculation of mechanical
characteristics such as: flexural elastic modulus E; flexural
strength FS, which is the maximum load a sample supports; rela-
tive deflection %D, which is the maximum load applied; and the
break specific energy BSE, which is the area under the stress-strain
curve up to the sample break.

E is calculated by drawing a tangent at the steepest initial-
straight-line portion of the load-deflection curve and applying its
slope to the following equation:

3
E= L m3
Awd-

ey

where L is the support span in mm, w is the width of the sample in
mm, d is the depth of sample in mm, and m the slope of the tangent
at the initial straight-line portion of load-deflection curve in N/mm
of deflection. Equation 2 is used to calculate FS:

FS = 3FL

C 2wd? @

where L, w, and d are the same variables as in Eq 1 and F is the load
in N. %D is defined as the relative deflection when the maximum
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strain in the outer fibers occurs at midspan. It can be calculated
from Eq 3:

_ 600 Dd

%D =0

3)
where both d and L are the same as in Eqs 1 and 2, and D is the max-
imum deflection on the center of the sample, in mm.

Exposure Testing

Light from lamps adjusted to emit the ultraviolet and visible
emission (UVV) of the solar spectrum (from 300 to 2000 nm) was
used as the aging agent. Samples were placed in a closed chamber
of 90 cm diameter three days after being demolded. This chamber
was maintained with three lamps each rated at 300 W. Each of the
lamps was positioned in such a way that the samples were perpen-
dicular to the lamps. The final distance between the samples and
the lamps was 50 cm. The surface of each sample containing first 0
to 90°-orientation ply was selected to receive the maximum dose of
UVYV radiation. For the flexural tests, the exposed surface was
placed directly upon the supports of the flexural devices. The load-
ing nose acted against the unexposed coupon surface.

The coupons at the bottom of the chamber received an irradiation
dose equivalent to 1700 W/m?. The tests were carried out in the city
of Valencia, which is located in the center of the East Spanish
Mediterranean coast, 39° 30’ N and 0° 25" W. The Eastern Spanish
Meteorology and Forecast Weather Service reports that this region
receives about 310 W/m? in a standard day of 10 h of average ex-
posure. One year consists of 365 of these standard days. Comparing
this information with the data of the chamber, it was estimated that
1000 h of testing is equal to 1.64 years of real time exposure. Time
measurements were 0, 500, 1000, 1500, and 7000 h. A thermome-
ter inside the chamber showed 50°C. The heat from the lamps and
the steady environment caused the increase in temperature.

Results and Discussion
Degradation Model

Tables 3 and 4 show the mechanical characteristics obtained
from the flexural tests. Elastic modulus and flexural strength are

TABLE 3—Flexural properties of BM, AMC, and BMC composite lami-

nates.

Time, BSE,

Laminate h %D E, GPa FS, MPa J/em?
BM 0 39+01 127*02 376=*8 157 + 0.9
500 37*0.1 123*+03 357+7 13.9 = 0.7
1000 35+01 11.8+02 348+4 12.9 + 0.6
1500 33+02 114*x04 336=*38 115+ 1.0
7000 3.0+0.1 104+04 304=5 93 *0.6
AMC 0 41+01 133*03 38 =*10 17.6=1.1
500 38*0.1 127*+03 375+8 15.5+ 0.9
1000 3.7+01 122+04 3537 14.0 + 0.7
1500 3.6+01 11.9+03 343=*7 13.3+0.5
7000 33+01 11.0+04 3168 10.9 + 0.9
BMC 0 42+01 129*04 395*7 179 + 1.4
500 40*0.1 125*+02 369*6 155+ 0.5
1000 3.8+01 121+03 3537 14.0 + 0.6
1500 3.6+02 11.6*0.1 341=*7 12.8 + 0.7
7000 34+02 107+02 314+*6 113 +05
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considered as strength properties. Strain and break specific energy
are reported as toughness properties. In this work, it was observed
that all mechanical characteristics measured diminished with
the time of exposure. Therefore, the accelerated exposure to simu-
lated solar spectrum sources aged the unsaturated polyester glass
fiber composites.

Data about the behavior of toughness and strength properties can
be fitted into a mathematical model. The latter can be used to pre-
dict the behavior and the material’s condition while in service. In

denote a high degree of correlation between experimental values
and those predicted by the model.

