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Deep drawing of high-density polyethylene (HDPE) reinforced with woven carbon fibers (WCFs) demonstrates
excellent resilience under stress, making it a promising material for applications demanding high strength and
durability. This study investigated the influence of forming parameters, including temperature, forming depth,
and punch velocity, on the deep drawability of HDPE-WCF composites. A dedicated experimental rig was
designed and constructed for this purpose. Results indicate that increasing the forming temperature enhances
the material’s flexibility, thereby reducing the required forming force. However, careful temperature control is
crucial to prevent melting and potential degradation of material properties. The optimal forming temperature
range was determined to be between 80°C and 90°C, significantly improving material formability. Conversely,
at temperatures below 80°C, increasing the forming depth and velocity can increase the risk of material tearing
and significantly elevate the required forming force.
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1. Introduction

Composites comprising high-density polyethylene (HDPE)
reinforced with woven carbon fibers (WCFs) have lighter
weight alongside high mechanical strength. Reinforcement
with WCFs improves strength, impact resistance and ther-
mal properties of HDPE at relatively lower weight. These
advantages make the composites appropriate for use in
the automotive, aerospace, prosthetics, and sporting equip-
ment applications [1-4]. It is also worth mentioning that
WCFs generate less friction and have higher wear resis-
tance than other types of fillers. Distribution and most
importantly concentration of WCFs in the matrix of the
composite HDPE has been proved to be very effective on

the performance of the composite material hence a prudent
balance has to be struck for best performance [5-7]. A deep
drawing, which is applied in metal forming, has also been
identified as one of the ways of processing the compos-
ites. It possesses the advantage of enabling efficiency in the
production of complex shapes while also controlling the
flow of materials thereby causing less wastage of materi-
als. Deep drawing technology is undergoing modifications
to utilize composite materials, such as WCFs-reinforced
HDPE, for manufacturing high-performance components
[8, 9]. Forming parameters management forming depth,
temperature, punch velocity, and holder force is impor-
tant to prevent defects like wrinkling, earring, and tearing.
Research indicates that while elevated temperatures can
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improve material flexibility, temperature must be managed
to prevent excessive heat damage [10]. Defects like wrin-
kling, tearing, and thickness variations often occur because
of the composite’s anisotropic properties and the particu-
lar arrangement of its fibers [11]. Laminated composites
often have uneven thickness and inconsistent stress-strain
distribution, making them susceptible to wrinkling during
the forming process. Properly controlling the blank-holder
force is crucial to avoid issues like tearing and wrinkling,
especially when working with complex shapes, as insuffi-
cient force can lead to these defects [12]. High temperatures
in thermal deep drawing enhance the flexibility of the com-
posite material, making it easier to shape, but can also risk
fiber damage, leading to surface defects [10]. Balancing the
parameters’ blank-holder force, temperature, and forming
speed is essential to minimize these issues and ensure the
integrity and uniformity of the final product [13-17].

Coating carbon fibers with carbon nanotubes (CNTs)
has been shown to improve bonding and wear resistance
capabilities. The strength of this approach is countered
by the costs and complexities of industrialization of the
process [7, 8].

This research aims to study how HDPE-WCFs com-
posites behave during the deep drawing process, looking
closely at how main parameters affect forming and the
forces involved. It also focuses on understanding the com-
mon defects that can occur, with the goal of improving
composite performance and making production more effi-
cient.

2. Materials and methods

2.1. Material Selection

The selection of carbon fibers WCFs, HDPE, and aluminum
alloys is based on their complementary properties [18].
Aluminum alloys are used for the molds in the forming
process because they are lightweight, easy to machine, and
have good thermal conductivity, which helps in quickly
and evenly distributing heat. The high tensile strength,
stiffness, and low weight of WCFs make them materials
of choice for applications where weight and durability are
both required, and WCFs exhibit high thermal stability (see
Fig. 1). HDPE exhibits excellent processability, chemical
resistance, and impact strength (Table 1) [19, 20].

