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A B S T R A C T   

Micromechanics models allow the prediction of a composite material’s properties by adding their phases’ con
tributions to such properties. The models can be used to obtain the intrinsic properties of the reinforcements 
because are difficult to obtain experimentally. This paper explores a simplified model to obtain the intrinsic 
strength of natural fibers. This model allows obtaining the value directly from the experimental strength of a 
composite and the matrix. Other models like the Kelly and Tyson equation have three unknowns, needing the use 
of mathematical methods to obtain a solution, and the obtained solution sometimes deviates from the expected 
values for natural fiber-reinforced composites. The proposed equation has been able to evaluate the intrinsic 
strength of hemp fibers as polypropylene composites at a mean value of 600 MPa. This value agrees with the 
literature. The proposed method simplifies the obtention of the intrinsic tensile strengths of natural fiber re
inforcements and does not need morphologic properties of such reinforcements to obtain a solution, decreasing 
the costs in time and equipment in comparison to usual models like Kelly and Tyson’s. furthermore, the obtained 
results are like those obtained with other micromechanics approaches and reveal the same information about the 
intrinsic tensile strength of the reinforcements and the strength of the interface.   

1. Introduction 

The tensile strength of a composite can be experimentally tested or 
predicted by using micromechanics models reducing the time needed to 
obtain a value by experimentation [1,2]. The use and costs due to such 
experimentation add more information about the expected behavior of 
the materials [2,3]. Certainly, there will be a difference between 
experimental and theoretical data, but if the model’s limitations and 
assumptions are well-known these differences can be limited [4]. 
Nevertheless, as the authors will show in the revision of the micro
mechanics models commonly used for semi-oriented short fiber rein
forced composites, the information needed to obtain the intrinsic 
properties of reinforcement include the tensile strength of the 

composite, the contribution of the matrix, the volume fractions of the 
phases and the evaluation of the morphology of the reinforcements. 
Evaluating the morphology of the reinforcements involves extracting 
such reinforcements from the matrix, usually using a soxhlet apparatus, 
and then the use of an analyzer. This increases the cost of the evaluation 
in time and equipment. The authors present a model that allows the 
evaluation of the intrinsic strength of the reinforcements without 
morphologic evaluation of the reinforcements. 

The literature shows that the tensile strength of semi-oriented short 
fiber reinforced composites can be modeled with a modified rule of 
mixtures (mRoM) for the tensile strength [5–7]. The following notation 
will be used for the present work: 
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σC
t = fcσF

t VF + σM∗
t VM (1)  

In the equation σC
t , σF

t , and σM∗
t are the tensile strength of the composite, 

the intrinsic tensile strength of the reinforcement, and the contribution 
of the matrix to the tensile strength of the composite [8]. Here some 
authors use the ultimate strength of the polymer while others use the 
stress corresponding to the strain at the break of the matrix in the 
stress-strain curve of the matrix [8,9]. When a stiff phase, like a natural 
fiber, is added to a tough matrix, the strain at the break of the resulting 
composite material tends to decrease noticeably. This effect is positively 
correlated with the percentage of reinforcement and negatively corre
lated with the strength of the interface between the reinforcement and 
the matrix [2,8,10]. In the case of natural fiber-reinforced composites, 
the literature shows a high decrease in the strain at the break of such 
composites compared to the matrix [11,12]. Hence, the authors will use 
the stress-strain curve of the polymer to evaluate its contribution to the 
tensile strength of the matrix. Returning to equation (1), VF and VM are 
the reinforcement and matrix volume fractions. It is common to assume 
that the composite has null porosity and then VM = 1 − VF. This 
assumption will be made for all the evaluated composites. Finally, fc is a 
coupling factor that equalizes the contribution of the reinforcements by 
accounting for the impact of the strength of the interface, the mean 
length of the reinforcements, and its mean orientation regarding the 
tensile load [9,13]. Thus, the coupling factor can be found as the 
multiplication of an orientation factor (χ1)by a length and interface 
factor (χ2) and fc = χ1χ2 [9]. 

Thus, the mRoM includes all the factors that impact the final tensile 
strength of a composite. The mechanical properties of the phases (σC

t , σF
t 

and σM∗
t ). The percentage of the phases (VF and VM). The strength of the 

interface between the matrix and the reinforcement (χ2). The 
morphology of the reinforcements (χ2), mainly their mean length and 
diameter. The orientation of the reinforcements regarding the loads (χ1). 

All the previous factors can be evaluated experimentally, but some 
are more difficult to evaluate than others. The tensile strength of the 
composite and the matrix are evaluated during the tensile test and their 
strain at the break. The contribution of the matrix can be obtained from 
the stress-strain curves of the matrix, also a result of its tensile test. The 
volume fractions of the reinforcements and the matrix can be computed 
from their weight percentage and densities using equation (1) presented 
in the materials and methods section and then assuming no porosity to 
obtain the matrix volume fraction. The previous values are easily 
obtainable from the experimental data. 