Degradation takes place in the resin, whereas the fiberglass re-
mains unaltered. Degradation will occur mainly in the near-surface
layers rather than in the deep ones. Nevertheless, the radiation,
though attenuated, will also enter the inner parts of the material be-

TABLE 5—Fitting coefficients of degradation model for multiaxial 2D

Fig. 1, the flexural elastic modulus E obtained for the different ma- composites.
terials is plotted versus the time of sunlight exposure. It is observed E FS BSE
that the damped exponential evolution of the curve can be fitted to Laminate Coefficients %D GPa MPa J/em?
the model represented in Eq 4:
e AM A 3.1 10.1 300 9.3
Y=A+ Be “4) B 0.8 2.2 65 5.0
. k,10™*h~! 4 4 4 4
where Y represents the analyzed characteristics. In the example R? 0.99 0.99 0.99 0.99
shown in Fig. 1, Y corresponds to the elastic modulus, A is the
asymptotic value for long exposure times, B is the difference be- BM A 3.0 104 304 92
. . . . B 0.8 22 68 5.6
tween Y value at time O and A, k is the damping constant, and ¢ is k10~4h! 5 4 4 5
the time of exposure, in 4, in the aging chamber. All mechanical TR 0.99 0.99 0.99 0.99
properties measured during the flexural test seem to follow this
model. The correlation coefficients obtained for this model are pre- AMC A 3.3 11.0 316 109
sented in Tables 5 and 6. Values of R?, the coefficient of variation, 1 0134 - 2‘7 g‘l 62 2‘5
R? 0.99 0.99 0.99 0.99
TABLE 4—Flexural properties of AM, AT, and AX composite laminates. BMC A 34 10.7 314 11.3
B 0.7 2.1 67 4.9
Time, BSE, k, 107*h~! 5 5 5 5
Laminate h %D E, GPa FS, MPa J/em? R? 0.98 0.99 0.99 0.97
AM 0 39+x02 125*02 36910 158=*1.0
500 38*01 119*x03 356=*6 14.0 0.9 ) )
1000 36=+0.1 114+03 338=+10 12.6=*09 TABLE 6—Fitting coefficients of degradation model for taffeta and

1500 35*+01 112+02 333x4 121*05 mixed composites.
7000 3.1*02 101=*x03 300*9 9.8 0.7
E, Fs, BSE,
AT 0 32+02 146+04 317*9 113+ 1.0 Laminate Coefficients %D GPa MPa J/em?®
500 29*02 142=*03 306=*7 10.2 £ 0.6
1000 28=*0.1 134x02 295=*4 9.1+0.6 AT A 25 11.7 257 6.7
1500 27*x01 13.0*x02 285%3 83*0.5 B 0.5 29 58 42
7000 25*02 11.7*x04 257*5 6.7 =07 k, 10 *h™! 5 5 4 5
R? 0.98 0.99 0.99 0.99
AX 0 38x01 107x09 2066*x16 11.1 %13
500 3.6 £0.1 98+0.6 242*10 94 *05 AX A 29 7.6 203 5.9
1000 34 *02 9.0*+05 228*10 84 +09 B 0.8 2.6 48 4.1
1500 3.2*=02 87+03 223*6 7.5*0.6 k,107*h™! 5 5 5 5
7000 29 =*0.1 76 £04 203*9 6.1 =038 R? 0.99 0.99 0.98 0.99
16
14 *
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FIG. 1—Elastic modulus evolution versus exposure time for different composites.
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cause both the resin and the fibers are translucent. It is known that
light attenuation in a material follows an exponential law. Accord-
ingly, the accumulated damage after sunlight exposure implies
variations in the strength and toughness of these materials that can
be adjusted to the decreasing exponential model already shown.

Losses in mechanical properties by UVV light irradiation can be
attributed to a photo-oxidation mechanism. Several authors have
described the different aspects of these mechanisms and the corre-
lation with mechanical strength and toughness in thermoplastics
and thermosetting polymers [34—40]. The degradation mechanism
in a polymer by the action of UV rays was established 50 years ago.
Bolland [41] demonstrated that molecular photo-oxidation is initi-
ated by the formation of active free radicals and oxygen fixation.
Carbonyl groups initially are produced in this way, leading to the
cleavage of the molecule afterwards. In longer chain molecules,
like unsaturated o-phthalic polyesters, irradiation of UVV pro-
duces vinyl, aldehyde, or carbonyl groups [41].

