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Abstract

This study investigates the mechanical performance of aramid fiber-reinforced epoxy composites
enhanced with varying weight percentages of tungsten carbide (WC) powder as a secondary
reinforcement. The composites were fabricated using both the hand lay-up and vacuum bagging
techniques to ensure uniform dispersion of materials and quality surface finish. Tungsten carbide
particles with an average size of 4 microns were incorporated into the aramid fiber matrix at
incremental concentrations of 0%, 5%, 10%, 15%, and 20% by weight. The aim was to evaluate the
influence of WC loading on key mechanical properties such as tensile strength, yield load, elongation
at yield, and elongation at break. Experimental results revealed a progressive enhancement in tensile
properties with increasing WC content. Among all the compositions, the composite containing 20%
tungsten carbide demonstrated the highest mechanical performance, exhibiting a peak tensile strength
of 359.68 N/mm? and a peak load of 22.48 kN, surpassing all other formulations. This optimized
performance can be attributed to the effective load distribution and interfacial bonding between the
aramid fibers and the hard WC particles. The composite with 15% WC displayed slightly lower tensile
strength but recorded the highest elongation at break, suggesting a favorable trade-off between stiffness
and ductility. The findings confirm that tungsten carbide significantly enhances the structural integrity
of aramid fiber composites, with 20% WC emerging as the most effective filler ratio. These results
indicate the potential of such hybrid composites for applications requiring high strength, wear
resistance, and thermal stability, such as in defense and structural engineering.
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INTRODUCTION

Composite materials, composed of two or more distinct phases—typically a fiber and a matrix—are
engineered to provide superior performance by
combining the desirable properties of the individual
constituents. ~ Composites  provide  several
advantages over conventional materials, including
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superior strength-to-weight ratios, resistance to
corrosion, and greater design flexibility. These
properties make them highly suitable for use in
aerospace, automotive, civil infrastructure, and
defense industries. [1], [2]. Among high-
performanc e fibers, aramid fibers (aromatic
polyamides) are widely used due to their
exceptional tensile strength, impact resistance, and
thermal stability. Kevlar and Nomex, two well-
known aramid variants, are commonly employed in
ballistic armor, aircraft panels, and high-
performance sports equipment [3—5]. Their high
melting points (>500°C) and strong inter-chain

© STM Journals 2025. All Rights Reserved

S146



Experimental Analysis of Aramid Fiber Manvi et al.

hydrogen bonding make them resilient in extreme environments. The orientation of molecular chains
along the fiber axis results in exceptional load-bearing capacity [6]. Epoxy resins are the matrix of
choice in many structural composites due to their excellent adhesion, low shrinkage, dimensional
stability, and compatibility with fibers. The use of appropriate curing agents and additives further
enhances their mechanical, thermal, and chemical performance [7, 8]. In recent years, there has been
growing interest in hybrid composites, which incorporate both fibers and fillers to fine-tune mechanical
and tribological properties. The addition of micro- and nano-fillers to fiber-reinforced polymer (FRP)
composites can significantly enhance wear resistance, stiffness, thermal stability, and fracture toughness
[9, 10]. Notably, ceramic and metallic fillers like SiC, Al,Os, graphene, and tungsten carbide have been
investigated for such enhancements [11-14]. Tungsten carbide (WC), a ceramic known for its
exceptional hardness, wear resistance, and thermal conductivity, is a promising reinforcement for
polymer composites in applications demanding abrasion resistance and mechanical durability [15].
However, limited studies have focused on its integration into aramid fiber-reinforced epoxy systems,
particularly with varying filler weight percentages. The current study aims to investigate the mechanical
performance of aramid fiber-reinforced epoxy composites enhanced with tungsten carbide powder.
Composites were fabricated using both hand layup and vacuum bagging techniques, and mechanical
tests were performed on specimens with WC concentrations of 0%, 5%, 10%, 15%, and 20%. Similar
studies involving hybrid reinforcement techniques using SiC, TiO2, CNTs, and graphene nanoplatelets
(GNPs) have demonstrated notable improvements in stiffness, impact resistance, and load-bearing
capacity [16-20]. This research seeks to bridge the knowledge gap by offering experimental evidence
on the effectiveness of tungsten carbide-filled aramid composites, with a focus on tensile strength and
structural integrity optimization for potential engineering applications.