The intrinsic strength of the reinforcing fibers can be obtained 
experimentally or by micromechanics modeling [9,14]. The experi
mental evaluation involves using standards like ASTM D-3822 or 
similar. This standard calls for testing at least 20 fiber specimens at 10 
mm gage length or greater and evaluating the diameter of the specimen. 
In the case of man-made fibers, such reinforcements are usually cylin
ders, but natural fibers show more complex shapes that can include lu
mens [15]. Moreover, the width of natural fibers can vary significantly 
and the area of the section under tensile can be over or under-estimated 
[16]. Besides, natural fibers are difficult to individualize and are 
commonly found in the shape of fiber bundles [17,18]. Thus, the 
experimental evaluation of the tensile strength of natural fibers 
commonly returns values with high scatter [19]. Furthermore, to eval
uate the tensile strength of natural fibers experimentally, some authors 
advise evaluating their Weibull strength due to the fragile nature of such 
fibers [20–23]. On the other hand, micromechanics models like Kelly 
and Tyson’s modified equation offer a way to evaluate the intrinsic 
strength of the reinforcement, the strength of the interface between the 
matrix and the reinforcement, and the orientation factor [24]. The 
equation is an evolution of the mRoM that differentiates the contribu
tion of the fibers between subcritical and supercritical fiber contribu
tions: σC

t = χ1(X + Y)+ Z, being X, Y, and Z the contributions of the 
subcritical, supercritical fibers, and the matrix to the tensile strength of 

the composite. The critical length (Lc) is defined by the following 
equation [25]: 

Lc =
dFσF

t

2τ (2)  

In the equation, dF, σF
t , and τ are the mean diameter of the re

inforcements, the intrinsic strength of the reinforcements, and the 
interfacial shear strength or the strength of the interface, respectively. 
Supercritical fibers, with a length superior to the critical length, will be 
able to receive shear strengths from the matrix in their surface and 
accumulate enough load to reach their intrinsic tensile strength and 
break. Subcritical fibers will not be able to accumulate enough loads to 
break and will not break. Kelly and Tyson’s modified equation has the 
following notation: 

X =
∑l=Lc

l=0

[
τ⋅l⋅VF

l

dF

]

. (3)  

Y =
∑∞

l=Lc

[

σF
t ⋅ VF

l ⋅
(

1 −
σF

t ⋅dF

4⋅τ⋅l

)]

(4)  

Z =VM⋅σm∗
t . (5)  

In the equations, l, and is the length of reinforcing fibers that have dF as 
mean diameter and VF

l as partial volume fraction. The sum of all fiber 
partial volume fractions equals VF. 

If the tensile strength of the composite, the length distribution of the 
fibers, and its mean diameter are known, the equation still has four 
unknowns, the intrinsic strength of the reinforcement, the orientation 
factor, the interfacial shear strength, and the critical length. 

Fortunately, Bowyer and Bader developed a methodology to solve 
the equation. The solution is based on the assumption that the phases 
have an elastic region in the stress-strain curve. Then, the contribution 
of the reinforcements instead of σF

t will be EF
t ⋅εC

t [26]. The method allows 
the evaluation of the interfacial shear strength, the orientation factor, 
and the critical length by numerical methods. Once these factors are 
known, Kelly and Tyson equation can be used to obtain the intrinsic 
tensile strength of the reinforcement. This methodology is fully 
described in the literature. The solution proposed by Bowyer and Bader 
has been used by some researchers and obtained reasonable results 
[27–30]. Nonetheless, the method is highly sensitive to minimal changes 
in the input data and on some occasions can return unreasonable results 
[31]. On the other hand, Kelly and Tyson’s equation is very robust when 
reasonable data is used for its solution. 

Natural fiber-reinforced composites have been of interest to the 
scientific community for a long period [32–34]. The opportunity to 
replace mineral reinforcements with natural fibers increases, priory, the 
value chain of the natural fiber producer, and the sustainability of the 
composite materials, but a life cycle analysis of any artifact produced 
with the composite is needed to sustain such an assertion [35,36]. 
Natural fibers are more lightweight, less abrasive, and less harmful than 
glass fibers, increasing the interest in natural fiber-based composites 
[32,37]. However, the properties of natural fibers are not as regular as 
those of man-made fibers and show noticeable scatters, being impacted 
by the region where are harvested and the climate [33]. Besides, natural 
fiber strength is mainly due to their cellulose content, and cellulose 
degrades at 200 ◦C, limiting the available matrices [38]. Polyolefin like 
high-density polyethylene (HDPE) and polypropylene (PP) can be mold 
injected below 200 ◦C and are appropriate for being reinforced with 
natural fibers [39–42]. Furthermore, PP and HDPE are commodity 
materials in the industry and their glass fiber composites are also com
mon. Therefore, the evaluation of the intrinsic properties of natural fi
bers is important to preview the theoretical properties of their 
composites. These composites are of interest to the industry and have 
been used for automotive and construction purposes [43–47]. The 
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authors choose hemp fibers as reinforcement of PP because such fibers 
and matrix are very well characterized in the literature and the com
posites show properties similar to glass fiber reinforced materials [17, 
44,48–51]. 