Styrene is the crosslinking agent in unsaturated polyesters. Sev-
eral authors have suggested that some unreacted resin and catalyst
that did not take part in the polymerization reaction are still present
[9-11,42]. It is well known that three types of reactions are inher-
ent in unsatured polyesters: curing polymerization of polyester
vinyl groups, polyester and styrene C=C bond polymerization,
and styrene homopolymerization [42-46]. In thermosetting resins,
chemical reactions between these reactive groups practically stop
when vitrification occurs. After vitrification takes place, chemical
reactions can occur only by physical diffusion in the resin and
chemical polymerization reactions are highly constrained [47,48].
Therefore, photo-oxidation of the molecular fraction containing the
polystyrene occurs by one of the following mechanisms: molecular
rupture and posterior oxidation [49], yielding peroxide reactant
radicals that later produce vinyl and carbonyl groups and water
[50], or the formation of alkyl ketone, quaternary alcohol, and oxy-
gen [51]. Another possible mechanism is the crosslinking of
polystyrene segments together with molecular rupture, forming
alkene, benzylketone, and vinyl groups [52]. Scott [28] reports a
photo-oxidation phenomenon in unreacted vinyl groups of the
polyester resin, as well as in unreacted free styrene. As a conse-
quence of this photochemical reaction, the polymer features a char-
acteristic yellowish color that also appears in our samples. On the
other hand, the presence of trace amounts of free peroxide catalyst
that were not removed during polyester polymerization is another
possible cause of photo-oxidation [50].

Wiles [53,54] suggested a mixed mechanism of thermal and
photolytic oxidation in polymers containing carbonyl groups in the
form of acid, ester, aldehyde, ketone, amide, or peroxide. Glass
fiber reinforced polyester composites continuously exposed to a
temperature of 50°C do not lose their mechanical characteristics in
the absence of solar radiation, as shown in a number of references
[9-11,30]. The prevalent mechanism during composite irradiation
is photoluminic, while thermal aging would produce higher losses
due to fiber-matrix interface degradation [12,13,55].

Influence of the Resin

Determination of the mechanical characteristics loss index (A%)
is obtained from Eq 5, in which A + B represents the initial value,
and B the difference between the initial value and the asymptotic
one predicted by the aging model.

B

A =3 71B

100 %)
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TABLE 7—Flexural characteristics loss index A% for multiaxial 2D
composites.

Composite E FS %D BSE
AM 18 18 21 35
BM 17 18 21 38
AMC 16 17 16 34
BMC 16 18 16 30

The loss indexes of the different materials studied are presented in
Table 7. The resin influence is determined by comparison of AM
and BM laminates. Losses of E and FS are similar for each lami-
nate and vary between 16% and 18%. In the same way, both AM
and BM laminates show reductions of 21% in %D in relation with
the initial state. BSE losses do not depend on the type of resin used,
but are quantitatively high, 35% to 38%, as a consequence of the
accumulated deterioration of E, FS, and %D. Higher A% indexes
were found for toughness properties (%D and BSE) than for
strength ones. UVV radiation degrades the thermosetting matrix
and reduces the crosslink density. It also produces negative effects
in the stability of the resin and the resin-fiber interface such as
stress concentration, brittleness, and a tendency for matrix-fiber
debonding [56-58].

Losses in the 40°C-cured laminates AMC and BMC are shown
in Table 7. The values of strength properties are very close, be-
tween 16% and 18%. Both laminates present a loss of 16% in %D
characteristic, but the A% index of BSE is higher than that of the
strength ones: 34% to AMC and 30% to BMC. Though BMC lam-
inate presents a loss index value of BSE slightly lower than the
AMC, when the loss indexes of toughness properties of the four
laminates are compared, the results show no evidence of the influ-
ence of the resin used. The same can be observed when the strength
properties A% of AM, BM, AMC, and BMC laminates are com-
pared. This indicates that the difference in reactivity of both resins
does not produce dissimilar degrees of polymerization. Therefore,
its influence is not significant for the same family of unsaturated
o-phthalic polyesters.

