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ABSTRACT

In this study, local Libyan non-woody grasses—Retama raetam (known as R’tem), Stipa tenacissima (known
as Halfa) or Stipagrostis pungens (known as Esbat)—were used as a reinforcement filler in styrene-butadiene
rubber (SBR) composites. Motivated by previous investigations done by our group, this study aims to
compare the reinforcing behavior of these three cost-effective and locally available grasses. A correlation
analysis was carried out to establish the relationship between filler type and its loading with mechanical
properties of the resultant composites. Composites were prepared using a twin-screw extruder with filler
loadings of 10, 20, 30, and 40 wt.% relative to polymer and its mechanical properties, namely: stress at break,
elongation at break, impact strength, and micro-hardness were evaluated. The correlation analysis was
performed using Pearson’s method to determine the coefficient of determination (R?). Results showed that
the correlation between the composite’s performance and the fiber content is strongly dependent on fiber
type. In general, composites made with Halfa or Esbat showed a strong relationship with all measured
properties except that with the stress at break. Whereas composites made with R'tem exhibited a very strong
relationship with all properties except that with the impact strength. Contrary, Halfa- or Esbat-reinforced
composites showed a very weak relationship between the fiber content and the stress at break (R? = 0.0238
and 0.0629, respectively). However, R’tem-filled composites showed a linear decrease in stress at break with
increasing fiber content, demonstrating a strong correlation (R? = 0.9947). similarly, elongation at break
decreased consistently with increasing filler loading for all composites irrespective to the fiber type, where
all composites showed R?> 0.80. Here, R’tem-filled composites displayed the strongest relationship between
the elongation at break and the fiber content. Similarly, composites showed a strong linear relationship
between the impact strength and fiber loading with R? > 0.80, except for that made with R’tem, which showed
a weak correlation ((R2 = 0.4217)). Micro-hardness increased linearly with filler content for all composites,
exhibiting very strong relationship (and positive) with R? > 0.93.
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L 1ntroduction

Natural fibers from plants are increasingly used as reinforcement
fillers in polymer composites because of their low density,
renewability, biodegradability, and relatively good mechanical
performance [1-2]. Compared to synthetic fibers, plant fibers represent
an environmental, cost-effective and friendly option, especially in
regions where agricultural and natural vegetation residues are
abundant [3-4]. Plant fibers are broadly classified into woody fibers
(derived from trees and shrubs) and non-woody fibers (derived from
grasses, leaves, stalks, husks, and other annual plants). These two
categories differ in their structural and chemical characteristics, which
in turn influence their reinforcing behavior in polymer composites.
Both categories of fiber-reinforced polymers are extensively utilized
across a wide range of sectors, including the automotive, aerospace,
military, marine, packaging, and construction industries [1].

Non-wood fibers are primarily derived from fast-growing plants. Over
the past few decades, these fibers have attracted significant attention,
particularly for composite material applications, due to their low cost,
low density, high specific strength, favorable mechanical properties,
nonabrasive nature, eco-friendliness, and biodegradability. Non-wood
fibers can be classified based on their origin as (1) agricultural-based
or agro-fibers, (2) plant biomass, or (3) grass [5]. Grass fiber is one of
the important plant fibers that can be used to reinforce polymeric
materials. Grass fibers are lignocellulosic in nature which consist of
layers of lignin (outermost layer), hemicellulose (inner layer),
cellulose (innermost layer) [6]. Non-woody materials such as grasses
typically contain lower lignin levels [7] and higher ash and silica
contents [8] compared to woody materials. The final properties and
performance of plant fiber composites are influenced by multiple
factors, including fiber type, fiber characteristics (composition, aspect
ratio, morphology), surface treatment, fiber content, fiber dispersion,
fiber—matrix bonding, polymer matrix type, processing conditions,
and processing type and conditions. Among these, fiber content
remains one of the most directly measured parameters, and is often the
starting point for evaluating the reinforcing efficiency of plant fibers.
Libya is particularly rich in non-woody grass fibers, such as
Stipagrostis pungens (locally known as Halfa), Retama raetam (locally
known as R’tem), and Artemisia herba-alba (locally known as Esbat),
which thrive in its arid and semi-arid environments. These grasses are
members of the Poaceae group [9]. They are found in hot, arid regions
all over Libya. These grasses vary in fiber content, chemical
composition, and morphology, all of which directly affect their
reinforcing potential. Recent studies [9-12] done by our group have
clearly demonstrated that local grass fibers can be incorporated into
styrene-butadiene rubber (SBR) composites, where fiber content
significantly impacts performance. For example, tensile stress at break
was maximized at a 20-30 wt.% grass fiber content, while elongation
at break decreased with increasing grass loading [10-11]. These
studies showed that mechanical properties such as stress at break,
elongation at break, impact strength, and hardness are especially

