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Abstract

Fiber-reinforced composites play a significant role in various temperature-dependent engineering applications. Hybrid
composites, incorporating reinforcements such as glass, carbon, and Kevlar fibers, significantly improve the
mechanical properties of polymer composites. The present work aims to study the thermo-mechanical creep behaviour
of Kevlar- and woven glass-fiber-reinforced epoxy hybrid (KGFRH) composites through experimental testing and
viscoelastic modelling. The composites were fabricated using a compression moulding process. The tensile creep
behaviour of the hybrid composites was investigated by varying the applied loads to 50, 75, and 100 kg and the
temperatures to 100, 120, and 140°C. The creep strain versus time data were recorded for all samples. The creep strain
gradually increased with increasing load and temperature. At lower load and temperature conditions, the creep curve
showed better performance because all three stages of creep failure were observed, whereas at higher load and
temperature conditions, only the primary and secondary stages were noted. The combination of a 50 kg load and 100°C
temperature showed the best results. Viscoelastic numerical models, including Burger’s model and the Norton model,
were used to predict the elastic modulus, coefficients, and curve-fitting values. Kevlar/glass—epoxy composites with
improved thermo-mechanical behaviour can be utilized in lightweight and protective applications.

Keywords: Creep behaviours, Hybrid fiber composites, Lightweight fiber, Numerical modelling, Tensile properties

1 Introduction studying the various mechanical, thermal, dynamic,

and vibration characteristics that are sustainable and
Currently, fiber-reinforced polymer composites (FRP)  future modelling for advanced engineering
are widely used for various structural applications in  applications [1]. Creep behaviours of the FRP have
various environmental conditions. These are shown the life of the material under constant stress
developed by considering various matrix types, fiber  over the period and viscoelastic behaviours were
treatments, processing techniques, etc. Followed by  evaluated at higher temperatures [2]. The Cocos
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nucifera (CN) fiber materials have better mechanical
stability than the Canarium schweinfurthii (CS)
materials. The creep coefficient was continuously
increased by increasing the working temperature; the
CN fiber materials showed a higher creep coefficient
than the CS [3]. The isothermal creep behavior of glass
fiber/epoxy and graphene oxide with glass fiber/epoxy
composites was conducted between 30°C and 120°C.
It showed that the long-term durability of the
composites slowly dropped by increasing the
isothermal temperature, which caused quick
viscoelastic behaviors of the composites [4], [5]. The
working temperature of the E-glass epoxy composites
directly influences the creep compliance. Increasing
the temperature and applied stress increased the creep
compliance [6-8]. The three-point flexural creep
behaviors of glass-carbon FRP were recorded for 5000
hours under 50, 60, and 70% ultimate load, and the
testing temperature ranged from -20°C to 20°C. The
creep deflection was gradually increased by increasing
the ultimate load, and a higher deflection was found
for freeze-thaw samples than for the untreated sample
[91.

The higher bonding between fiber and matrix
present in the carbon FRP has lower creep rates
compared with the glass FRP, and also, non-bonding
interaction was found to be less between the fiber and
matrix [10]. Comparing the carbon PEEK and carbon
epoxy composites, the creep strain was found to be
higher for PEEK composites at all stress conditions
because they withstand longer times to deform and also
have better bonding between the carbon fiber and
PEEK. Increasing the testing temperature lowered the
strain rate and time taken for creep failure [11]. The
void content present at the interface of the glass fiber
and epoxy decreased the modulus in the glassy region,
and creep deformation was found to be higher [12].
Tensile creep behaviors of short carbon fiber
polyetherimide composites have better creep resistance
by increasing the fiber content. The superposition
principle was adopted to predict the long-term creep
analysis [13], [14]. The creep deformation increased
quickly when testing temperatures exceeded the glass
transition point because viscoelastic behaviors became
casier. Material creep received restraint from fiber
reinforcement, although inadequate bond strength
between reinforcement fibers and matrix [15]. The
creep strain was linearly increased with logarithmic
time at higher stress, but the creep strain gradually
declined with increasing testing time. The creep
parameters were obtained from the power law model,

and the predicted creep deformation was not affected at
any stress level [16].