The author’s research includes the evaluation of the intrinsic tensile 
strength of natural fibers as polymeric matrix reinforcement, and in 
some cases, this has been difficult due to the impossibility of obtaining 
sensible solutions from Bowyer and Bader’s methodology. In this work, 
the authors present a methodology that can be used to obtain the 
micromechanics tensile properties of natural strand-reinforced poly
mers. The solution is based on a modified Hirsch equation devoted to the 
tensile strength of a composite reinforced with semi-aligned short fibers. 
To verify the results the authors have used the preliminary data obtained 
from the use of the Kelly and Tyson equation and Bowyer and Bader 
methodology for hemp fiber-reinforced polypropylene composites. This 
method has the assumption, based on the literature, that the orientation 
factor has a 0.3 value. The obtained results are similar to those obtained 
with the Kelly and Tyson equation and Bowyer and Bader methodology 
and are more easily obtained and less sensitive to variations of the 
experimental data than the Bowyer and Bader methodology. Moreover, 
the proposed methodology allows for obtaining sensible results without 
morphologic evaluation of the mean diameter and length distribution of 
the reinforcements required by the Kelly and Tyson equation. 

2. Materials and methods 

2.1. Materials 

Composite materials used to evaluate the micromechanics models 
were made of two phases. The continuous phase was a polypropylene 
(PP) matrix ISPLEN® 090 G2M by Repsol Química S.A. (Tarragona, 
Spain). The matrix has a density of 0.905 g/cm3. This matrix was gently 
provided by the manufacturer. The discrete phase or reinforcement was 
untreated hemp strands (HF) provided by Agrofibra S.L. (Puigreig, 
Spain). These strands were received with lengths between 20 and 30 cm 
and a 1.480 g/cm3 density. A coupling agent based on maleic acid- 
grafted polypropylene (MAPP) was used to increase the strength of the 
interface. 

A modified maleic anhydride-grafted polypropylene (MAPP) 
coupling agent was used: Epolene® G3015 from Eastman (Rotterdam, 
The Netherlands). This is a medium acid number (15 mg KOH/g) and 
molecular weight (24800 Da) coupling agent. 

2.2. Methods 

2.2.1. Composite preparation and characterization 
Before mixing hemp strands were chopped at a nominal length of 5 

mm in a blade mill. Next, the strands were dried in an oven for 24 h at 
80 ◦C. The phases were mixed in a heated roll mixer for 10 min at 108 ±
5 ◦C. Composites adding 20, 30, 40, and 50 wt% HF contents. These 
composites were produced with 0, 2, 4, 6, and 8 wt% MAPP contents. 
MAPP content was evaluated regarding HF content. Thus, twenty 
different composite materials were prepared. The resulting blends were 
pelletized in a blade mill. These pellets were dried in a stove for 24 h at 
85 ◦C before mold injection. 

Dog bone specimens in agreement with ASTM D638 were obtained in 
an injection molding equipment Meteor 40 by Mateu & Solé (Barcelona, 
Spain) (Fig. 1a). The machine has three main heating zones and is 
operated at 175, 180, and 190 ◦C. The two first heating zones correspond 
to the barrel and the last to the nozzle. The steel injection mold was 
cooled at 70 ◦C. Filling and maintaining pressures were 117.7 and 24.5 
bar, respectively. The mold injection cycle lasted 45 s. The specimens 
were conditioned at 23 ◦C and 50 % relative humidity for 48 h before 
tensile testing. At least 10 specimens of any of the composites were 
obtained. 

The tensile test was carried out in agreement with ASTM D638. 
Specimens were attached to the clamps of an Instron® 1122 Universal 

Fig. 1. matrix and composite standard specimens, a: matrix and 20 to 50 wt% HF composites with 6 wt% of MAPP, b: matrix and 20 and 30 wt% HF 
tested specimens. 

Fig. 2. Stress-strain curves of the hemp strand reinforced PP composites and 
the PP matrix. 
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testing machine (Barcelona, Spain). The test was operated at 2 mm/min, 
and the measurements were obtained from the 5 kN load cells equipped 
by the machine. At least 5 valid tests for any of the composites were 
obtained. Fig. 1b shows the matrix and the 20 and 30 wt% tested 
specimens. 

ANOVA of the experimental results was performed in R® at a 95 % 
confidence rate. 

2.3. Evaluation of the contribution of the matrix 

The authors made a mean stress-strain curve from the tensile tests 
(Fig. 2). 

From the curve of the matrix, the authors obtained a curve fitting: 

σM∗
t = − 0.0159

(
εC

t

)4
+ 0.3712

(
εC

t

)3
− 3.3674

(
εC

t

)2
+ 14.895εC

t + 0.0493
(6) 

This equation will be used in all the models that input matrix 
contribution to the tensile strength. In the equation, εC

t is the strain at the 
break of the composite. Composite materials are more fragile than the 
matrix and break at strain lower than such matrix. Thus, the contribu
tion of the matrix to the strength of the composite is considered as the 
stress of the matrix at the strain at the break of the composite. Thus, the 
curve fitting equation is used to obtain the contributions of the matrix by 
imputing the strains at the break of the composites. 