2.2. Aluminum Mold Design and Specimen Preparation

The aluminum molds have been used to cast and mold
the composite materials. They provide accuracy and effi-
ciency in production [18, 21]. The sheet fabrication mold
is a custom-designed tool used to create composite sheets

Fig. 1. A) HDPE granules; B) WCFs.

from HDPE and WCFs. It consists of three primary com-
ponents; a base cavity where the raw materials are placed,
an internal piece designed to allow air to escape from all
sides, and a top cover that secures the entire setup tightly
(Fig. 2a). This multi-part mold withstands the heat and
pressure needed for even melting and bonding of materials.
Careful consideration is given to the design to prevent air
pockets and ensure the composite sheet’s integrity. This
setup guarantees that each sheet is uniform, structurally
stable, and free of common manufacturing defects. The pro-
cess for making composite samples begins with the shaping
of (HDPE) sheets. First, HDPE granules (see Fig. 1, A) are
loaded into a sheet fabrication mold and then placed in a
heat press at 130 degrees Celsius with pressure equivalent
to 7.5 MPa applied for two minutes (Fig. 2a). Once the
granules have softened and taken the shape of the mold,
the mold is removed from the heat press and allowed to
cool. The formed sheets are then extracted from the mold,
followed by cutting and trimming processes. This ensures
that the sheets produced are smooth, evenly thick, and free
from defects.

For the composite samples, a layer of WCFs is sand-
wiched between two HDPE sheets (see Fig. 2b). The layers
are placed back in the heat press under the same controlled
conditions. The applied heat melts the HDPE, allowing
it to bond securely to the WCFs, creating a cohesive and
durable composite. Achieving even pressure and consis-
tent heat distribution is essential to maintain strong bond-
ing and uniform properties. After cooling, the samples
are cut precisely to the required dimensions (see Fig. 2c,
d). This meticulous approach ensures the production of
high-quality, defect-free specimens.

2.3. Forming Die

The forming die is a specialized mold designed to form
WCFs and HDPE composite sheets under controlled condi-
tions. It includes the main mold body, a sheet blank holder
with evenly spaced screws to keep the sheet secure, and a
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Table 1. Mechanical properties of T300 WCFs and HDPE.

Property T300 Woven Carbon Fiber HDPE
Density 1.6 g/cm® 954 kg /m?3
Elastic Modulus 240 GPa 750 MPa
Tensile Strength 3400 MPa 23MPa(Yield), 12MPa(Break)
Elongation at Break 1.7% 200%
Poisson’s Ratio 0.25 -
Shear Strength 40 MPa -
Flexural Modulus - 800 MPa
Izod Impact Strength - 28]/m
Vicat Softening Point - 121°C
Brittleness Temp. - < —75°C

Fig. 2. Production stages of WCFs and HDPE composite sheet: a) aluminum mold parts; b) composite materials inside the
mold; c) and d) removal of the composite materials and trimming the edges of the pieces.

punch that applies the forming force.

The holder ensures the sheet remains in place, distribut-
ing pressure evenly to avoid unfair slippage and ensure
consistent deformation. The die is designed with a pre-
cisely calibrated gap that matches the punch’s capacity,
ensuring optimal forming conditions. The mold is manu-
factured with precisely calculated dimensions, mold hole
diameter, composite material sample thickness, and punch
diameter to ensure proper forming without large voids.
The punch diameter is 48 mm, the sample thickness is 2
mm, and the die hole diameter is 54 mm, resulting in 1 mm
tolerances on each side. These tolerances allow for proper

movement of the sample during the forming process and
prevent tearing or damage to the sample. This gap is nei-
ther too narrow, which would risk tearing the sheet blank,
nor too wide, which could lead to wrinkling. The punch
velocity, force, and hold time are managed to ensure best
results (see Fig. 3a, and b).

2.4. Deep Drawing Process

The deep drawing process of composite materials begins

with ensuring consistency in cutting the specimens into

equal pieces. Composed of (HDPE) and WCFs, are cut into

uniform 100 mm x 100 mm squares, and 2 mm thickness.
The sample is placed inside the mold, and a holding
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Punch

a)

Fig. 4. a) Die and punch; b) Formed shape specimen.

piece with screws is used to secure it evenly, ensuring bal-
anced pressure distribution (Fig. 4a). Oil is applied to both
surfaces of the sample to minimize friction and facilitate
smooth material flow. The forming mold and blank sheet
is preheated to achieve the ideal temperature, which en-
hances material pliability and reduces the risk of defects.

