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Abstract 

Stiffness is one of the most relevant characteristics of composite materials. Natural wood 

fibers have demonstrated their ability to increase the Young’s moduli of composite materials, 

and old newspapers are a potential source of reinforcing fibers for composite materials. 

There are some micromechanic models to predict the Young’s modulus of composite 

materials, and one of the input data is the intrinsic modulus of their fibers. This intrinsic 

modulus is a value which is difficult or impossible to measure in the case of wood fibers, due 

to their measures.  This paper evaluates the stiffening abilities of old newspaper fibers and 

the possibility to back calculate the value of the intrinsic Young’s Modulus by means of 
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micromechanic models. Different percentages of old newspaper fibers were compounded 

with polypropylene (PP). Micromechanics of the fibers were obtained using Hirsch model, 

Cox-Krenchel’s model, Tsai-Pagano model  and Halpin-Tsai equations. The most important 

results were the average intrinsic Young’s modulus of the fibers, the mean orientation angle 

and the mean modulus efficiency factor.   

Keywords:   Natural fibers, Recycling, Mechanical properties, Composites. 

1 Introduction 

In recent years, wood fiber and natural fibers have gained a significant interest as a 

reinforcing material for commercial thermoplastics [1-6]. Some advantages of natural fibers 

as opposed to other reinforcing materials are their high availability, their biodegradability, 

and their relative low cost and density. Newspapers usually contain a high percentage of 

recycled fibers from wood and mineral fillers, and therefore, used newspapers become a 

potential source of reinforcing fibers [7-11]. In spite of their advantages, the use of cellulose 

fibers from newspaper as reinforcement elements for thermoplastics has not been 

extensively investigated [7]. 

Virgin wood fibers and cellulosic fibers from recycled papers, when used as reinforcement 

with the adequate coupling agents, are able to increase both the elastic moduli and the 

strength of the composite materials [12-19]. The strength of natural fiber reinforced 

composites is highly influenced by the incompatibility between the hydrophilic fibers and the 

hydrophobic polymers. The most common way to improve the interface is the addition of 

coupling agents [10, 17, 19-22]. However that treatment slightly affects the stiffness of the 

natural fiber reinforced composites. 

For structural and semi structural applications, the most relevant properties are probably 

stiffness and dimensional stability [23]. Lopez et al. [2] found a 1.09 ratio between the Young 

modulus of  30% glass fiber (GF)-polypropylene and 50% stone groundwood mechanical 
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pulp – polypropylene composites. Old newspaper fibers (ONF), due to their good specific 

properties, could achieve their own space of competitiveness in semi structural applications. 

[24].  

In order  to predict the elastic properties of the composite materials it is necessary to know 

the intrinsic Young’s modulus of the fibers, defined as the average slope in the stress-strain 

curve in the strain interval from 0 to 0.3% [23]. Unfortunately, due to their characteristic 

morphology, the experimental evaluation of the Young’s moduli of ONF is costly and difficult, 

and sometimes impossible. The mechanical properties of composites can also be predicted 

by means of micromechanical models. The models are based on different assumptions and 

experimental data. The most common one’s are based on the rule of mixtures (ROM) and 

can be used to back calculate the intrinsic properties of the reinforcing fibers [2, 25, 26]. In 

the case of short fiber semi-aligned composites, the most commonly used models to predict 

the Young’s modulus or the intrinsic Young’s modulus, are modified rules of mixtures 

(mROM) [27], Hirsch model [28], and Halpin-Tsai equations with Tsai-Pagano methods [2, 

29-31].  