Influence of the Cure Temperature

Table 7 shows the results obtained for two composites, AM and
AMC, cured at room temperature and at 40°C, respectively. It can
be observed that losses in modulus and strength in AMC laminates
(16 and 17%), are slightly lower than those observed for AM
(18%). Losses of BSE are higher than those of the strength proper-
ties. Nevertheless, the values are similar for both laminates (34 and
35%). The composite cured at 40°C featured a better A% index for
the %D characteristic than did the composite cured at room tem-
perature (16% versus 21%).

BM and BMC are laminates cured at room temperature and at
40°C, respectively. Results observed in these two materials con-
firm the importance of the curing temperature on the mechanical
characteristics loss index. In fact, F'S and E do not show differen-
tial degradability, but toughness properties do. While %D and BSE
loss indexes are respectively 21 and 38% for BM, these values de-
crease to 16 and 30% for BMC laminate. Therefore, the use of a
higher cure temperature seems to diminish losses of mechanical
properties. Moreover, it seems to be that the toughness properties
are more influenced by the temperature of cure than are the strength
properties. As the cure temperature rises, a higher degree of poly-
merization of the resin and crosslink density are also achieved
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FIG. 2—Mechanical characteristic loss index A% for laminates with different reinforcing configurations.

[9,59]. High temperatures lead to an increase of the segmental mo-
bility of the resin, as well as to polymerization [45,60,61], which
result in better adherence of the matrix-fiber [9,55,56].

Influence of the Reinforcement Fabric

Three different fiber-reinforcing fabrics used to elaborate com-
posites are compared: taffeta AT, 2D multiaxial AM, and a mixed
taffeta-multiaxial AX. Data in Fig. 2 show that the losses of F'S co-
incide for the three laminates, 18% to 19%. Only the laminate of
AX mixed configuration exhibits some high losses (25% for E).
Similar losses are observed for %D, from 17 to 22%. The loss in-
dex of AX laminate presents a value of 22%, which is higher than
the index of taffeta composite (17%), but close to the AM one
(21%). BSE results featured larger losses and it seems that this
characteristic is more sensitive to degradation effects. The A% in-
dex ranges from 35 to 41%. These values are, again, high for the
AX laminate, although AT features an only slightly lower value
(39%). This means that the configuration of the reinforcing fabric
has some influence, although it is not pronounced, on the losses of
BSE characteristics. In both %D and BSE toughness characteristics,
AX laminate exhibits higher values of losses than does AM or AT.
This fact is also observed for the modulus E.

The sensitive response of £45° fibers in the flexural tests and an
excessive damage at the interface of the matrix-+45° fibers could
justify the high loss index. Another reason could be the lack of cou-
pling between stresses and strain in laminates configured with dif-
ferent kinds of fiber orientations, as has been described by Hull
[62]. Although taffeta samples are thinner, the compact arrange-
ment of fibers, such as the waved one in the taffeta laminate, seems
to be a decisive factor that does not worsen their strength and
toughness properties loss index. The responses of AM samples to-
wards aging on E and BSE characteristics are better than those for
AX samples. This could be justified by the larger thickness of the
former, which yields lesser damage.

Conclusions

The exposure of glass fiber polyester composites to sunlight pro-
duces a significant reduction in their flexural characteristics. The
degradation pattern of the mechanical characteristics fits a damped
decreasing exponential curve. The mathematical model used gives
a good correlation coefficient, where the degradation would be
exclusively due to a photo-oxidative mechanism.
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Flexural modulus and strength, taken as strength properties,
reach relevant losses of 18 to 25%. On the other hand, break strain
and break specific energy, which were considered as toughness
properties, showed to be more sensitive to degradation, with losses
ranging from 16 to 41%. This behavior is due to the induced brit-
tleness in the resin and fiber-matrix interface.

The three processing variables have different influences on the
comparative degradability of the composites. The influence of the
resin is negligible when they belong to the same family of unsatu-
rated polyesters (i.e., the o-phthalic group).

Low cure temperatures increase losses. This effect is more re-
markable in toughness properties than in strength ones. Higher
crosslinking density and improved adhesion of the resin to the glass
fiber appear as some effects of high cure temperatures.

Use of reinforcing fabric combinations such as taffeta 0 to 90°-
multiaxial £45° in the mixed composite increases the losses of me-
chanical characteristics such as E, %D, and BSE. Both taffeta and
multiaxial 2D, used in pure configurations, present some resistance
towards degradation.
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