When the mold is ready, the punch descends at a con-
trolled velocity to press the composite into the desired
shape. Parameters such as punch velocity, forming depth,
and forming temperature are carefully regulated to prevent
defects like tearing or wrinkling. The forming pressure is
maintained for 40 seconds. The forming time remains con-
stant throughout the drawing process. This is due to the

machine settings, where the minimum time was selected
to maintain the stability of the mold temperature during
forming. Additionally, it was kept fixed because no temper-
ature change occurs during this period (i.e., no temperature
gradient is present). Experimental findings showed that
when the initial forming temperature was set to 70, 80, and
90 degrees Celsius, the temperature remained unchanged
at the same values at the end of the specified 40-second
forming period. This prevents the influence of tempera-
ture gradients and eliminates the need to consider them
as additional variables or parameters in the experiment,
thereby improving the accuracy of the results. The mold is
gradually cooled to stabilize the material and avoid inter-
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Fig. 5. Equipment and machines: a) Heat press; b) Thermometer; c) Tensile testing machine; d) Forming process.

nal stresses. The formed sample is then removed, ready for
inspection and analysis (see Fig. 4b).

2.5. Equipments

The equipment employed in this research includes a heat
press, tensile testing machine, thermal heater, and ther-
mometer, each serving a specific role in the preparation
and forming of composite samples. Fig. 5a shows the heat
press, which is used to produce composite sheets made
of HDPE and WCFs using a sheet fabrication mold (see
Fig. 2a, b). It controls the pressure, temperature, and time
to ensure the sheets are uniform in thickness and smooth,
free from surface imperfections.

A thermal heater is used to maintain the required tem-
perature of the composite samples and mold during the

forming time. Accurate control over temperature and time
settings is vital for achieving optimal forming conditions,
ensuring that the material is sufficiently pliable for shap-
ing. Thermometer is used at various locations on the mold
and the sample to monitor the temperature. Thermometer
helps ensure that heat distribution is even across the mold,
reducing the chance of localized overheating or under heat-
ing and contributes to monitoring the quality of production
of formed samples (Fig. 5b).

The tensile testing machine serves two main purposes in
this research. First, it is used to determine the mechanical
properties of the composite sheets, such as tensile strength,
elasticity, and elongation at break (Fig. 5c). These mea-
surements are crucial for understanding how the material
will perform under stress. Second, the tensile testing ma-
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chine is used as a press in the forming process, where it
precisely regulates critical parameters, including punch ve-
locity, forming depth (Fig. 5d). This level of control ensures
that the composite material is shaped accurately while min-
imizing the risk of defects, such as tearing or wrinkling.

2.6. Experimental Forming Parameters

The forming parameters punch velocity, temperature, and
forming depth significantly impact the maximum force
required in the deep drawing process of composite mate-
rials. Higher punch velocities and greater forming depths
generally lead to increased forming force, as the material
faces more resistance. Temperature adjustments also play a
critical role; elevated temperatures tend to reduce the nec-
essary force by making the material more pliable, allowing
for smoother shaping (see Table 2).

3. Results and discussion

The experimental results reveal how different forming pa-
rameters significantly affect the maximum forming force
needed in the deep drawing process of HDPE-WCFs. The
stress-strain behavior, and the influence of main parame-
ters, such as temperature, forming depth, and punch veloc-
ity, on the forming force have been presented.

3.1. Stress-Strain Curve

The stress-strain curve represents the forming process ef-
ficiency, i.e. formability. Therefore, the highest observed
stress corresponds to the maximum forming force. This
curve illustrates the material’s strength and flexibility,
which are critical for ensuring structural integrity and re-
silience in real-world applications. Achieving an optimal
balance of temperature, forming depth, and punch velocity
is crucial to reduce defects and enhance energy efficiency
during the forming process, see Fig. 6.

14

Stress (MPa)
o o o -
'S o £ - N

o
N

(=]

4 6 8 10 12 14 16 18 20 22
Strain (%)

o
[N]

Fig. 6. The stress-strain curve.

3.2. Effect of Temperature and Forming Depth on Form-
ing Force

Increasing the forming temperature from 70°C to 90°C
significantly reduces the required forming force at each
depth level (Fig. 7a). This reduction occurs because higher
temperatures make the material more pliable, allowing
it to flow and shape more easily under pressure, thereby
reducing the load on both the punch and the material.