In this work composites from polypropylene (PP) and old newspaper fibers (ONF) were 

formulated, prepared and tested to mechanically characterize its Young’s moduli. This study 

complements the analysis of the tensile strength of these composites carried out previously 

[8], and is focused on the stiffness of the composites. The moduli were analyzed from a 

macromechanical point of view, and their micromechanical aspects were evaluated. The 

values of the intrinsic Young’s moduli of the fibers were obtained by means of Hirsch model 

[28], and also by means of Halpin-Tsai equations with Tsai-Pagano methods [29-31] and 

then compared, to assess the influence of the aspect ratio of the fibers on the values. By 

means of  Cox-Krenchel equations [32, 33] were studied the length efficiency factors, and 

also were deduced the fiber orientation factors. The mean orientation angles of the fibers, 

assuming a rectangular distribution of the fibers inside the matrix (square packing), were 

also computed.  
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2 Materials and methods 

2.1 Materials 

Old newspaper, containing 85% of wood recycled fibers and 15% of calcium carbonate 

mineral filler, was supplied by Punt Diari, printed by Rotimprès (Spain). 

The composites were prepared using homopolymer polypropylene, (PP) (Isplen PP090 

G2M) which was provided by Repsol –YPF (Tarragona, Spain) as the polymer matrix. 

Polypropylene functionalized with maleic anhydride (MAH-PP) (Epolene G3015), which was 

acquired from Eastman Chemical Products (Spain) and used as coupling agent. 

Diethyleneglycol dimethyl ether (diglyme) was supplied by Clariant and was used as 

dispersing agent.  Decahydronaphthalene (decalin), supplied by Fisher Scientific, was used 

to dissolve the PP matrix in the fiber extraction from composites process.  

2.2 Disintegration of the old newspaper 

The old newspapers were cut into pieces of 10 x 10 cm, approximately and were soaked in 

water for 3 hours at 50ºC, with a 1% of NaOH, in a heated stainless steel vessel. Then the 

cuts were submitted to the disintegration process by means of a pilot scale pulper (Pucel 

Cell from Metrotech, France) equipped with an helicoidal rotor, deflectors, and with an 

effective volume of 20l. The disintegration was performed at 20 rev/s rotor speed, at a 

temperature of 50ºC, and 10% consistency. Afterwards the pulped material was filtered and 

oven dried at 80ºC. Following, the fibers were dispersed in a water-diglyme (1:3) mixture. 

The use of diglyme in the previous step limits the formation of hydrogen bonds between the 

cellulosic fibers [34] . A 5% of the CaCO3 was lost during the disintegration and 

individualization processes. 

2.3 Composite preparation. 

PP composite materials comprising 20 to 50 wt% of ONF were compounded by means of a 

Brabender internal mixing machine. The mixing process was performed at 80 rpm rotor 
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speed and a temperature of 180ºC for 10 minutes. The obtained blends were ground by 

means of a knives mill, dried and stored for at least 24 hours before processing. 

2.4 Composite processing. 

The samples for the tensile test were produced with a steel mould in an injection-molding 

machine (Meteor 40, Mateu & Solé). Ten test specimens from each obtained composite 

blend were used for the experiment. The processing temperatures were 175, 175, and 190 

ºC (the machine has three heating areas), the last corresponding to the injection nozzle. 

First and second pressures were 120 and 37.5 kgf/cm2, respectively. Standard composite 

specimen samples (approx. 160 x 13.3 x 3.2 mm) were obtained and used to measure the 

tensile properties. 

2.5 Mechanical characterization. 

The specimens were stored in a Dycometal conditioning chamber at 23 ºC and 50% relative 

humidity for 48 h, in agreement with the ASTM: D638 standard [35]. Afterwards, composites 

were assayed in a Universal testing machine (InstronTM 1122), fitted with a 5 kN load cell 

and operating at a rate of 2 mm/min. Young’s modulus was analyzed using extensometer in 

dog-bone specimens. Results were obtained from the average of at least 5 samples. 

2.6 Fiber extraction from composites  

Reinforcing fibers were extracted from composites by matrix solubilization using a Soxhlet 

apparatus and decalin as solvent. Small pieces of composites were cut and placed inside a 

cellulose filter and set into the Soxhelt equipment. A small cotton tab was used to prevent 

the fibers from getting out of the filtering tube. The fiber extraction was completed after 24 h. 

Once the fibers were extracted, they were rinsed with acetone and then with distilled water in 

order to remove the solvent residue. Finally the fibers were dried in an oven at 105 ºC for 24 

h.  
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2.7 Determination of the fiber length and diameter 

Fiber’s length distribution and diameter of the extracted fibers were characterized by means 

of a MorFi Compact (Morfological fiber analyser), from Techpap SAS, (France). A minimum 

of two samples were analyzed. 