METHODOLOGY
Selection of Materials

Aramid fibers were high-performance synthetic fibers known for their exceptional tensile strength
and modulus, which made them ideal for reinforcing composites. On a weight-for-weight basis, aramid
fibers exhibited significantly superior mechanical properties compared to steel and fiberglass, including
higher strength and lower density. Their outstanding heat and flame resistance, along with their
mechanical robustness, led to widespread use in the aerospace and defense industries, such as in aircraft
components and protective gear. The molecular structure of aramid fibers featured long-chain
polyamides with aromatic rings and amide groups, resulting in a rigid, rod-like backbone. These chains
were interconnected by strong hydrogen bonds, which efficiently transmitted mechanical stress and
allowed for the use of relatively low molecular weight chains. The alignment of chemical bonds along
the fiber axis further enhanced their strength and flexibility. Aramid fibers demonstrated excellent
thermal stability, retaining much of their strength at elevated temperatures and decomposing only
around 500°C (carbonizing at approximately 425°C). Additional advantages included low flammability,
resistance to organic solvents, and good fatigue and chemical resistance, although they were sensitive
to strong acids and UV exposure. These properties collectively made aramid fibers indispensable in
demanding applications where strength, durability, and heat resistance were critical.

—

Figure 1. Aramid Fiber and Tungsten carbide.
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Aramid fibers were utilized to reinforce composites due to their high tensile modulus and strength.
When compared by weight, they exhibited significantly superior mechanical properties than steel and
fiberglass. Additionally, aramid fibers possessed excellent heat and fire resistance, which expanded
their use in the aerospace and defense industries. Their molecular structure featured hydrogen bonds
that efficiently transferred mechanical stress, enabling the use of relatively low molecular weight
chains. The chemical bonds were aligned along the fiber axis, providing enhanced strength and
flexibility. These fibers also demonstrated outstanding heat resistance, low flammability, and strong
resistance to organic solvents, with decomposition beginning at around 500 °C [4]. Tungsten carbide
was roughly twice as dense as steel. It was produced by heating a mixture of tungsten and carbon at
high temperatures—often using plasma—followed by cooling in an inert gas atmosphere. This process
yielded a fine microstructure that imparted exceptional hardness and durability compared to other
tungsten carbide compounds. However, due to its metastable nature, the compound's stability decreased
at elevated temperatures. Tungsten carbide had a high melting point of about 3,140 K and a boiling
point of approximately 6,270 K. It was extremely hard, with a Mohs hardness of 9-9.5, an ultimate
tensile strength of 344 MPa, and a Poisson’s ratio of 0.31. Aramid Fiber and Tungsten carbide used in
this study are as shown in Figure 1.

Fabrication of Materials
The fabrication of aramid fiber was carried out through the following steps:

e  Fiber Preparation: The aramid fiber was measured and cut according to the required dimensions.
Abro tape was applied to the edges of the fiber to prevent damage. The cut fiber was then used
for fabrication, and its weight was recorded.

e  Matrix Preparation: The matrix used was a combination of epoxy resin and hardener. The
quantity of the matrix was calculated based on the weight of the cut fiber. Resin was taken at
100% of the fiber’s weight, and hardener was added at 10% of the fiber’s weight. The resin and
hardener were mixed thoroughly using a mechanical stirrer.

e Resin Application: The prepared resin-hardener mixture was uniformly applied to the fiber,
ensuring that all parts of the fiber were properly wet.

o  Peel Ply and Breather Application: After resin application, the aramid fiber was wrapped with a
peel ply, which facilitated easy separation from the breather after the curing phase. A breather
layer was then applied over the peel ply to absorb excess resin and to ensure a well-laminated
fabrication.

e Curing: The wrapped fiber was placed inside a sealed vacuum bag connected to a vacuum pump.
The pump was used to evacuate air from the bag to achieve the desired pressure. The vacuum
bag was inspected for leaks, and the curing process was allowed to continue for approximately 5
to 6 hours.