2.4. Volume fractions 

Reinforcement volume fractions were obtained from the following 
equation: 

VF =
wF⋅ρF

wm⋅ρF − wF⋅ρm (7)  

In the equation, ρF, wF and ρm, wm are the densities and mass fractions of 
the reinforcement and the matrix, respectively [52]. 

3. Results and discussion 

3.1. Experimental results 

In the introduction section, it is said that the percentages of the 
phases and the strength of the interface between such phases were 
among the factors that impact the tensile strength of a composite. Nat
ural fibers are hydrophilic and polymers like PP are hydrophobic [29,53, 
54]. Then, these phases show poor compatibility, and untreated fibers 
are expected to show weak interfaces. This is the reason why the re
searchers added a coupling agent to the composites, to promote the 
creation of a chemical bond between the surface of the fibers and the 
maleic acid of MAPP. The hydroxyl groups of the cellulose present in the 
natural fiber surface react with the anhydride of maleic acid (Fig. 3). On 
the other hand, PP chains of MAPP entangle with the matrix. 

MAPP reacts with the cellulose in the fiber surface by creating 
hydrogen bonds and ester bonds with the hydroxyl groups. On the other 
hand, PP chains of MAPP co-crystallize and entangle with the matrix 
[37]. Table 1 shows the experimental results of the tensile tests of hemp 
strand-reinforced polypropylene composites. 

The results show the impact of adding the coupling agent to the 
composites. In all the cases the tensile strength of the materials increases 
noticeably with the presence of MAPP up to 4 wt%. Then some of the 
composites show a decrease in their tensile strength. 

What is more relevant, despite the chemical incompatibility between 
HF and PP, composite materials without coupling agents increased the 
tensile strength of the PP matrix (27.6 ± 0.5 MPa). This can be due to the 
mechanical anchorage of the fibers to the matrix. Fig. 4 shows a 
micrograph of the surface of the fibers and the fiber-matrix interface for 
a coupled composite. 

Fig. 4A shows the surface of a fiber bundle, with some rugosity that 
can enhance the creation of mechanical anchoring. Moreover, the matrix 
can percolate through the spaces inside the fiber bundle. Nonetheless, 
this micrograph was taken from the raw material before mechanical 
treatment, thus, hemp strands used to prepare the composites were more 
individualized. The morphological analysis of the stands extracted from 
the composites with 20, 30, 40, and 50 wt% HF returned mean di
ameters of 30.8, 33.0, 30.8, and 32.0 μm, respectively. Fig. 4A also 
shows an individualized fiber with a diameter lower than the one ob
tained in the morphological analysis. Thus, HF used to obtain the 
composites was more individualized than the raw material but not fully 
individualized. The authors hypothesize the presence of fiber bundles 
with 2–5 fibers. Fig. 4B shows the interface between a fiber and the 
matrix. Here the rugous surface of the fiber can be observed and the 
interfacial zone shows contact between the fiber and the matrix, typical 
of uncoupled composites [55,56]. 

Fig. 5A shows the evolution of the tensile strength of the composites 
against MAPP content. 

The figure shows how the tensile strength of the composites with HF 
contents 30 wt% or higher increases noticeably when the MAPP 

Fig. 3. Reaction of MAPP maleic anhydride with the hydroxyl groups of cel
lulose in natural fiber surfaces. 

Table 1 
Tensile strength of hemp fiber reinforced polypropylene composites against 
reinforcement and coupling agent contents.   