sensitive to fiber loading and its interaction with the above-mentioned
factors or parameters. Therefore, this study focuses on systematically
investigating the correlation between the fiber content of non-woody
plant fibers (i.e., Libyan grasses) and the mechanical properties of
polymer composites namely stress at break, elongation at break,
impact strength, and hardness. By analyzing these properties, the
research aims to determine optimal filler levels for balancing strength,
toughness, and hardness, while highlighting the potential use of local
Libyan grasses as sustainable fillers, which can be used as an
alternative to woody plant fibers in the development of polymer
composites.

2. Experimental

2.1 Materials

Styrene-butadiene rubber (SBR) from Parc Scientific (UK) was used
as a matrix. Grass fibers including Retama raetam (known as R'tem),
Stipa tenacissima (known as Halfa), and Stipagrostis pungens (known
as Esbat) were utilized as fillers. They were gathered from the dry area
close to the Libyan city of Nalut, which is located in the Tripolitania
region at the western end of the Nafusa Mountains coastal range. They
were washed with distilled-deionized water and allowed to dry at
40 °C for 48 hours. They were then grinded and sieved to obtain
particles of 212 pm in size. Figl shows images representing the three
fillers used in the present study.

a b

Fig. 1: Images of the grass fiber particles used in this study from a)
R'tem, b) Esbat, and c) Halfa.

2.2 Methods

2.2.1 Preparation of composites

The filler particles were dried in an oven at 60°C for ~4 h, after which
they were individually mixed with SBR in different proportions (10,
20, 30, and 40 wt.% relative to polymer). The mixing was achieved
using a twin screw extruder (Brabender, Germany) at 180 °C and
rotation speed of 70 r.p.m. with an L/D ratio of 48. The composition
of all prepared composites and their codes are illustrated in Table 1.
The preparation steps together with the main characterization methods
are summarized in Fig. 2.

Table 1: Composition and codes of all composites prepared in this
study.
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Composite code Polymer R' tem Halfa Esbat
content, content, content, content,
(Wt.%) (wt.%) (wt.%) (wt.%)
SBR 100 0.0 0.0 0.0
SBRR1 90 10.0 0.0 0.0
SBRR2 80 20.0 0.0 0.0
SBRR3 70 30.0 0.0 0.0
SBRR4 60 40.0 0.0 0.0
SBRH1 90 0.0 10.0 0.0
SBRH2 80 0.0 20.0 0.0
SBRH3 70 0.0 30.0 0.0
SBRH4 60 0.0 40.0 0.0
SBRS1 90 0.0 0.0 10.0
SBRS2 80 0.0 0.0 20.0
SBRS3 70 0.0 0.0 30.0
SBRS4 60 0.0 0.0 40.0

Test
specimens
preparation

Melt
mixing

Pre-
mixing

Grasses
preparation

#

e
\E \

Fig. 2: Graphical summary indicating the preparation
together with the main characterizations.

2.3 Characterization

2.3.1 Tensile strength test

Stress and elongation at break of pure SBR and its composites were
determined using tensile testing machine (Cometeck QC-506M1,
Taiwan) with a testing speed of 100 mm/min at room temperature.
Four specimens with dimensions of (73 mm, 4 mm, and 2 mm) for
each sample were examined and the average was recorded.