Vacuum Bagging

Vacuum bagging is a process that uses atmospheric pressure to hold together adhesive- or resin-
coated components during lamination, ensuring they remain securely in place until the adhesive cures
completely. This efficient technique enables the lamination of a wide variety of materials, including
traditional wood veneers as well as modern synthetic fibers and core materials.

Vacuum Bagging Materials
Release Fabric

The wet laminate must be directly covered with the release fabric. The necessity for surface
pretreatment prior to secondary bonding is decreased by the removable fabric's ability to leave behind
a textured surface following removal.[22] Peel ply is the common name for the fabric that peels off
fibers and vacuum bags. Nylon or polyester fibers are used to make the most popular kinds of shell
layers. Release agents have been applied to some shell layers.
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Release Film
A thin plastic material called perforated release film has tiny pores that help stop excess epoxy from
transferring from the part to the breather fabric. This vacuum bagging step has an optional layer.

Breather Material

The permeable fabric actually serves two purposes. The extruded epoxy penetrates the skin layer (and
any release film you're using, if any) and into the breather fabric as the vacuum pressure strengthens
the laminate. Air can easily pass through the breather fabric's open structure, which permits air to escape
from the closed lamination.

Sealant Tape

A space should be left between the sealing tape and the laminate when you wrap it around the piece’s
edge. The area where the tape will be applied needs to be neat and free of fibers and epoxy residue.
Adhesive tape and sealing compound are other names for sealing tape.

Vacuum Bag

A vacuum bag (Figure 2) is made of plastic film that has been sealed inside of a mold. Due to the
part’s curvature, this layer must be cut too large. Most of the time, the vacuum bag makes up half of the
airtight enclosure around the laminate. 6-mil polyethylene plastic can be utilized for the bag if vacuum
pressure less than 5 psi (10 hg) will be employed at room temperature. To make it simple to inspect the
laminates while it dries. Vacuum bag material that has been carefully made should be utilized for
applications that require higher pressure and temperature.

The Plumbing System: The vacuum pump (Figure 3) may extract air and lower the air pressure in the
vacuum shell because the piping system creates an air tight passage from the vacuum shell to the
vacuum pump. A rigid pipe or flexible hose, a lock, and a gate that joins the pipe to the body make up
the fundamental components of the system. In a more adaptable system, the vacuum pressure of the
envelope inside the casing is controlled by a control valve and a vacuum control valve. The system may
have some kind of ductwork to help route air to a single port, or it may be split to generate numerous
ports for big laminates. Table 1 contains the materials data used in this research.

Specimen Preparation

The aramid fiber was cut into dimensions of 300 mm % 300 mm. Abro tape was applied to the edges
of the fiber to prevent fraying. The matrix was then prepared by initially mixing epoxy resin and
hardener in a 10:1 ratio. Tungsten carbide (WC) powder was added to this mixture in the required
amount, and the mixture was stirred thoroughly until it became homogeneous. A total of five layers of
aramid fiber were fabricated. Each layer was weighed before use. The homogeneous resin-hardener-
WC mixture was uniformly applied to each layer of fiber, ensuring complete wetting. The same
procedure was repeated for all subsequent layers.

Y. A
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Figure 2. Vacuum Ba-g:
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Figﬁre 3. Vacuum pump.

Table 1. Materials Data.

Fiber used Aramid Fiber
Resin used ARALDITE LYS556 IN
Hardener used ARADUR HY951
Powder 4-micron Tungsten carbide powder
Fiber Dimension 300mmx300mm

Epoxy and Hardener ratio | 10:1

Fiber Layers 5 Layers

Vacuum time 6 hours

For the second specimen, tungsten carbide powder equal to 5% of the total fiber weight was added
to the resin-hardener mixture and stirred until it reached a homogeneous consistency. The mixture was
then applied uniformly to the fiber, as shown in Figure 4. The same process was followed for the
remaining specimens, with 10%, 15%, and 20% of WC powder (relative to the total fiber weight) being
added to the mixture and applied to the respective fiber layers. After resin application, the laminated
fibers were placed in a vacuum bag and subjected to pressure using a vacuum pump to ensure proper
compaction and lamination. The curing time for the aramid fiber laminates was approximately 6 hours.