2.8 Density measurement 

The density measurement of the composite (ρc) was carried out using a pycnometer. 

Distilled water at 23°C was used as a reference liquid. The ISO 1183-1 [36] standard was 

respected throughout this experiment. The density of the fiber (ρf) was obtained from: 

( ) ( )( )ffmmCC www ρρρ += , where wc, wm, and wf are the loads in weight of the 

composite, matrix, and fiber and ρm is the density of the matrix.  

2.9 eqYoung’s modulus modeling approaches 

The value of the tensile modulus of natural fibers is very variable [37-40]. In some cases, as 

for example lignocellulosic fibers from wood or from agro-forestry wastes (corn stalks, rape 

stalks, hemp core fibers…), the experimental measurement of their elastic modulus is 

practically impossible. However the intrinsic tensile or flexural modulus of the fibers is a key 

factor to predict the tenilel or flexural modulus for the composite materials. Therefore, in 

these cases, the best choice is to use mathematical models to estimate the value of the 

intrinsic elastic modulus of the reinforcements from the tensional or flexural modulus of the 

composite. Hirsch model (Eq.1) [28], is a valid tool to estimate the intrinsic modulus of the 

reinforcement (Et
f) [41-43]. 

( )( ) ( ) ( )ff
t

fm
t

m
t

f
tfm

t
ff

t
C
t VEVE

EEVEVEE
−+

−+−+=
1·

·11· ββ     (1) 

Where Et
C, Et

f, Et
m  are the elastic modulus of the composite, the reinforcement, and the 

matrix respectively; and Vf is the volume fraction of the reinforcement; and β is a parameter 

which determines the stress transfer between the fiber and the matrix. It has been reported 
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that the value of β is mainly influenced by the fibers orientation and the stress concentration 

effects at the end of the fibers [44]. A value of β=0.4 has been reported to reproduce 

adequately results obtained experimentally for natural fiber composites [41, 42] 

The inclusion of the value of Et
f in the modified rule of mixtures mROM (Eq.2) [27], enabled 

calculation of the modulus efficiency factor (ηe). 

)1·(·· fm
t

ff
te

C
t VEVEE −+=η        (2) 

 

To determine the global contribution of the reinforcements to the Young’s moduli of the 

composite materials , as a function of the fiber content, a fiber tensile modulus factor (FTMF) 

[2] was defined by isolating the contribution of the fibers to the Young’s modulus of the 

composite in the modified rule of mixtures (Eq.2). The FTMF was defined as: 

f
tef

m
t

fC
t E

V
EVE

FTMF η=
−−

=
)·1(

       (3) 

FTMF can be calculated directly from the experimental data, and its value is invariant with 

respect to the fiber volume fraction. Thus its value depends mainly on the characteristics of  

the fiber and the matrix, and slightly in their interface [2]. The efficiency factor corrects the 

contribution of semi aligned fibers, and can be expressed as the product of the orientation 

factor and the length efficiency factor (ηe = ηo · η l) [43, 45]. 

The length efficiency factor was calculated according to Cox-Krenchel’s model (Eq. 4, 5) 

[33]:  

( )
( )2·

2·tanh1 f

f

l l
l

β
βη −=          (4) 
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t

m
t
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E
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−
=        (5) 
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where this β is the coefficient of stress concentration rate at the end of the fibers, r is the 

fiber mean radius, lf is the fiber’s weighed length, r is the mean radius of the ONF, and n is 

the Poisson’s ratio of the matrix, assumed to be 0.36 [22]. The orientation factor ηo was 

obtained from ηo = η l / ηe. 

Fukuda and Kawata [46] studied the tensile modulus of short fiber reinforced thermoplastics, 

assuming a rectangular distribution of the fibers inside the matrix (square packing). The 

orientation efficiency factor can be obtained from Eq. (6). 