2.3.2 Impact strength test

The Charpy impact test was conducted utilizing a CEAST Resil
Impact tester at room temperature with an impact energy of 15 J. The
impact test specimens of pure SBR and all composites were prepared
and notched in accordance with ASTM D256-10. For each sample, a
minimum of five specimens were tested and an average was taken.
2.3.3 Micro-hardness test

The micro-hardness of pure SBR and its composites were obtained
using the Vickers micro-hardness tester (MVT-1000A, China) at room
temperature. The specimens were measured at a dwell time of 10 s and
a load of 100 gf. The hardness value was calculated by averaging at
least ten randomly selected indentations from each specimen.

2.4 Correlation analysis

Correlation analysis is normally used to analyze the relationship
between two or more quantitative variables. The correlation between
the mechanical properties and filler content in the polymer composites
was determined using Microsoft Excel to evaluate the strength and
direction of their linear relationship. A linear regression analysis was
performed to establish the best-fit linear model relating the mechanical
properties to filler content. The coefficient of determination (R?) was
used to assess how well the regression model explained the observed
variation in the experimental data. When these two variables are
correlated, changes in one is associated with changes in the other,
either positively or negatively.

3. Results and discussion

3.1 Mechanical properties

The mechanical properties of pure SBR and its composites are
presented in Table 2. In general, these composites exhibited
mechanical properties, which depended on the type and amount of the
filler used. When R’tem was used, the composite showed lower stress
at break value than that of pure SBR, irrespective of the filler content.
However, when Halfa and Esbat were used, higher stress at break
value than that of pure SBR were obtained, which depended on the
filler content. The highest stress at break value of 35.1and 33.0 N/mm?

Mechanical
properties

methods

were obtained when 20 wt.% Halfa or Esbat was used, respectively.
The mechanical properties of these composites were published and
discussed in more details in a number of articles carried out by our
group [10-11].

On the other hand, the elongation at break significantly decreased
when the one of these grasses were added as a filler to SBR. The
elongation at break deceased even more, as the amount of the filler
increased. Contrary, the addition of these grasses improved the impact
strength of the composite compared to pure SBR, which varied
depending on the type and amount of grass added. Most composites
made with R’tem, Halfa or Esbat exhibited higher impact strength than
that of pure SBR. The impact strength also depended on the amount of
grass used as the filler. When 30 wt.% Halfa or Esbhat were used,
higher impact strength than that of pure SBR and other composites
was obtained. However, when R’tem was used the highest impact
strength was obtained for composites made with 40 wt.% filler. The
addition of R’tem, Halfa or Esbat also increased the micro-hardness of
the composites. All composites made with R’tem, Halfa or Esbat
showed higher micro-hardness than that of pure SBR. This also
depended on the type of filler used, which increased as its amount
increased. Generally speaking, the strengthening of composites can be
attributed to the particle-polymer interactions that take place at the
molecular level. The presence of the grass particles constrains the
polymer chain deformation, which result in composites with improved
mechanical properties.

Table 2: Mechanical properties of pure SBR and its composites.

Composite Stress at  Elongation Impact Micro-
code break, at break, % strength, hardness, HV
N/mm2 KJ/m?
SBR 29.2 25.6 35 7.2
SBRR1 275 175 3.9 7.5
SBRR2 25.2 115 3.7 85
SBRR3 225 8.7 3.7 9.4
SBRR4 20.7 5.0 4.0 10.2
SBRH1 275 12.2 35 74
SBRH2 35.1 7.0 4.3 8.4
SBRH3 30.7 5.7 4.9 8.8
SBRH4 29.0 35 4.8 9.9
SBRS1 23.8 11.8 3.3 7.3
SBRS2 33.0 6.7 5.2 7.9
SBRS3 30.7 4.7 5.8 8.5
SBRS4 28.4 34 5.5 9.5

Here, it is crucial to emphasis that two primary findings need to be
mentioned. The first finding concerns the difference between the effect
of Halfa, Esbat and R’tem as the filler on the mechanical properties of
the composites. Halfa and Esbat had a similar effect, where composites
made with 20 wt% filler had overall stronger material than that of pure
SBR. On the other hand, when only 10 wt% of R’tem was added to
SBR, the mechanical properties of the R’tem/SBR composite were
generally higher. Furthermore, when their content increased, Halfa
and Esbat failed to provide a visible trend or behavior on stress during
breaks. In a different manner, when R'tem was used, there was a
distinct trend of stress at break, which decreased as the R'tem content
increased.

