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Abstract: This study investigates the theoretical modeling and experimental analysis of composites
made from randomly oriented flax fibers reinforced with recycled expanded polystyrene (EPS)
waste. The effect of flax fiber volume fractions (20%, 30%, and 40%) on the composites’ tensile
strength and tensile modulus were examined. Several theoretical models namely the rule of
mixtures (ROM) series, modified Bader and Bowyer, Hirsch, Cox-Krenchel, and Einstein-Guth
model were compared against the experimental results of the formulated composites. The
theoretical predictions of tensile strength from the Hirsch and modified Bader and Bowyer models
showed close alignment with experimental results. Cox-Krenchel and Hirsch’s models better predict
the tensile modulus of a composite at 30% fiber loading. Additionally, this research accentuates the
potential of utilizing natural fibers in combination with recycled EPS materials to produce eco-
friendly composites with better performance for construction applications, such as house panels and
automobile interior components.

Keywords: EPS waste; flax fiber; theoretical model; polymer composite

1. Introduction

In recent years, the global environmental context has demanded a shift towards more eco-
friendly solutions to address the world’s material needs [1]. Natural fiber polymer composites
(NFPCs) stand out among these due to their low cost, biodegradability, low density, and
renewability. NFPCs are polymer matrix-based composites containing natural fibers like jute, flax,
hemp, kenaf, oil palm, and sisal as reinforcements. The addition of natural fiber improves the
polymer’s physical and mechanical properties while also minimizing carbon dioxide emissions
during the process of material production [2]. The expanding interest in NFPCs can be recognized by
several factors. First, Natural fibers are a source of renewable resources, since they can be grown with
limited environmental damage, which appeals to sustainable development. Second, they have useful
mechanical properties, such as high tensile strength and stiffness compared to synthetic fibers based
on the proper processing of the fibers and fiber alignment. In addition, the use of compostable fibers
for composite materials matches the global commitment to reducing plastic waste and sustainable
circular economy principles [3].

Expanded polystyrene (EPS) is a thermoplastic material, which is made of natural gas and
mineral oil by a complex process. Styrene copolymer is the main constitutes of EPS, which contains
a flam-retarding agent and foaming. EPS is composed of 98% of air and the remaining 2% of
polystyrene [4]. It is naturally non-toxic, inactive material compared to other thermoplastics
polymers. The high insulating properties, shock absorbing properties and other qualities of EPS foam,
combined with its low density, low cost, ease of processing and custom moldability (easy of casting)
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make it a trendy packaging material [5]. Therefore, the formulation of NFPCs from flax fiber with
recycled materials such as expanded polystyrene (EPS) waste not only enhances mechanical and
other properties but also contributes to waste reduction and resource conservation.

Flax (Linum usitatissimum) is a commercially important plant within the Linaceae family, which
comprises over 300 species and 13 genera [6]. Flax, also known as linseed, is the only species
cultivated for its diverse applications. Grown in moderate climates, flax seeds are a versatile crop
used for food, fiber, oil production, pharmaceuticals, animal feed, and as additives in paints [7]. Flax
fibers have high strength, durability and fineness. Currently, the applications of flax fibers are
increasing due to their low density, availability, low cost, degradability, biodiversity, and ease of
handling as well as excellent properties [8]. Unlike other fibers, flax fibers can operate at high
temperatures, reaching up to 250°C, making them suitable for use in polymer composites. Despite
their low density, flax fibers exhibit comparable specific properties (properties divided by density)
to glass fibers. In the automotive and aviation sectors, flax fiber composites are being explored as a
lightweight replacement for synthetic fiber-reinforced composites, contributing to weight reduction
[9]. Combining randomly oriented short flax fibers into a recycled EPS matrix forms a unique
composite material that changes the strengths of both constituents. Flax fibers contribute stiffness
and strength, while recycled EPS waste provides lightweight and thermal insulation properties.
However, the mechanical properties of such composites are affected by various factors, including
fiber content, distribution, and the interfacial bonding between the matrix and the fibers. The effects
of those factors on the mechanical properties of composite materials are evaluated by experimental
and micromechanics analysis.