0 wt% 
MAPE 

2 wt% 
MAPE 

4 wt% 
MAPE 

6 wt% 
MAPE 

8 wt% 
MAPE 

20 wt% 
HF 

29.5 ±
0.6ab 

30.7 ±
0.4bc 

33.3 ±
0.4cd 

34.7 ±
0.4de 

36.3 ±
0.3e 

30 wt% 
HF 

32.6 ±
0.4cd 

37.2 ±
1.0ef 

43.4 ±
0.8h 

42.4 ±
1.2gh 

39.8 ±
0.6fg 

40 wt% 
HF 

32.8 ±
1.2cd 

44.2 ±
1.7hi 

48.8 ±
1.6jk 

48.3 ± 1.2j 46.4 ±
1.4ij 

50 wt% 
HF 

34.5 ±
1.5de 

51.6 ±
2.3k 

57.1 ± 2.4l 55.9 ± 0.7l 51.4 ±
1.1k 

Different letters a, b, c, d, e, f, g, h, i, j, k, and l represent the statistical difference 
(ANOVA, p < 0.05) between the properties of the materials. 
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percentage increases from 0 to 2 wt%. Then, the effect of MAPP de
creases for the composites with HF contents 30 wt% or superior, and 
increases for the rest of the composites, as shown by the slope of the 
corresponding curves. In the case of the composite that added 20 wt% of 
HF, its tensile strength continues growing almost linearly for increasing 
amounts of MAPP. The other composites show a stabilization of the ef
fect of the MAPP and even a decrease in their tensile strengths. This 
effect is more noticeable for 8 wt% MAPP contents. Thus, there are two 
different behaviors of the composite when MAPP was added. On the one 
hand, the composites with HF contents 30 wt% or higher, with a tensile 
strength that increases for MAPP contents up to 4 wt% and then stabi
lizes or decreases. This behavior has been reported in the literature and 
is linked to self-entanglement and reactions of MAPP instead of reacting 
with the hydroxyl groups of the cellulose. Anova analysis shows that 
there are no statistical differences between the impact of 4 and 6 wt% 
MAPP contents in the tensile properties of composites with 30, 40, and 
50 HF wt%. However, being the mean tensile strength of the polymers 
with 4 wt% of MAPP the highest and to minimize the use of reactants, 
the authors consider that 4 wt% of MAPP guarantees the highest tensile 
strengths and thus provides the strongest interfaces. 

The case of the composites adding 20 wt% of HF shows a different 
behavior. The tensile strength of these composites increases almost 
linearly up to 8 wt% MAPP contents. Possibly, higher tensile strengths 
can be achieved by increasing the percentage of MAPP, but this is out of 
the scope of the paper. The authors expect that the strongest interface for 
the tested composites at 20 wt% HF content will be found for 8 wt% 
MAPP contents. Fig. 5B shows the evolution of the tensile strength of the 
composites against HF content. The tensile strength of the composites 
increases with the percentage of HF despite MAPP content. Table 1 
shows that the effect of NF content on the tensile strength of the com
posites is statistically relevant. 

Information in Table 1 can be converted into a surface by plotting the 
points as a point cloud and obtaining the resulting surface. Then the 

lines corresponding to iso-strength can be obtained from such surface 
[48]. Fig. 6 shows the resulting surface. 

The most notable result is the corroboration that the highest tensile 
experimental strengths are obtained with 4 wt% MAPP contents. The 
figure shows that theoretically higher tensile strengths can be obtained 

Fig. 4. SEM micrographs of hemp strands; A: fibers bundle and individualized fiber; B: the interface between a fiber and the matrix in a coupled composite.  

Fig. 5. Evolution of the tensile strength of hemp strand reinforced polypropylene composites; A, against coupling agent content, B, against hemp strand content.  

Fig. 6. Topographic map of a Surface obtained from the tensile strength of the 
composites mapped against hemp strand and MAPP contents. 
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with MAPP dosages near 5 wt%. This is reflected by the red line that 
corresponds with the silhouette of the surface and shows the highest 
strength points. 

3.2. Micromechanics 

3.2.1. Using Kelly and Tyson’s equation 
In prior research, some of the authors determined the intrinsic tensile 

strength of HF by using Kelly and Tyson equations and the solution 
provided by Bowyer and Bader [29]. Table 2 shows such results for the 
composites that returned the highest tensile strengths. 

The literature puts the intrinsic tensile strength of hemp strands 
between 550 and 900 MPa [57,58]. The obtained results are inside or 
near these values. The values obtained from the Kelly and Tyson equa
tion, or any micromechanics model can be read as the exploitation of the 
strengthening capabilities of the reinforcement. Then the obtained value 
is not nominal and is a lower bound for the property. As an example, the 
intrinsic tensile strength of an HF as reinforcement for a composite 
adding 20 wt% of HF and 8 wt% of MAPP is ≥ 472 MPa. Then, the 
exploitation of such strengthening capabilities equals 472 MPa. More
over, intrinsic tensile strength is positively correlated to fiber length, 
and such fiber length is negatively correlated to reinforcement content 
[59]. The rationale under these correlations is that the higher the rein
forcement content the higher the attrition phenomena that the fibers are 
subjected to during mixing operations. This attrition causes fiber 
shortening. This shortening was observed for the HF-based composites, 
and the mean lengths for the fibers extracted from the 20, 30, 40, and 50 
wt% HF-reinforced composites were 1277, 943, 819, and 785 μm, 
respectively. Then, the probability of finding an error in a fiber surface 
increases with the length of such fibers, and the literature shows such a 
relation [31]. Thus, obtaining higher intrinsic tensile strength for a 
composite at 50 wt% of HF than for the 30 and 20 wt% composites 
deviates from the commented rationale. This deviation is more visible 
when the coupling factor is evaluated using the mRoM (Equation (1)) in 
Table 2. The penultimate row of the table shows the theoretical coupling 
factors of the composites using the obtained intrinsic tensile strengths. 
The obtained results show coupling factors higher than 0.2 for the 
composites at 20 and 30 wt% HF contents. These values can be 

considered too high because the literature shows that coupling factor 
values between 0.18 and 0.20 correspond to strong to optimal interfaces 
for semi-oriented short fiber reinforced composites [13]. The cause for 
these values is underestimating the intrinsic tensile strength of the 
reinforcement. The last row of Table 2 shows the coupling factor values 
obtained supposing the same 617 MPa intrinsic tensile strength of HF for 
all the composites. The higher the intrinsic tensile strength the lower the 
coupling factor. Thus attending to the rationale that micromechanics 
models deliver lower bounds for the intrinsic tensile strength, the ob
tained coupling factors will be lower or equal to the values in Table 2. 
Table 3 shows the evolution of the coupling factor against HF and MAPP 
contents. 