3.2 Correlation study

The coefficient of determination is used as a statistical measure of the
strength of the relationship between two or more variables. Simply, it
shows the strength of the relationship between these variables. Our
findings indicate that Halfa tends to reinforce SBR more effectively
than R'tem and Esbat. This could be due to the different chemical
structure of these grasses. In fact, cellular fibril structure, chemical
composition, and structural arrangement all have profound effects on
the properties of natural fiber. Each of them affects the percentage of
cellulose in the fibers [13-14]. Similar to our investigation, several
studies [15-16] demonstrated that superior mechanical properties were
found in composites made of natural fibers with a high cellulose
content. Given the foregoing results, it is great significance to
investigate the relationship between mechanical properties and the
content of grass fillers in order to understand their relationship and
degree of interdependence. Additional information regarding the
effectiveness of these grasses as reinforcement fillers for polymers
might be provided by knowing the degree of correlation between the
filler content and the mechanical properties of the prepared
composites.
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3.2.1 Filler content vs. Stress at break

The correlation analysis between the filler content and stress at break
for all prepared composites is illustrated in Fig. 3. From this Figure,
it’s clear that when Halfa or Esbat was used there was an extremely
weak correlation between filler content and stress at break of the
composites (see Fig. 3 a and b). It can be seen that these composites
showed very low R? values of 0.0238 and 0.0629 when Halfa or Esbat
was used, respectively. This indicates that there is a negligible
correlation or relationship between filler content and stress at break
when Halfa or Esbat is used. This may be explained by the fact that,
in polymer composites, tensile strength is affected by several factors
and not only on filler content [17]. It is known that stress at break may
depend more on fiber-matrix adhesion, fiber dispersion, fiber
orientation, matrix type, void content, and processing conditions rather
than just filler content [14, 18]. Other studies [11] claimed that the
tensile strengths of polymer composites reinforced with natural fiber
typically increase with its content until they reach an optimal or
maximum value, beyond which they begin to decline. This behavior
can be also attributed to the filler agglomeration and poor stress
transfer. Similar findings were observed in our study when Halfa or
Esbat was used as the filler. As seen in Fig.3 a and b, the threshold
value of Halfa or Esbat seems to be 20 wt.% relative to polymer, after
which the stress at break starts to decrease. This was discussed in more
details in the section 3.1 (see also Table 2).
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Fig. 3: The correlation between filler content and stress at break of
composites made with a) Halfa, b) Esbat and ¢) R’tem.

In contrast, when R’tem was used there was a high correlation between
stress at break and the filler content in the composite. Fig. 3 ¢ shows
that there is a strong (and negative) relationship between R'tem content
and stress at break of the composite. This is clearly indicated by the
high R? value of 0.9947. This high R? value suggests that the decrease
in stress upon break with increasing filler content is a linear rather than

random. This illustrates once again that the manner in which R'tem's
effect as a filler material differs noticeably from that of Halfa or Esabt.
3.2.2 Filler content vs. Elongation at break

Fig. 4 shows the correlation analysis between filler content and
elongation at break of all composites prepared.
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Fig. 4. The correlation between filler content and elongation at break
of composites made with: a) Halfa, b) Esbat and c¢) R’ tem.