Many researchers have used mathematical and numerical approaches to estimate the mechanical
behavior of natural fiber-reinforced polymer composites (NFPCs). Such methods can derive effective
properties from the microstructure directly, enabling an inexpensive and efficient alternative to
transformational experimental testing, giving insight into and predictability of the behavior of a
composite based on the properties of its constituents. Theoretical models that are commonly used for
the prediction of mechanical properties include the rule of mixtures (ROM), inverse rule of mixtures
(IROM), Halpin-Tsai model, etc. Other successful theories including Hirsch model, Cox-Krenchel
model, and Einstein and Guth models are also applicable to compute the mechanical properties of
composites based on the properties of the individual components. Venkateshwaran et al. [10] have
compared the experimental tensile properties of randomly oriented banana/epoxy composite with
theoretical models. Theoretical models such as the Modified Rule of Mixture, Hirsch, Nielson,
Halpin-Tsai, Bowyer and Bader’s were used for comparison to the experimental results. From all the
models, the modified rule of mixture predicts the tensile strength of the composite very close to the
experimental result next to Bowyer and Bader’s model. S. Palsule et al. [11] studied the tensile
modulus of jute fiber reinforced with chemically modified polypropylene composites using
experimental and theoretical models. Compared to experimental result, rule of mixture predicts
higher modulus value and inverse rule of mixture predicts lower result in all fiber loadings. On the
other hand, Hirsch model predicts a close agreement to the experimental result. The other Halpin —
Tsai and Nielson model predicts almost a similar result and lower modulus value compared to the
experimental result in all fractions of fiber. In addition, the new proposed Palsule model has a
reasonable tensile modulus value at optimum fiber fraction. Wahyu Purwo et al. [12] studied the
experimental and micromechanical modeling of short zalacca fiber reinforced with low-density
polyethylene composite. The tensile strength of the composite is predicted using the Bowyer-Bader
and Hirsch models while, the tensile modulus is estimated using the Manera, Tsai-Pagano, and Cox
Krenchel models. The predictions of the Bowyer-Bader and Tsai-Pagano model showed a close
agreement with experimental results for tensile strength and elastic modulus of the composites
respectively.

This study aims to evaluate the tensile properties of randomly oriented short flax fiber-
reinforced recycled EPS waste composites through both theoretical models and experimental
approaches. Theoretical models such as the rule of mixture (ROM) series, Hirsch, modified Bader and
Bowyer, Einstein-Guth, Cox-Krenchel, and Palsule model were compared with experimental results
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for tensile strength and tensile modulus of the composite. This dual approach not only enhances the
reliability of the findings but also provides insights into the practical applications of these eco-
friendly materials in industries such as construction, automotive, and packaging.

2. Theoretical Models for Tensile Properties

The theoretical models of natural fiber polymer composite are very essential to understanding
the fiber-matrix interaction and the effect of one constitutes on the final product before doing
experimental results. It also helps to sympathize with the macro and micro properties of the material
by reducing cost and time for experimentation. Various micromechanics models are given to predict
the composite’s tensile strength and tensile modulus based on the natural fiber’s elastic strength and
the matrix in the composite [13-15].

¢  Rule of mixtures (ROM) equation

The ROM models are the most common type of tensile strength prediction model for natural
fiber polymer composite. The ROM models, series, and parallel models were examined by Voigt and
Reuses in 1889 and 1892 respectively. In this model, both assumed that the fiber and matrix act as a
perfect bonding; no voids are present, there is homogenous fiber distribution and it acts as a perfectly
elastic material. ROM model is best suitable and fits with the experimental value for aligned
continuous fiber polymer composite. Nevertheless, for short fiber polymer composite the value of
tensile stress only agrees at low fiber content and deviates at higher fiber content compared to the
experimental result [14,15]. ROM series equation for prediction of tensile stress and modulus on
natural fiber composite are given by the following relation.