The values of the coupling factor show a similar evolution to the 
tensile strength of the polymers (Table 1). The composites that returned 
the highest coupling factors added 8 wt% of MAPP for the composite at 
20 wt% HF content and 4 wt% of MAPP for the rest of the materials. 

In summary, it was possible to obtain sensible values for the micro
mechanics factors of the tensile strength of HF as a PP composite. 
Nonetheless, as shown in the literature this is not always possible. Thus 
the authors propose a methodology that can provide the same micro
mechanics properties when the Kelly and Tyson equation cannot be 
solved. 

3.2.2. Using the Hirsh equation 
Hirsch mixed Reuss and Voigt models to evaluate the contribution of 

fibers parallel and perpendicular to the loads [60]. The equation is 
commonly used to model Young’s modulus of composites but some 
authors defend that can be used to model the tensile strength of com
posites [9]. Its notation is as follows: 

σC
t = β

[
σf

t V
F + σM∗

t VM]+ (1-β)
σf

t σM∗
t

σM∗
t VF + σf

t V
M (8) 

The equation adds a load transfer factor (β) that evaluates the con
tributions of parallel and perpendicular fibers to the tensile strength of 
the composites. The literature establishes a value of 0.4 for the load 
transfer factor in the case of Young’s modulus, but there is no consensus 
for its value when used to compute the tensile strength. Some authors 
provide the same 0.4 value and others 0.1 or 0.15 [9]. Authors using a 
value of 0.15 consider σM∗

t as the tensile strength of the matrix and those 
using a 0.1 value consider σM∗

t as the tensile stress of the matrix at the 
strain at the break of the composite [61–63]. Therefore, the authors will 
use a 0.1 value for β. Table 4 shows the intrinsic tensile strength of the 
composites obtained with the Hirsh equation. 

Alike the case of the results obtained from the Kelly and Tyson 
equation (Table 2), the intrinsic tensile strengths of HF reflect the 
exploitation of their strengthening capabilities. Then, the higher the 
tensile strength of a composite, the higher such exploitation. The 
intrinsic value obtained for the composite at 20 wt% is lower than the 
obtained for the composite at 30 wt%, but looking at Fig. 5A it is possible 
that the coupling dosage for the 20 wt% composite can be increased and 

Table 2 
Experimental data used to obtain the intrinsic tensile strength of HF from the 
Kelly and Tyson equation, and coupling factors of the composites form the 
mRoM.  

HF (wt 
%) 

MAPP (wt 
%) 

VF σC
t εC

t σm∗
t σF

t fc fc 

20 4 0.132 36.3 3.9 25.26 472 0.23 0.18 
30 4 0.206 43.4 3.7 24.88 528 0.22 0.19 
40 4 0.288 48.8 3.5 24.46 617 0.18 0.18 
50 8 0.378 57.1 3.3 23.98 607 0.18 0.18  

Table 3 
Coupling factors of hemp fiber-reinforced polypropylene composites against 
reinforcement and coupling agent contents obtained from a modified rule of 
mixtures with an intrinsic tensile strength of 617 MPa. The strain at the break of 
the composites is presented between the brackets and is used to obtain the 
contribution of the matrix.   

0 wt% 
MAPP 

2 wt% 
MAPP 

4 wt% 
MAPP 

6 wt% 
MAPP 

8 wt% 
MAPP 

20 wt% 
HF 

0.10 (3.4) 0.12 (3.3) 0.15 (3.6) 0.15 (4.0) 0.18 (3.9) 

30 wt% 
HF 

0.11 (3.1) 0.15 (3.1) 0.19 (3.7) 0.18 (3.5) 0.16 (3.4) 

40 wt% 
HF 

0.09 (2.9) 0.15 (3.3) 0.18 (3.5) 0.17 (3.5) 0.17 (3.3) 

50 wt% 
HF 

0.09 (2.8) 0.16 (3.1) 0.18 (3.3) 0.18 (3.2) 0.16 (3.0)  

Table 4 
Intrinsic tensile strength of hemp fiber obtained from the experimental results 
and with a 0.1 load transfer factor.   

0 wt% 
MAPP 

2 wt% 
MAPP 

4 wt% 
MAPP 

6 wt% 
MAPP 

8 wt% 
MAPP 

20 wt% 
HF 

204.1 303.8 435.4 476.2 608.0 

30 wt% 
HF 

230.8 436.9 647.5 624.2 515.0 

40 wt% 
HF 

139.4 440.9 573.3 556.6 513.7 

50 wt% 
HF 

108.4 452.6 571.7 550.7 458.0 

Mean 170.7 ±
56.5 

408.5 ±
70.1 

557.0 ±
88.4 

551.9 ±
62.2 

523.0 ±
62.1  
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thus its tensile strength. 
The mean value for the maximum intrinsic strengths for all HF 

contents (data in bold font in Table 4) is 600.1 ± 35.8 MPa, not far from 
the 556 ± 68.7 MPa obtained from the Kelly and Tyson equation. 
Moreover, the highest values obtained with both methods are 617 and 
647 MPa. These solutions are inside the values predicted in the 
literature. 