The forming depth has a substantial impact on the re-
quired force; greater depths demand more force to achieve
the desired shape. This emphasizes the importance of bal-
ancing temperature and depth in the deep drawing process
to optimize energy efficiency and reduce material stress,
see Fig. 7. The forming depth directly correlates with the
forming force, with deeper draws requiring higher forces.
This observation suggests that as the punch descends.

The forming depth has a substantial impact on the re-
quired force; greater depths demand more force to achieve
the desired shape. This emphasizes the importance of bal-
ancing temperature and depth in the deep drawing process
to optimize energy efficiency and reduce material stress.
The forming depth directly correlates with the forming
force, with deeper draws requiring higher forces. This ob-
servation suggests that as the punch descends further, the
material undergoes more deformation, demanding greater
resistance. This trend is visible across all temperature and
punch velocity settings, emphasizing depth as a critical
factor in the forming process (see Fig. 7b).

3.3. Effect of Punch Velocity

Higher punch velocities increase the forming force, pos-
sibly due to the material’s response rate under quick de-
formation. At a punch velocity of 0.75 mm/s, the forming
forces are consistently higher compared to lower velocities,
indicating that slower forming speeds may allow the mate-
rial more time to adapt to the shape, reducing the necessary
force (see Table 2).

3.4. Forming Defects

There are some defects, primarily tearing, wrinkling, and
melting have been noticed. When the blank holder force
is inadequate, it fails to secure the composite sheet against
the die tightly, allowing excess material movement, which
leads to wrinkles [22], see Fig. 8a. Effective force control
can mitigate these issues and enhance product quality.

At elevated temperatures, especially above the mate-
rial’s softening point, HDPE may lose structural integrity
and blend with the reinforcing fibers, leading to visible
melting spots (see Fig. 8b). Zhang et al. [10] found similar
results in their study on thermal deep drawing of WCFs
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Table 2. The forming parameters.
Test No. Forming depth (mm) Temp. (°C) Punch velocity (mm/s) Max. forming force (kN)
1 10 70 0.25 2.01
2 20 70 0.5 4.22
3 30 70 0.75 591
4 10 80 0.25 1.9
5 20 80 0.5 3.86
6 30 80 0.75 5.61
7 10 90 0.25 1.78
8 20 90 0.5 3.52
9 30 90 0.75 5.42
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Fig. 7. a), and b) Effect of temperature and depth on forming force, respectively.

)

b)

Fig. 8. a) Wrinkling defects (top view); b) Melting defect in composite material at 90°C forming temperature (back view); c)
Tearing defect in composite material at 70°C forming temperature (back view).

composites. They noted that high temperatures can dam-
age the fibers and weaken the bond with the resin. Tearing
occurs in regions of high stress concentration, especially
at sharp geometries, low temperatures, and high punch
speeds, where the material lacks sufficient pliability. Under
these conditions, rapid deformation generates concentrated
stresses, particularly in the bending zones at the contact
points between the sheet and the punch, which can ex-
ceed the material’s tensile strength, resulting in tearing (see

Fig. 8c). The tearing in the deep drawing process mainly
happens in areas with high stress, like near punch strokes
or sharp corners [23, 24]. Proper control of the blank-holder
force, good tool design, and better lubrication can help re-
duce tearing (Fig. 8c). These observations underscore the
need for careful control over blank-holder force, temper-
ature, and punch velocity to optimize composite forming
outcomes and minimize defect occurrences.
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4. Conclusions

The mechanical behavior of HDPE-WCF composites under

deep drawing has been studied, and the optimum param-

eters to obtain a suitable product have been determined.

The following conclusions have been summarized:

1.

Increasing the forming temperature reduces the re-
quired forming force, making the material more flexi-
ble and easier to shape. However, very high tempera-
tures can lead to material melting, especially in areas
with high stress concentration.

. Optimal temperature parameters for deep drawing

range between 80°C and 90°C, where material pliabil-
ity is achieved without risking melting.

. Greater forming depths require higher forming forces,

which increases the chances of tearing and wrinkling
if not controlled carefully.

. Punch velocity also impacts the forming process, with

high speeds increasing the likelihood of tearing due to
sudden stress.

. Proper control of temperature, forming depth, and

punch velocity is essential for minimizing defects and
ensuring energy efficiency.

. The findings suggest that HDPE-WCFs composites

are resilient and capable of withstanding the stresses
involved in deep drawing when processed within the
identified optimal conditions, which makes them ideal
for applications requiring durability under stress.
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