The unidirectional carbon fiber lamina had shown
lower strain failures at higher loading stress conditions.
The power law method estimated the overall higher
creep strain, which predicted the total creep strains [17].
The creep behaviors of glass FRP were studied at 25,
60, and 80°C, which showed that negligible creep
behaviors were obtained at lower temperatures, but it
was found to be higher at elevated temperatures [18].
The creep strain was recorded considering three load
levels that were applied to the balau wood and pultruded
glass FRP composites. The stable strain curve was
observed for the GFRP composite more than wood,
which had only the primary and secondary stages of the
creep curve. The Burger, Findley, and Norton
simplified models were used to predict the viscoelastic
behaviours and the modulus [19], [20]. The typical
three-stage creep deformation behaviours did not show
over the life due to varying the fiber diameter over the
composites along unidirectional [21]. The 3D printed
nylon, nylon glass, nylon Kevlar and nylon carbon fiber
composites had shown a lower creep rate in nylon
carbon fiber than others and compared to higher
temperatures, the creep rate was found to be higher at
room temperature [22].

The fiber content played an important role in the
creep behaviours of basalt FRP bars. The bar diameter
of 6 mm with higher fiber content have showed led
creep rate than the 10 mm diameter [23]. The total
strain rate was found to be lower at higher stress, and
the power law model was shown good method to
determine the creep strain, but it estimated the creep
strain higher [24]. The Burgers and the Findely power
law model were used to predict the viscoelastic
behaviours of polyamide 66 nanocomposites. The
Findely power law model was more adaptable for
predicting the long-term creep response [25].
Recently, the synthetic fiber reinforced polymer
composites have been widely used for various
applications, especially in higher temperature zones.
The creep behaviours are essential for synthetic
composites to show better performance. Literature
dealing with Kevlar/glass hybrid composites and
evaluating their creep behaviour is meagre.
Accordingly, the present work is to investigate the
creep behaviours of hybrid fiber reinforced epoxy
composites with Kevlar and glass fiber woven mat at
different temperatures and different loading (stress)
conditions. The selected fiber-matrix ratio (60:40 by
weight) is taken for the development of the hybrid
composites.
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2 Materials and Methods

2.1 Materials used

The Kevlar and glass fiber fabrics, epoxy resin
and hardener (HY951) were purchased from Covai
Seenu industry, Coimbatore, Tamil Nadu and India.
Table 1 shows the properties of the Kevlar and glass
fibers. Figure la shows the woven fabrics for
preparing the high-strength fiber-reinforced epoxy
composite laminates. It has good adhesion with
synthetic fibers, good mechanical properties, and less
shrinkage compared to other thermoset resins.

Table 1: General properties of matrix and reinforcements

[41.[6].
Fabrics Resin
Properties Glass  Kevlar fiber
fiber (K29)

Density (g/cc) 2.54 1.44 1.16

. 2300 —
Tensile strength (MPa) 2400 3620 + 68 24
Young’s Modulus (GPa) 75 -80 131 £8 0.5
Glass Transition temperature ) _ 80-
(Tg) (°C) 150

Glass fiber mat Kevlar fiber mat

Glass fiber mat

@ (b)

Kevlar fiber mat

Figure 1: a) Stacking sequence, b) Glass and Kevlar
fiber mat and c) Tensile creep test sample.

2.2 Composites fabrication

The composite was prepared by a hand lay-up process
followed by a compression molding process with the help
of a steel plate die. The layering patterns of the woven
fabrics are shown in Figures 1a and 1b. The size of the
laminas was 240 mm in length x 200 mm in width. The
resin-hardener mixture in the ratio of 10:2 was prepared
using a mechanical stirrer at 50 rpm for 10 minutes and the
releasing agent of liquid polyvinylchloride was coated on
the inside surface of the mould, which helps to easily
remove the solidified composites. Before laminating, the
laminas were completely dipped in resin solution and laid
one-by-one in the female die. A steel roller was rolled over

every layup to remove the gas formation in between the
laminas and ensure the even distribution of resin over the
fabric laminates. The steel mould was pressed in a
hydraulic press with 25 bar pressure for 2 hours and then
post-cured at 45 °C for 1 hour. The fiber volume fraction
was maintained as 50 % while the resin was maintained at
50 %. The glass fiber is normally brittle nature, which can
break easily when it is laminated as outer layers. To avoid
this problem, the Kevlar fiber is placed in the outer layers.
The number of layers is 9, which has 5-layer Kevlar and 4-
layer glass fiber mats with a 60:40 weight ratio of the fibers
resulting in KGFRH composites. Alternative layers of
Kevlar and Glass fibers were stacked until the required 9
layers were attained and after post-curing, the composite
thickness was found to be 3.4 mm.