The results obtained with the Hirsch equation reveal that the 
intrinsic tensile strength of HF will be ≥ 647.5 MPa. This value can be 
used to evaluate the corresponding coupling factor for the mRoM and 
compare the values with those obtained from the Kelly and Tyson 
equation (Table 3). Table 4 shows the obtained values. 

The differences between the values in Tables 3 and 5 are always 
<0.01, Thus the coupling factors obtained from any of the methods, in 
the case of HF-reinforced PP composites, can be considered equivalent. 

One of the micromechanics properties of the composites that can be 
obtained from Bowyer and Bader’s solution is the orientation factor. The 
value of such a factor has been used by the authors to validate the ob
tained solutions. The mean orientation of the fibers of a short fiber mold 
injected composite is highly determined by the properties of the com
posite, mainly its fluidity, the parameters used during mold injection, 
and the geometry of the mold. The authors have found that, with their 
equipment, the orientation factor shows always values around 0.3 ± 0.5 
[20,29,64]. Then, when Bowyer and Bader’s solution returns orientation 
factors out of this range, the authors do not accept the solution as 
plausible. Hence, the authors can fix the value of the orientation factor at 
0.3. The authors advise the evaluation of the typical orientation factors 
of other researchers’ equipment to apply the next steps of the method
ology. Moreover, the orientation factor is linked to a mean orientation 
angle (α) by the following equation [29]: 

χ1 = cos4(α) (9)  

Then, the mean orientation angle for a 0.3 ± 0.5 orientation factor is 
42.3 ± 2.7◦. Then, taking into account that fc = χ1χ2, the length and 
interface factor (χ2) can be obtained from the value of the orientation 
factor in Table 5. Table 6 shows the obtained length and interface 

factors. 
Typical length and interface factors for coupled composites are 

around 0.5 ± 0.1 [29]. All the obtained values are inside this range. 
Uncoupled composites returned lower interface and length factors. 
These values can be used with Fu and Lauke equations for the length and 
interface factor to obtain a theoretical value for the critical length of HF 
for the composites [65]. Fu and Lauke’s equations define two scenarios: 

χ2 =
LF

2LC
for LF ≤ LC (10)  

χ2 = 1 −
LC

2LF
for LF ≥ LC (11) 

Table 7 shows the resulting critical lengths. 
Different letters a and b correspond to the use of equation (10) (a) or 

equation (11) (b) to obtain the critical lengths. 
All critical lengths were computed using equations (10) and (11), 

and then depending on the relation between LF and LC the corresponding 
value was chosen. As defined in equation (2), the stronger the interface 
the shorter the critical length. Then this equation can be used to obtain 
the interfacial shear strength of the composites. Table 8 shows the ob
tained values. 

Bowyer and Bader’s methodology uses the intrinsic tensile strength 
particular to the composite (Table 2). To compare the results, the au
thors have used the intrinsic tensile strength of HF for every composite. 
These intrinsic tensile strengths are lower bounds, thus, the interfacial 
shear strengths are also lower bounds. The literature shows that strong 
interfaces will return interfacial shear strength between von Mises and 
Tresca criteria [66]. These criteria are defined from the tensile strength 

Table 5 
Coupling factors of hemp fiber-reinforced polypropylene composites against 
reinforcement and coupling agent contents obtained from a modified rule of 
mixtures with an intrinsic tensile strength of 647.5 MPa.   

0 wt% 
MAPP 

2 wt% 
MAPP 

4 wt% 
MAPP 

6 wt% 
MAPP 

8 wt% 
MAPP 

20 wt% 
HF 

0.10 0.12 0.14 0.15 0.17 

30 wt% 
HF 

0.10 0.14 0.18 0.17 0.15 

40 wt% 
HF 

0.09 0.15 0.17 0.17 0.16 

50 wt% 
HF 

0.08 0.15 0.17 0.17 0.15  

Table 6 
Length and interface factors of hemp fiber-reinforced polypropylene composites 
against reinforcement and coupling agent contents obtained from a 0.3 orien
tation factor and the coupling factors of the composites.   

0 wt% 
MAPP 

2 wt% 
MAPP 

4 wt% 
MAPP 

6 wt% 
MAPP 

8 wt% 
MAPP 

20 wt% 
HF 

0.33 0.39 0.46 0.49 0.56 

30 wt% 
HF 

0.35 0.46 0.59 0.57 0.51 

40 wt% 
HF 

0.30 0.48 0.56 0.55 0.52 

50 wt% 
HF 

0.28 0.50 0.57 0.56 0.50  

Table 7 
Critical lengths (μm) of hemp strands obtained from Fu and Lauke equations.   