OMOF

% = Gerori .y
_ EFEMm
EC - EMVE+ERFV M (12)

where, 0, and E are the stress, volume fraction, and modulus respectively. The subscript C, F, M,
represents the composite, fiber and matrix respectively. The above model is more suitable for aligned
continuous fiber so the stress along transverse direction equals the strength of the matrix and does
not fit with the experiment most of the time for random oriented short fiber composite.

= Modified Bader's and Bowyer model

This model is a modification of the Kelly-Tyson strength model. This model is also determined
based on the assumption that the fiber and matrix are perfectly bonded, and behave as a linear elastic
material. According to Modified Bader and Bowyer’s model, the tensile strength of short fiber
thermoplastic composite is the sum of contributions of fiber and matrix strength [15,16]. In this model,
the tensile and elastic modulus of the composite can be given by

Oc = O-FKl Kz VF + Oy VM (1.3)
EC = EFK]_ KZ VF + EM VM (1.4)
L, = %4 (1.41)

27
where K1 is the fiber orientation factor its value changes from (0-1) and is allowed to vary best fit to

experimental data and K: is the length factor of fiber its values are given by equation

For fibers with L>Lc; K1 = L-Lc/2L (1.42)

For fibers with L< L¢; Ko =1/ 21.c (1.43)

where, Lc= critical fiber length, d = is fiber average diameter, 7 = shear strength of fiber/matrix bond

(0.5 times matrix strength), L=1is the fiber average length, 0= fiber tensile strength, o»= matrix tensile
strength, Vr = is the fiber volume fraction and Vv = the matrix volume fraction.

. Hirsch’s model
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Hirsch’s model also predicts the tensile modulus and strength by combining the parallel and
series models multiplying with some parameters.
For tensile strength

oc = x(oyVy + opVp)H(1-x) % (1.5)
For elastic modulus
EFE
Ec=x (EmVu+ EpVp) + (1-X) m (1.6)

where, o, E and V are stress, modulus and volume fraction respectively. The subscript F, M is
fiber and matrix respectively. X is the empirical considerations found by the Hirsch model to fit the
experimental value with the theoretical model. It determines the stress transfer and good fiber-matrix
bonding of the composite. It also depends on fiber length, fiber distribution and fiber orientation. The
value of X lies between 0 to 1 to optimum fit to that of the experiment result [15].
=  Einstein and Guth equations

This model is used to predict the theoretical tensile strength of very short fiber-reinforced
polymer composites [17]. The equations are given by

oc = oy(1-Ve*?) (1.7)

. Palsule model

The Palsule model as expressed in Equation (2.9), is employed to estimate the tensile modulus
of short fiber-reinforced composites [11].

(EF+EEp)+EVE(EF—E,
Ee = QulEwVy + EpVel + QrEy [(fgmsl;l))«pvjr(wi—sﬂn:))] (18)

In this model, ¢ represents the aspect ratio (L/d) and ¢ is the packing fraction of the fibers
(assumed to be 0.5 for randomly oriented fibers); the constant @, and Qr represent the longitudinal
and transverse stress distribution across the composite. The value of @, and Qr can vary between
1/2 and 1/8 depending on the fiber distribution within the composite. For this study, the value of Q,
and Q; has been taken 1/6.