As shown in this Figure, the correlation analysis revealed a strong and
negative relationship between elongation at break and filler content in
all composite. This is clearly reflected by the high R? value of 0.8151,
0.8069 and 0.9567 for composites made with Halfa, Esbat or R’tem,
respectively. These values would indicate that the elongation behavior
was significantly influenced by the filler content. However, the effect
of R' tem as a reinforcing filler on elongation properties appears to
differ from that of other grasses. Relatively close R? values of 0.8153
and 0.8069 in composites made with the Halfa or Esbat is observed,
respectively. On the other hand, composite made with R’tem displayed
a strong linear relationship with higher R? value of 0.9567. These
results clearly demonstrate that the type of grass used plays an
important role in governing the deformation ability of the SBR matrix
with R’tem having the most distinct effect.

In line with numerous previous investigations [19-21] on natural fiber
reinforcement composites, our results demonstrated that elongation at
break decreased as grass content increased. The natural rigidity of
these grass fibers, as opposed to the flexible SBR matrix, is the cause
of the decrease in elongation. As filler loading increases, the matrix
mobility is restricted, reducing its capacity to undergo deformations
before fracture. Similarly, our results confirm that the incorporation of
these grasses into SBR composites restricted polymer chain elongation
at break. Furthermore, the correlation analysis shown in Fig 4 indicates
that elongation at break is highly dependent on grass type and content
in all studied composites, with R’tem showing the most pronounced
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effect. This suggests that R’tem may be a more suitable reinforcing
filler than Halfa and Esbat when tailoring elongation-related
properties in SBR-based composites is needed.

3.2.3 Filler content vs. Impact strength

Fig. 5 shows the correlation analysis between the filler content and the
impact strength of the composites. This figure also shows that impact
strength changes as the amount of filler is increased. For composites
containing Halfa, a high R2 value of 0.8932 was observed, indicating
a strong (and positive) relationship between filler content and impact
strength. Similarly, composites containing Esbat exhibited a relatively
high R2 value of 0.8465, suggesting a strong (also positive)
relationship between filler content and impact strength. In both cases,
increasing filler content linearly influenced the polymer response to
impact positively. Therefore, a stronger correlation observed in
composites made with Halfa and Esbat suggest that the incorporation
of these fibers consistently affected the energy absorption capacity of
the matrix. Even in terms of resistance to impact strength, R'tem used
as a filler behaved differently than Halfa and Esbat. The composites
made with R'tem only displayed a weak-to-moderate correlation (R =
0.4217), suggesting that the relationship between fiber content and
impact strength in this composite is not linear.
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Fig. 5: The correlation between filler content and impact strength of
composites made with: a) Halfa, b) Esbat and c) R’ tem.

According to Abdu Mohammed and Solomon [22] the impact strength
of natural fiber reinforced polymer composites is affected by fiber
content, fiber length, fiber treatment, and other factors. Manjeet et al.
[23] stated that a number of variables, including fiber type, weight
percentage, fiber shape, surface treatments, stacking, hybridization,
and fiber orientation influence the impact strength of polymer
composites reinforced with natural fibers. Several investigations have
shown that impact resistance can be increased by utilizing natural fiber
either by using it alone or in combination with other fillers [23-24].
For example, Gupta et al. [25] found that the impact strength increases

linearly with increasing fiber loading from 0 wt.% to 20 wt.% and then
decreased at 30 wt.%. They also showed the any further increase in
fiber loading, resulted in an increase in the impact strength. This is
similar to our findings, where the impact strength of the Halfa and
Esbat composites increased as the grass content increased up to 30
wt.%, after which it decreased noticeably. These results emphasize
that fiber type plays a vital role in affecting the impact resistance of
SBR composites. R'tem fibers were less successful in steadily
controlling impact strength than Halfa and Esbat (composites made
with R'tem had a low R2 value of 0.4217). This may suggest that Halfa
and Esbat as a filler could be more suitable choices for tailoring SBR
composites for applications requiring specific impact resistance.
3.2.4 Filler content vs. Micro-hardness