 +
+

−
=

α
αn

α
αn

α
αη

3
)3sin(

4
1)sin(

4
3)sin(

o      (6) 

With the known values for ηo it was possible to solve the equation, finding the mean 

orientation angle (α). 

It is accepted that the aspect ratio (ratio between fiber, length and diameter) has a role in the 

final mechanical characteristics of composite materials [18, 42, 47]. While Hirsch model 

doesn’t explicitly incorporate the aspect ratio in the equations, Tsai-Pagano model  (Eq. 7) 

and Halpin-Tsai equations [30, 31] do, and they were also used to predict the intrinsic tensile 

modulus of the fibers. The stiffness in the fiber direction is given by:  

2211

8
5

8
3 EEEC

t +=        (7) 

Here,  E11 and E22 are the longitudinal and transversal elastic modulus, calculated by the 

Halpin –Tsai equations [43]:  
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Being the parameters η l and η t given by:   
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Where lf and df are the length and the diameter of the ONF.  

Using Et
f obtained with Tsai-Pagano model and Halpin-Tsai equations, new values of ηo , η l, 

ηe and α can be calculated with the same equations used with the intrinsic Young’s modulus 

obtained from Hirsch model. 

3 Results and discussion 

3.1 Macro mechanics 

Table 1 shows the experimental data obtained from the stress-strain test of the ONF-PP 

composites, and morphological characterization of the fibers. 

TABLE 1 

It was found that the Young’s modulus of the composite materials, increased linearly with the 

percentage of reinforcement, this was the expected behavior, considering a good fiber 

dispersion inside the matrix [27, 42]. By using ONF as reinforcing element, the rigidity of the 

plain matrix increased up to 3.5 times, in composites including 50 wt% of fiber content.  

Rowell et al. [48] sorted  cellulosic fillers/fibers under three categories, depending on their 

performance when incorporated in a plastic matrix. Strands were found the most efficient 

reinforcements, followed by wood fibers and wood flours. Table 2 shows the Young’s 

modulus of PP composite materials reinforced with: ONF, hemp strands (HS) [26, 43], stone 

groundwood (SGW) [2] and E fiberglass (GF) [2]. 

TABLE 2 
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Composite materials reinforced with GF showed the highest increases in their Young’s 

modulus, while HS were found to be the most efficient natural fibers in order to stiffen 

composite materials. Lopez et al. [2] studied Young’s modulus of stone groundwood (virgin 

fibers mechanical pulp)-PP composites, and given that recycled newspaper was mainly 

composed of hardwood, it makes sense to compare the results. Young’s moduli of ONF-PP 

composites were found to be slightly higher than those of SGW-PP composites and 

equivalent to 30% GF-PP composites.  

The preparation of the composites and its injection resulted in a reduction of the fiber lengths 

[26, 39]. The diminution of the fiber lengths could be caused by the attrition happening 

during the composite fabrication [49-51]. This is more relevant for coupled composites as the 

fiber is better tied to the matrix [52]. The average diameters of the fibers changed very little, 

so it was considered practically constant at a value of 21.6µm [8]. 

3.2 Micro mechanics 

Manufactures are mainly interested in obtaining clear and reliable data on the materials 

mechanical characteristics, and in reducing the cost of the methods need to measure them 

[53]. When developing a new product, engineers and designers need guidance on the 

stiffening and reinforcing capabilities of different fibers, in order to formulate composite 

materials. Therefore, a fiber tensile modulus factor (FTMF) was tested as a candidate. The 

value of FTMF =ηe·Et
f  (Eq. 3) shows the influence of the reinforcement on the Young’s 

modulus of the composite, which is determined by the slope of linear tendency of graphs in 

Fig. 1. As it uses ηe, the proposed FTMF can be directly evaluated from the data obtained in 

the stress-strain test without further manipulation of the composite.  

FIGURE 1 

In this case the FTMF for ONF / PP composite was 11.32. The FTMF value obtained from 

SGW / PP composites  [2] was 10.33, very similar to MP from ONF. On the other hand, the 

FTMF of GF / PP composites was evaluated to be 32.67 [2], 2.9 times higher than ONF 
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composites. The FTMF of the reinforcements showed their correlation with the stiffening 

capabilities of the reinforcements. Once the FTMF for a specific matrix, reinforcement and 

manufacturing equipment is known, it could be compared with other materials to find the 

best candidate material for certain stiffness specifications.   