Kevlar para-aramid is an aromatic polyamide distinguished by its long, rigid, and crystalline polymer
chains. It can be used alone or combined with composite materials to enhance strength. Kevlar is widely
employed in bulletproof vests and body armor, as well as in reinforcement applications for car tires,
brakes, and the structural components of cars, boats, and aircraft. In this study, a medium-viscosity,
unmodified epoxy resin based on bisphenol-A, known as Araldite LY 566 from Huntsman, was used as
the matrix material. The Kevlar fabric layers were bonded using Araldite, a registered trademark of
Huntsman LLC. To cure the epoxy resin, a curing agent—also known as a hardener—was added. The
hardener used in this study was a low-viscosity cycloaliphatic polyamine, known as Hardener HY 951.
A higher resin-to-hardener ratio is typically adopted when a curing agent is incorporated. In this study,
a resin-to-hardener ratio of 10:1 was employed. HY 951 was selected to enhance the strength and
adhesive properties of the composite. It is a colorless liquid hardener with a characteristic ammonia-
like odor due to its pH. One of the most thermodynamically stable forms of tungsten carbide is
macrocrystalline, which is widely used in products such as hardfacing rods, wear components, saw
blades, mining and construction tools, thermal spray powders, and diamond infiltration tools [21]. The
tungsten carbide powder used in this experiment had a crystal size of 3—4 microns. In the fabrication
process, epoxy resin, hardener, and tungsten carbide powder were combined to produce the aramid fiber
composite laminates. A total of 90 grams of aramid fiber was used. The details of the weight of the fiber
and other mixture compositions used are as given in Table 2.
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Figure 4. Fabrication of laminates.

Table 2. The following table contains the weight of the fiber and other mixture compositions used in
the experiment.

SI. No | Aramid fiber weight (g) | Epoxy and hardener ratio | Weight of TC powder %
1 90 10:1 0
2 90 10:1 5
3 90 10:1 10
4 90 10:1 15
5 90 10:1 20

After measuring the materials to the required accuracy, the epoxy resin and hardener were thoroughly
mixed for approximately 4 to 5 minutes. Initially, the fabrication was carried out without using tungsten
carbide powder (0%). The mixture was properly spread over the fiber, and layers of cut fiber were
applied. Experiments were conducted using 0%, 5%, 15%, and 20% tungsten carbide powder mixed
with the resin and hardener. WC is added to aramid fiber composites in incremental steps (0%, 5%,
10%) to systematically evaluate mechanical improvements. Studies show that 5-10 wt% WC
significantly enhances tensile strength, hardness, and wear resistance [23]. However, higher loadings
(>10-20 wt%) can cause brittleness, porosity, and particle clustering, reducing overall toughness [24].
The 5-10 wt% range is often optimal, offering improved strength without compromising processability
[25]. Lower percentages (14 wt%) in other systems, like concrete, also show linear gains in strength
[26]. Stepwise additions enable statistical clarity (e.g., ANOVA), supporting effective optimization of
composite performance [27]. Cut specimens for the 0%, 5% 15% and 20% Tungsten carbide are as
shown in Figure 5 and 6.

TESTING AND RESULTS

Tensile testing was performed using a 100 kN Computerized Universal Testing Machine (UTM). In
accordance with the ASTM standard for tensile specimens, the samples were cut to dimensions of
25 mm in length and 2.5 mm in width. The test specimens were positioned between the UTM grips and
loaded until the crosshead travel (CHT) limit was reached. Five samples of each configuration were
used, and the process was repeated to ensure consistency. Table 3 presents the total number of layers
fabricated, the percentage of tungsten carbide used, and the total number of specimens tested.
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Figure . ut specimens (0%, 5% Tungsten carbide).