As seen in Fig. 6, a strong correlation between the micro-hardness and
the amount of grass for all three types is observed. Composites made
with Halfa, Esbat and R’tem all had high R? values of 0.9570, 0.9324
and 0.9831, respectively. These values indicate that the micro-
hardness of the composites increased in a consistent manner as the
amount of filler increased. The strongest correlation (R? = 0.9831) in
composites containing R’tem indicates that R'tem's effect is still
different from that of other grasses in reinforcing SBR. As mentioned
above, this difference could be as a result of changes in the shape,
chemical composition, or dispersion of fibers within the matrix [15].
Strong correlation of all SBR-based composites indicates that adding
these grasses was greatly enhanced the SBR stiffness and rigidity.
According to Alshammari et al. [26] adding filler mainly enhances the
hardness, stiffness, and rigidity of polymer composites. This is due to
the fact that fibers or fillers are often tougher than the base matrix
material [27]. This pattern of behavior could be explained by the added
grasses' restriction of the mobility of the polymer chain, which
increases the composites' resistance to indentation by acting as stiff
fillers [28]. Other studies [21-22] claimed that the increase in hardness
of the composite may be due to stronger interface bonding of the fiber
with polymer matrix. In brief, numerous researches [27-31] have
demonstrated that the hardness properties increase as the filler content
increases.
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Fig. 6: The correlation between filler content and micro-hardness of
composites made with: a) Halfa, b) Esbat and c) R’ tem.

The overall findings of our study confirm that fiber loading is a key
parameter controlling the micro-hardness of the composites, where the
high R2 values demonstrate the reliability of this relationship.

Fig. 7: R? values of composites containing Halfa, Esbat and R’tem in
relation to the mechanical properties.

A summary of the correlation analysis which was carried out for all
prepared composites is shown Fig. 7. This figure shows the R? values
of all composites in relation to the studied mechanical properties. This
analysis shows that composites containing Halfa or Esbat had a strong
correlation between filler content and elongation at break, impact
strength and micro-hardness. However, the same composites showed
a weak correlation between filler content and stress at break. In
contrast, composites containing R’'tem demonstrated a very strong
correlation with all measured properties except that with impact
strength.

4. Conclusion

Styrene-butadiene rubber (SBR) composites reinforced with local
Libyan grasses, namely Retama raetam (R’tem), Stipa tenacissima
(Halfa), and Stipagrostis pungens (Esbat) were prepared. Results
clearly demonstrated that both filler type and its loading significantly
influence composite performance. Overall, results showed that the
reinforcing behavior of R’tem differs markedly from that of Halfa and
Esbat. The correlation between filler type and content with the
composites’ mechanical properties was investigated. Composites
made with R’tem showed a very strong (but negative) relationship
netween filler content and stress at break (coefficient of determination,
R2 = 0.9947). Contrary, composites filled with Halfa or Esbat-filled
exhibited a very weak relationship between fiber content and stress at
break was weak (both showed very low R2 values of 0.0238 and
0.0629, respectively). This clearly indicates that tensile strength in
these composites is governed more by other factors and not fiber
loading. Elongation at break of all composites decreased linearly with
increasing filler content. They all showed a strong relationship
between the elongation at break and fiber content with R2 = 0.8151,
0.8069 and 0.9567 for composites made with Halfa, Esbat or R’tem,
respectively. On the other hand, impact strength of composites made
with Halfa or Esbat increased with filler content in a more similar
manner, except that made with R’tem. They exhibited strong (and
positive) relationship, where (R? = 0.8932 and 0.8465 for Halfa- or
Esbat- composites, whereas R’tem-filled composites showed a lower
R2 value of 0.4217. Micro-hardness for all composites (made with

Halfa, Esbat or R’tem) increased linearly with increasing fiber
content. They all displayed a very strong relationship with R? >
0.9570. This confirms that the stiffening of SBR matrix greatly
dependent on fiber content. The findings of this study indicate that
local Libyan grasses could be a promising sustainable reinforcement
fillers for SBR composites especially when tailor-made properties are
needed. Further studies focusing on fiber chemical composition,
surface modification, and fiber—matrix interfacial interactions are
recommended to optimize composite properties and broaden their
practical applications.
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