3.3 Micromechanics 

Table 3 shows computed values of the intrinsic modulus, obtained by means of Hirsch 

model, the efficiency factors and the mean orientation angle. Hirsch model and that modified 

rule of mixtures use exclusively experimental data to solve the fiber’s intrinsic Young’s 

modulus and the efficiency factor. Mean intrinsic Young’s modulus of ONF was determined 

to be 22.8±1.8 a value similar to that obtained in a previous work 21.2±1.9 GPa [8]. Although 

there is a slight difference falls within the experimental error. The values were close to 

18.2±1.1GPa for stone groundwood fibers found by Lopez et al [52]. The value of the 

intrinsic Young’s moduli of GF and HS computed by Hirsch method were found to be 76 GPa 

[2] and 26.8 GPa [26, 43] respectively.  

TABLE 3 

Afterwards, the mROM (Eq.2) was applied to find the value of the efficiency factors. In this 

case, efficiency factors were found between 0.45 and 0.52. In previous researches [2, 26, 

42, 43] it was found that usually the value of efficiency factor was between 0.45 and 0.56. 

Mean efficiency factor for the modulus, 0.49±0.04 was  inferior  to that of SGW-PP 

composites, 0.56 [2].  

Hirsch model, FTMF and the rule of mixtures allowed calculating the intrinsic modulus of the 

fibers, the magnitude of the fiber’s reinforcement contributions, and the efficiency factor. All 

the calculations were made form experimental data providing from tensile tests. Since the 

access to this kind of test is relatively easy we defined the process until that point as 

industry-friendly. To continue with the study, and solve Cox-Krenchel’s model, it was 
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necessary to extract the fibers from the composite and morphologically analyze them. 

Companies do not usually have such easy access to such methods. 

Efficiency factor encloses the effects of the fiber length and orientation distributions (ηe = ηo 

· η l). Consequently, in order to determine the influence of the distributions in the rule of 

mixtures, ηo and η l were calculated (table 3). Length efficiency factor evolved linearly with 

the mean length values and with the aspect ratio (table 1).  Orientation efficiency factors 

ranged from 0.5 to 0.57, with a mean efficiency factor of 0.53±0.04, corresponding to 

52.5º±3.6 mean fiber orientation angle, by using the square packing equation approximation 

(Eq. 6). The value of the mean orientation angle of the reinforcement into the composite, 

obtained from the calculus of the tensile strength [8] was 39.9º, a value 12º lower to that of 

SGW-PP composites[2].  

Lopez et al. [2] compared Young’s moduli of coupled SGW-PP composites with moduli 

computed by means of Tsai-Pagano model and Halpin-Tsai equations and found a notable 

similariry. Tsai-Pagano model (Eq. 7) and Halpin-Tsai equations (Eq. 8, 9, 10 and 11) 

account for the fiber aspect ratio, therefore it was necessary to know mean length and mean 

diameter of the fibers to render results, making that model less industry-friendly, due to 

reasons discussed above.  Anyhow they were used to compute the value of the intrinsic 

Young modulus of ONF, from that value the efficiency factors and the orientation angle were 

found (table 4).  

TABLE 4 

Mean intrinsic Young’s modulus computed by Tsai-Pagano model and Halpin-Tsai equations 

was 22.7±2.7 GPa, 0.1  GPa lower  than the former and 1.3 GPa higher that the proposed 

by Serrano et al. [8]. Although there is a difference, when the standard deviations are taken 

into account, the results are equal.  Corresponding mean efficiency factor was 0.54±0.4 

almost identical to that calculated by means of Hirsch model. That’s also true in the case of 

the mean fiber orientation angles, with a 0.1º difference. While the values obtained from 
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Hirsch model and from Halpin-Tsai equations for ONF-PP composites were almost equal, a 

slight difference was expected [2, 52]. The difference shows the slight effect of the use of 

implicit aspect ratios in Halpin-Tsai equations in the final values. It also showed that, when 

experimental values of the Young’s modulus of the composite were used to back calculate 

the intrinsic modulus of the fibers, the aspect ratio was explicitly incorporated in the Hirsch 

model. 