Table 3. Specimens Used for Testing.
Model No. Description

5L-0%TC-01
5L-0%TC-02 5 Layer without Tungsten Carbide Powder
5L-0%TC-03
5L-0%TC-04
5L-0%TC-05
SL-5%TC-01
5L-5%TC-02 | 5 Layer with 5% of Tungsten Carbide Powder
5L-5%TC-03
SL-5%TC-04
5L-5%TC-05
5L-10%TC-01
5L-10%TC-02 | S Layer with 10% of Tungsten Carbide Powder
5L-10%TC-03
5L-10%TC-04
5L-10%TC-05
SL-15%TC-01
5L-15%TC-02 | 5 Layer with 15% of Tungsten Carbide Powder
5L-15%TC-03
S5L-15%TC-04
S5L-15%TC-05
5L-20%TC-01
5L-20%TC-02 | 5 Layer with 20% of Tungsten Carbide Powder
5L-20%TC-03
5L-20%TC-04
5L-20%TC-05
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The cut specimens of aramid fiber laminates were tested using a Universal Testing Machine, as shown
in Figures 7 and 8. The Load at Yield (LY), Elongation at Yield (EY), Load at Peak (LP), Tensile
Strength (TS), and Elongation at Break (EB) were determined for aramid fiber specimens containing
0%, 5%, 10%, 15%, and 20% tungsten carbide powder. The results were tabulated accordingly. The
table below presents the data obtained from testing the aramid fiber specimen with 0% tungsten carbide
powder under the UTM, with all measurements conducted in accordance with ASTM standards.

Table 4. 0% Tungsten Carbide Results

SL Load at yield | Elongation at yield | Load at peak Tensile Strength Elongation at break

No (kN) (mm) (kN) (N/mm?) (mm)

01 15.95 8.22 19.95 319.20 11.24

02 15.75 7.17 19.75 316.00 9.73

03 14.30 7.06 17.90 286.40 10.58

04 14.65 7.64 18.35 293.60 11.40

05 14.00 7.81 18.22 289.60 11.91
Average 14.93 7.58 18.83 300.96 10.97

A .

Figure 8. Tested specimens (15% and 20% tungsten carbide).
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Table 5. 5% Tungsten Carbide Results

SL Load at yield | Elongation at yield | Load at peak Tensile Strength Elongation at break
No (kN) (mm) (kN) (N/mm?) (mm)
01 15.15 7.34 8.95 303.20 8.77
02 16.05 7.80 20.10 312.60 11.65
03 15.35 7.29 18.05 313.80 11.45
04 15.15 8.13 19.70 298.20 11.90
05 15.40 7.51 18.75 301.20 11.69
Average 15.42 7.61 19.11 307.60 11.09
Table 6. 10% Tungsten Carbide Results.
SL Load at Elongation at yield | Load at peak Tensile Strength Elongation at break
No yield (kN) (mm) (kN) (N/mm?) (mm)
01 18.75 8.33 23.45 375.20 10.25
02 17.20 7.29 21.55 344.80 11.48
03 16.40 8.75 20.55 328.80 11.36
04 15.25 7.22 19.10 305.60 12.39
05 16.20 7.39 20.30 324.80 11.78
Average 16.76 7.796 20.99 335.84 11.45
Table 7.15% Tungsten Carbide Results
SL Load at yield | Elongation at yield | Load at peak Tensile Strength Elongation at break
No (kN) (mm) (kN) (N/mm?) (mm)
01 16.55 7.90 20.70 331.20 11.04
02 20.20 8.36 25.25 404.00 12.19
03 15.15 7.39 18.95 303.20 10.9
04 16.10 8.46 18.95 303.20 11.88
05 13.60 6.56 17.05 272.80 11.04
Average 16.32 7.734 20.18 322.88 11.42
Table 8. 20% Tungsten Carbide Results.
SL Load at yield | Elongation at yield | Load at peak Tensile Strength Elongation at break
No (kN) (mm) (kN) (N/mm?) (mm)
01 17.80 8.110 22.30 356.80 11.19
02 17.70 8.150 22.20 355.20 11.65
03 15.85 7.240 19.85 317.60 11.44
04 18.30 8.160 22.90 366.40 11.51
05 20.10 7.850 25.15 402.40 11.69
Average 17.95 7.902 22.48 359.68 11.49