. Cox-Krenchel Model

The Cox-Krenchel model gives another model for predicting the tensile strength and modulus.
According to Cox, the tensile strength and longitudinal modulus of the composite are given by the
following equation.

o¢c = 0gVenon, + ouVu (1.9)
Ec =non.Ep Ve + (1 = Ve)Ey (1.10)
m=(1-2572) (1.11)
b= i) (112
G = 3 (i“f}m) (1.13)

where Gm and Vm are the shear modulus of the matrix and Poisson’s ratio of the matrix respectively.
For square packing fibers, the value of Xi = 4 is used for calculation. The value of no = 0.375 for
composites reinforced with random in-plane fiber but, allowed to vary the best fit to experimental
data [10,15]. The values of the tensile strength and modulus of the polystyrene matrix used in this
study are 26MPa and 1.93GPa respectively [18].
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3. Material
3.1. Fiber Characterization

The Leica biological microscope shown in Figure 1 is used to compute the diameter of the flax

fiber with a maximum magnification of up to 100%. Bundles of fibers are cut into very small pieces
and mounted on the microscopic slide. The magnified surface features and the diameter of the fiber

are observed through the microscope. Five measurements have taken along the length of the each
fiber.

Figure 1. Leica biological microscope.

3.2. Density of Fiber

The hydrophilic and porous nature of the fiber necessitates the use of a pycnometer for accurate
density determination, following ASTM D792 standards. The fiber density (Qf) can then be
calculated using Equation (2) [19].

_ (W-W;)
Pr= [{(w4—w1)—<w3—w2>}] X Pi @

where; W1 = the weight of empty clean dry pycnometer, W2 = the weight of the pycnometer
containing the sample, W3 = the weight pycnometer containing the sample and kerosene, W4 = the

weight of the pycnometer containing kerosene, and Py, = the density of kerosene

3.3. Tensile Testing of Flax Fiber

The tensile strength of the fiber is found by using the universal tensile testing machine 5DZ as
shown in Figure 2a. The universal tensile testing machine has a maximum load cell of 5 KN, a
100mm/min speed at the time of testing, and a 50mm/min speed at which to return to the original
position. The tested samples are seven single fibers with 250mm long as per the ASTM D3379-75
standard as shown in Figure 2b [20]. The tensile strength and modulus of single fibers were obtained
by a relation called Tex. Flax fibers do not have a regular shape as observed in the microscope.
Therefore, the tensile strength and Young’s modulus of the fiber were determined in terms of linear
density or tex by the following relation of Equation (3) [21] and the elastic modulus of fiber can be
determined by Equation (4).
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Figure 2. Universal fiber tensile testing machine and single fiber.

Mass of fiber

Linear density (tex) = Total length of fiber 3)

Tensile strength of fiber

Elastic modulus of fiber = (4)

Strain of fiber

3.4. Composite Preparation

To prepare flax fiber-reinforced EPS composites, flax fibers were manually mixed with the EPS
matrix in various weight proportions. A mold was constructed using glass sheets measuring 200 mm
x 200 mm x 5 mm as shown in Figure 1a. The glass plates were coated with wax to facilitate easy
sample removal. The fiber-matrix mixture was poured into the mold and compressed to remove air
and ensure a smooth surface for the composite as shown in Figure 3b. The molded composites were
then cured at room temperature for 15 days. Samples of prepared composites are shown in Figure 3c.
Finally, the composites were cut into specimens according to ASTM D638 standards for tensile
testing.

(a)

Figure 3. Composite preparation; a) Glass mold b) formulated composite after compression. c) Sample
of prepared composite (60/40).
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3.5. Composite Tensile Properties Testing

The samples are prepared as per ASTM D638 with dimensions of 115x19x5 mm and a gauge
length of 60mm [22] as shown Figure 4a. The tensile testing is done on a Universal Testing Machine
(UTM) shown in Figure 4b at across head speed of 5mm/min. The tensile strength of five samples
was tested for each fiber-matrix combination and average values were reported. The specimens were
mounted in the lower and upper grips of the machine carefully to avoid slippage and applying it to
tension until it fractured as shown in Figure 4c. As the load is increased on the specimen, the
elongation is automatically recorded and displayed on the computer. Equation (5) is used to
determine the tensile modulus of the composite.