The results showed the possibility of obtaining correct values form the stress-strain tests. Fig 

2 shows the proposed diagram to back calculate macro and micro mechanics 

characteristics. 

FIGURE 2 

4 Conclusions 

Old newspaper fibers showed potential as stiffening agent for polypropylene composites, 

with the possibility to substitute 20 to 30% fiberglass-PP composites by 40 to 50% ONF-PP 

composites. This involves a reduction on the use of synthetic polymers, avoiding fiberglass, 

and exploits the environmentally friendly character of natural fibers. 

The fiber tensile modulus factor showed its potential as an easy way of measuring the fiber 

contribution to the composite modulus. 

Hirsch model showed its usefulness to back calculate the intrinsic Young’s moduli of short 

fibers from experimental data, when the direct measurement is nearly impossible. The mean 

intrinsic Young’s moduli of ONF fibers was defined and found to be 21.2±1.9 GPa.  

Hirsch model and the modified rule of mixtures showed their industry-friendly character as 

were capable of solving the macro and micromechanical characteristics of the composite 

materials from experimental data providing from stress-strain tests.Tsai-Pagano model and 
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Halpin-Tsai equations showed also competency. The mean intrinsic Young’s moduli of ONF 

fibers were defined and found to be 22.5±2.7 GPa.  

The proposed method showed its industry-friendly character as it was capable of rendering 

correct results from experimental data obtained from tensile tests.  
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Figure Captions 

Figure 1: Flexural tensile modulus factor for GF, ONF and SGW reinforced PP composites. 

Figure 2: Macro and micromechanic properties proposed flowchart  
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Figure 2 
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Table 1: Experimental values for 20 to 50% coupled ONF-PP composites. 

ONF content 
(wt%) 

Vf 
(%) 

Et
m 

(GPa) 
Et

c 
(GPa) 

lf  
(µm) 

df 
(µm) 

lf / df 
 
 

20 0.148 1.5±0.1 2.8±0.1 794 21.6 36.7 
30 0.222 1.5±0.1 3.8±0.1 664 21.6 30.7 
40 0.296 1.5±0.1 4.2±0.1 526 21.6 24.3 
50 0.370 1.5±0.1 5.3±0.2 416 21.6 19.2 

 

 

Table 2: Young’s moduli of different composite materials (values in GPa). 

Fiber 
content 
(wt%) 

ONF HS SGW GF 

20 2.8±0.1 2.8±0.1 2.7±0.1 4.1±0.1 
30 3.8±0.1 3.8±0.1 3.4±0.05 5.7±0.1 
40 4.2±0.1 5.2±0.2 4.3±0.1 7.7±0.1 
50 5.3±02 6.3±0.25 5.2±0.1 - 

 

 

Table 3: Intrinsic Young’s moduli, obtained using Hirsch model, and micromechanic 

properties of ONF inside 20 to 50% ONF-PP composites. 

ONF content 
(wt%) 

Et
f 

(GPa) 
ηe η l ηo α 

20 21.1 0.45 0.93 0.49 56.5 
30 24.7 0.52 0.92 0.56 49.9º 
40 21.4 0.47 0.91 0.51 54.5º 
50 23.9 0.52 0.90 0.57 49.5.0º 

 

 

Table 4: Intrinsic Young’s moduli, obtained using Halpin-Tsai equations, and micromechanic 

properties of ONF inside 20 to 50% ONF-PP composites. 

ONF content 
(wt%) 

Et
f 

(GPa) 
ηe η l ηo α 

20 20.4 0.45 0.92 0.49 56.4º 
30 25.3 0.52 0.92 0.57 49.8º 
40 20.8 0.47 0.92 0.51 54.4º 
50 24.3 0.52 0.90 0.57 49.2º 

 