Table 9. Summary of Mechanical Properties vs. WC Content.

wC Load at Yield | Elongation at Yield | Load at Peak Tensile Strength Elongation at Break
(%) (kN) (mm) (kN) (N/mm?) (mm)
0 14.93 7.58 18.83 300.96 10.97
5 15.42 7.61 19.11 307.60 11.09
10 16.76 7.80 20.99 335.84 11.45
15 16.32 7.73 20.18 322.88 11.42
20 17.95 7.90 22.48 359.68 11.50
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Figure 9. Comparison of mechanical properties for various WC.

Tables 4 to 9 show the results for 0% to 20% Tungsten Carbide Aramid fiber under UTM, in which
measurements were followed according to ASTM standard. The tensile performance of aramid fiber
composites improved with the addition of WC up to 20%. At 0% WC, the baseline tensile strength
averaged 300.96 N/mm?, with moderate elongation at break (10.97 mm). With 5% WC, there was a
slight increase in strength (307.60 N/mm?) and elongation, indicating improved load distribution and
fiber—matrix bonding. A notable enhancement occurred at 10% WC, where the tensile strength peaked
at 335.84 N/mm? and elongation at break reached 11.45 mm, reflecting optimal reinforcement without
embrittlement. This trend began to reverse at 15% WC, where the average tensile strength dropped to
322.88 N/mm?, despite some high individual values, suggesting inconsistency possibly due to particle
agglomeration. At 20% WC, strength increased again to 359.68 N/mm?, the highest among all samples,
while maintaining good ductility (11.50 mm average elongation). This suggests that with proper
dispersion, higher WC loading can enhance both strength and toughness. However, process control
becomes critical at this level to avoid clustering. Overall, 10-20% WC shows the most effective
improvement in mechanical properties, with 10% offering optimal consistency and balance, and 20%
demonstrating peak performance with some risk of variability. The tensile test results of aramid fiber
composites reinforced with varying WC content (0—20%) show a clear trend in mechanical performance
improvement. As WC content increases, both load at yield and load at peak rise, indicating enhanced
strength. Notably, tensile strength improves steadily from 300.96 N/mm? (0%) to 359.68 N/mm? (20%),
showing the reinforcing effect of WC particles. Elongation at break also slightly increases, peaking at
11.50 mm at 20% WC, suggesting that ductility is maintained or marginally enhanced even at higher
WC loadings. The optimal balance appears around 10-20% WC, where strength gains are significant
without compromising elongation. The data confirms that WC reinforcement effectively strengthens
aramid composites while retaining sufficient flexibility (Figure 9).

CONCLUSION

The experimental analysis on aramid fiber-reinforced epoxy composites with varying tungsten
carbide filler content (5%, 10%, 15%, and 20%) has demonstrated a notable impact regarding the
mechanical characteristics of composite materials. Among all compositions, the specimen reinforced
with 20% tungsten carbide exhibited the highest average tensile strength of 359.68 N/mm? and a
corresponding peak load of 22.48 kN, indicating significant improvement over the baseline and lower
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filler ratios. A progressive increase in load at peak and tensile strength was observed with the increase
in tungsten carbide content up to 20%, along with relatively consistent elongation at break, suggesting
the effective load transfer and enhanced stiffness imparted by the ceramic reinforcement. The composite
with 15% WC, despite showing moderate tensile strength (322.88 N/mm?), recorded the highest
elongation at break (11.424 mm), indicating a balanced ductility-stiffness behavior. Furthermore, the
results confirm that filler dispersion and fiber-matrix bonding are critical to achieving optimal
mechanical performance. The data supports that 20% WC is the most effective concentration for
maximizing strength without significantly compromising ductility, making it suitable for applications
requiring high tensile and impact resistance. These findings validate the potential of tungsten carbide
as a reinforcing filler in aramid-epoxy composites, especially for structural and protective components
where both strength and durability are essential.
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