Tensile modulus = Ao /Ae (5)

where Ao and Ae are the straight-line portions of the change in stress and strain respectively.

©

Figure 4. (a) Specimens before test, (b) Tensile testing machine and (c) Fractured sample after tensile
test.

4. Result and Discussion
4.1. Diameter and Density of Flax Fiber

The diameter and density of treated flax fiber are essential for calculating the analytical analysis
of mechanical properties of composite material. The measured flax fiber diameter is presented in
Table 1 and average measured result is shown in Figure 4 along the length of fiber. From Figure 4, it
is noted that the diameter of flax fiber obtained in this study is consistent with the data presented in
the literature as varying in the range of 12-600 um [23,24]. The density of treated flax fiber is also
tabulated in Table 1 is also consistent with the literature and its values are reported in the range of
1.4-1.5 g/cc [25]. This indicates that the flax fiber grown in Ethiopia has similar properties to that of
other countries and is applicable for composite production.
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Figure 4. Diameter of flax fiber diameter along its length.

Table 1. Physical and mechanical properties of flax fiber.

Properties of flax fiber Result
Diameter (um) 196.8
Density (g/cm?) 1.421
Tensile strength (Mpa) 586
Tensile modulus(GPa) 31.23
Maximum force (N) 5.91
Elongation (mm) 4.69

4.2. Tensile Testing of Flax Fiber

A tensile test was performed on treated flax fiber to find the tensile properties of the fiber and
to predict the tensile strength of the formulated composite. The maximum load and elongation data
of different samples of fiber is presented in Table 1. The tensile strength and modulus of elasticity of
flax fiber are calculated using Equations (4) and (5) respectively and its corresponding values are
presented in Table 1.

4.3. Theoretical and Experimental Results of the Tensile Properties of Composites

Several theoretical models as reported in the literature [13-15,17] predict the tensile modulus
and tensile strength of natural fiber polymer-based composite. However, there were no exact
theoretical models that predict the experimental tensile properties of short fiber thermoplastic
composite material due to the complexity of fiber-matrix stress distribution. In this study, the ROM
series, Einstein and Guth model, Cox-Krenchel model, Hirsch model and modified Bader and Bowyer
model are also used to predict both the tensile modulus and tensile strength in addition to the
experimental results. Figure 5 shows the comparison of the results by different theoretical models
and experimental results of the tensile strength of randomly oriented short flax fiber EPS (FFEPS)
composites with different fiber loadings of 6mm long fibers. In this study, the experimental and
theoretical models are in better fit in the case of Cox-Krenchel and modified Bader and Bowyer
models at 30% of fiber content with an error of 2.8% and 29% respectively. The other models, ROM
series and Hirsch’s models are in less agreement with the experimental values, and in the case of
Einstein and Guth model, the theoretical values are in close agreement at both low and high fiber
loadings with a percentage error of 8.5% and 1.6% at 20% and 40% fiber loadings respectively
compared to other models. At low fiber loadings, modified Bader and Boyer, Cox-Krenchel and
Einstein models are in close relation with the experimental results. This is because, at low fiber
content, the uniform distribution of stress in the matrix and fiber results in a close agreement between
the experimental and theoretical strength properties of the composite. However, the theoretical
values are far away and in less agreement with experimental results happened with an increase in
fiber content. The reason behind this is that at high fiber loading, the fibers are concentrated in only
one place over the matrix, which produces a non-uniform distribution of stress and strain in the
composite. On the other hand, at high fiber content, the interfacial bond between the matrix and fiber
is weak due to the poor wettability of the matrix. This phenomenon is not considered in the
theoretical estimation, which causes deviation of the results from the experimental values. The Hirsch
model overestimates the experimental value with a maximum percentage error of 77.33% compared
to other models at 40% fiber content. The maximum percentage error of 136.8% was observed in the
studies reported in the literature also for the ROM series model [14]. The theoretical model has close
agreement with the experimental result in the order of the Cox-Krenchel model > modified Bader and
Bowyer model > Einstein and Guth model > Hirsch’s model > ROM series.
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Figure 5. Variation of experimental and theoretical tensile stress values with fiber content.