LF 

(μm) 
0 wt% 
MAPP 

2 wt% 
MAPP 

4 wt% 
MAPP 

6 wt% 
MAPP 

8 wt% 
MAPP 

20 wt 
% 
HF 

1277 1933.3a 1657.0a 1378.2a 1297.2a 1122.5b 

30 wt 
% 
HF 

943 1349.8a 1015.6a 771.7b 803.0b 916.9b 

40 wt 
% 
HF 

819 1386.1a 844.7a 719.1b 733.7b 779.5b 

50 wt 
% 
HF 

785 1406.6a 778.7b 668.1b 690.3b 779.0b  

Table 8 
Interfacial shear strength of hemp fiber reinforced polypropylene composites 
against reinforcement and coupling agent contents.   

dF 

(μm) 
σF

t 
(MPa) 

0 wt% 
MAPP 

2 wt% 
MAPP 

4 wt% 
MAPP 

6 wt% 
MAPP 

8 wt% 
MAPP 

20 
wt 
% 
HF 

30.8 608.0 5.61 6.16 7.14 7.22 8.90 

30 
wt 
% 
HF 

33.0 647.5 8.94 11.05 14.91 14.26 12.29 

40 
wt 
% 
HF 

30.8 573.3 7.81 10.97 13.11 12.81 11.98 

50 
wt 
% 
HF 

32.0 571.7 8.24 12.37 14.67 14.14 12.36  
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of the matrix. Von Mises criteria announce that the interface can not be 
stronger than its weakest phase, and the shear strength of the matrix can 
be approximated by its tensile strength divided by the square root of 3. 
Tresca criteria divide the tensile strength of the matrix by half. Then, 
strong interfaces will return interfacial shear strengths in the range of 
13.8–15.9 MPa. The interfacial shear strengths obtained using Bowyer 
and Bader solution for the 20, 30, 40, and 50 HF wt% composites were 
14.85, 13.05, 14.25, and 15.6 MPa, respectively. These values are higher 
than those obtained with the proposed methodology, but the informa
tion is similar, returning strong interfaces for the composites, except for 

the composite with 20 wt% of HF. Fig. 7 shows the evolution of the 
interfacial shear strength against MAPP content. 

The figure shows how the highest interfacial strengths coincided 
with the dosages of coupling agents defined to obtain the highest tensile 
strengths. The results show that although the obtained interfacial shear 
strengths are typical for strong interfaces, there is the possibility of 
obtaining composites with stronger interfaces and thus higher tensile 
strengths. The topological approach Fig. 6 announces that composites 
with MAPP contents between 4 and 5 wt% have the potential to achieve 
higher tensile strength. The figure shows that the composites at 20 wt% 
of HF did not reach a strong interface and possibly dosages higher than 8 
wt% of MAPP are necessary to do so. The slope of the line between 6 and 
8 wt% contents shows a noticeable increase in its slope. 

Fig. 8 shows the scheme of the proposed methodology abe to obtain 
the intrinsic tensile strength of the composites, its coupling factor, and 
the interfacial shear strength of the interface. 

4. Conclusions 

Tensile micromechanics properties of hemp strand reinforced poly
propylene composites obtained by mold injection have been obtained by 
a proposed methodology, based on a modified rule of mixtures and 
Hirsch’s equation. The micromechanics properties are the intrinsic 
tensile strength of hemp strands, the interfacial shear strength, and the 
coupling factor. The proposed methodology assumes a 0.3 orientation 
factor. 

The authors found that 4 wt% MAPP contents returned the highest 
tensile strengths for the composites. Using a modified rule of mixtures 
with the obtained values, the resulting coupling factors range from 0.18 
to 0.19. The obtained intrinsic tensile strength of hemp strands reveals a 
lower bound value of 647.5 MPa. This value was obtained with Hirsch’s 
equation and using a 0.1 load transfer factor. The intrinsic tensile 
strength of the reinforcement is positively correlated with the strength of 
the interface and the value obtained by using the Kelly and Tyson 
equation is 617 MPa, compatible with the result obtained from Hirsh’s 
equation. 

A topographic representation of the strengths of the composites 
against reinforcement and coupling agent contents can be used to 

Fig. 7. Evolution of the interfacial shear strength of hemp strand reinforced 
polypropylene composites against coupling agent content. 

Fig. 8. Scheme of the proposed methodology to obtain the micromechanics tensile properties of semi-oriented short fiber reinforced composites.  
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further explore optimizations of the strength of the interface. 
An integrated micromechanics methodology for the prediction of the 

tensile properties of semi-aligned short fiber-reinforced polymer com
posites has been developed and overcomes some limits that more usual 
micromechanics approaches, based on the solution to Kelly and Tyson’s 
equation proposed by Bowyer and Bader have. 

The proposed methodology is not dependent on the shape of the 
stress-strain curve of the matrix and the composites. Moreover, the 
methodology does not need a fiber length distribution and only a mean 
length of the reinforcements that can be obtained by optical microscopy 
instead of a morphologic analysis. 

More work is needed to validate if the value of the load transfer 
factor is the same for different matrices and other natural fibers like 
wood fibers with different surface chemical compositions. 
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