The variation in results of some of the models with that of the experimental results is due to
variation in fiber-matrix interaction, non-uniform distribution of stress or strain in the composites
and the assumptions considered in the theoretical models. The most difficult thing to predict the
theoretical tensile strength of short fiber polymer composite is due to the complexity of stress transfer
in the fiber and matrix. In the case of random short fiber composite, the stress transfer is largely
contingent on stress concentration at the fiber ends, the fiber content, fiber length and fiber
orientations, etc. [26,27].The comparison of experimental tensile modulus with the corresponding
values obtained from theoretical models of randomly oriented short FFEPS composites is shown in
Figure 4.4. The Figure confirms that the tensile modulus predicted by the theoretical model is in close
agreement with the experimental result at low fiber content for cases of Hirsch and Cox-Krenchel
models with a maximum percentage error of 1.8%. Whereas, the ROM Series, Palsule, and Modified
Bader and Bowyer models were underestimated the experimental result. The reason behind this is a
uniform distribution of stress in the matrix and fiber as a result, a near agreement between
experimental and theoretical models at low fiber weight fraction. Similar to the tensile stress, the
value of theoretical tensile modulus also is in less agreement with the experimental result at high
fiber loading. This is due to the occurrence of fiber agglomeration and fiber dispersion in the matrix.
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Figure 6. Comparison of experimental and theoretical tensile modulus values vs percentage of fiber
content.

In this study, all the theoretical models have positive deviation with experimental values except
for ROM series and Bader and Bowyer models. These two models reveal negative deviation with a
maximum error of 15.4% and 35.6% at 30% of fiber content respectively. In the Hirsch model, the
parameter x expressed in Equation (2.6) is 0.06, which is in good correlation with the experimental
values for the FFEPS composite. The theoretical tensile modulus value best fits for the case of Hirsch,
Palsule and Cox model with an error of 0.48%, 0.48% and 0.69% at 30% of fiber loadings. Generally,
there is no exact theoretical formula to predict the experimental values for the case of randomly
oriented short fiber reinforced thermoplastic composites. Therefore, the maximum percentage error
observed in this study also occurred in many researchers reported in the literature [13,14,28,29].

5. Conclusion

This study provides a comprehensive analysis of composites made from randomly oriented flax
fibers reinforced with recycled expanded polystyrene (EPS) waste. By investigating the effects of
varying flax fiber volume fractions (20%, 30%, and 40%) on tensile strength and tensile modulus, we
established a clear relationship between fiber content and mechanical performance. Several
theoretical models, including the rule of mixtures (ROM), modified Bader and Bowyer, Hirsch, Cox-
Krenchel, Einstein-Guth, and Palsule models were used to compare with the experimental result. It
can be revealed that the Cox-Krenchel predicted closely aligned with experimental tensile strength
results. While, the Cox-Krenchel, Palsule and Hirsch models were found to be effectively predict the
tensile modulus at a 30% fiber loading. All models predict a close agreement with experimental
tensile modulus value at low fiber loadings. There is no exact theoretical model that predicts the
tensile properties of randomly oriented natural fiber polymer composites. Due to some assumptions
in the theoretical model, the experimental result gives a different result especially at higher fiber
loadings. In the future, researchers account with the combination of one or more factors such as fiber
anisotropy, void content, stress transfer area of fiber, and fiber matrix bindings into the current
theoretical models to better predict physical and mechanical properties of natural fiber polymer
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composite. Overall, this research highlights the viability of combining natural fibers with recycled
materials to create eco-friendly composites that not only enhance mechanical performance but also
support sustainable practices in material development.
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