2.3 Tensile creep test

The tensile creep testing samples were cut from the
composite plate according to ASTM D638 (Figure
Ic) and the tests were carried out in accordance to
ASTM D2990 standards [13], [14]. The samples
were tested in creep testing machine (Model: TEC-
SOL) (Figure 2). The maximum creep loading of
machine is 500 kg (5000 N) and the temperature
range is from 0 °C to 300 °C. The selected three level
of constant loading were 50 kg (omax =14 MPa), 75
kg (0max =21 MPa) and 100 kg (Gmax = 28 MPa) and
varying temperature of 100 °C, 120 °C, and 140 °C
respectively. The sample was loaded in the heating
chamber using special fixture. The dead load was
added in the right side of beam at the bottom of
vertical rod (i.e. loading point). Finally, the heating
chamber was closed, and the heating temperature
was set through data acquisition system (DQS). The
thermocouple was used to control the temperature of
the chamber through Data Acquisition System
(DAS), and the failure was determined by the rupture
of the specimen. The plot of creep strain versus time
taken was recorded using DQS and three samples
were tested in each condition.

2.4 Tensile test

The tensile samples were cut according to ASTM
D638 (Figure 1c) with dimensions of 165 mm length,
19 mm width and 3 mm thickness (gauge length of 50
mm). Tensile tests were carried out in a Universal
Testing Machine (Make: DEEPAK poly plastic Pvt.,
and Model: DX25 kN) with a load cell of 25 kN and
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the tensile stress and strain were calculated from the
recorded load versus elongation curve. The crosshead
speed of the test was 2 mm/min, and the test was
conducted at room temperature. Totally, five samples
were tested, and the average values were plotted.
Figure 2 shows the tensile stress versus strain curve of
the hybrid composite, which has a maximum stress of
320 MPa and strain of 8.2 % (Figure 3).

Hybrid

Composité Heater

300 - =o=Dry Test - Unaged

bt (3 [
12} =3 h
< < <
L L L

Tensile stress (MPa)

[

=3

=l
L

n
< =

0 2 4 6 8 10
Tensile strain (%)

Figure 3: Average tensile stress versus tensile strain
curve of the KGFRH composites.

3 Results and discussions

3.1 Effect of temperature and load on creep
behaviour

Figure 4 shows the creep tensile curve of hybrid
composites at various temperatures and loads. At
100°C, the creep curves of applied load at 50 and
75kg show the primary, secondary and tertiary zones,
which closely mirror the basic creep curve. At 50kg

loading, the primary zone lies between 0 and 300
hours, the secondary zone starts from 300 hours to
530 hours, and the tertiary zone starts from 530 to
701 minutes. The longer creep strain rate of 11.14%
is obtained for 50 kg loading due to the slower
propagation of viscoelastic deformation and this
strain rate was gradually increased to higher values
in the tertiary zone due to physical changes in the
composites. Similarly, at 75 kg loading, the primary
and secondary stages start from 0 to 210 hours and
210 hours to 401 hours. But the tertiary curve occurs
very shortly between 390 and 419 hours due to
increasing the applied load and the maximum creep
strain rate of 7.98 % is obtained. Compared to 50 kg
loading, the 75 kg loading has shown less time to
creep failure and has three zones. At 100 kg loading,
the primary curve starts from 0 to 231 hours and the
secondary curve up to 259 hours. The tertiary curve
is found from 261 to 271 hours, which is less because
the higher loading time taken was reduced and from
shorter viscoelastic deformation and the obtained
creep strain rate was 4.44 %. Among these, the 50 kg
loading at 100 °C shows the long-term secondary
creep curve, which has stable and higher creep
behaviour. This may be due to slow propagation of
microcracks, fewer microcracks between fiber and
matrix, and high resistance to fiber pull-outs. At
120°C, the growth of the curve at 50 kg loading
shows primary and secondary zones, which start
from 0 to 104 hours and 104 to 329 hours due to less
applied load. The tertiary zone is almost absent due
to temperature and the sudden formation of
viscoelastic deformation. It has a maximum creep
strain of 5.9 %.

B
—e—50 kg (14 MPa) at 120°C
75 kg (21 MPa) at 120°C

6 | =100 kg (28 MPa) at 120°C o

4

~+-50 kg (14 MPa) at 100°C
10 75kg (21 MPa) at 100°C
—+-100kg (28 MPa) at 100°C

04
800 (b)o 100 200 300 400
Time (Hours)

50 kg (14 MPa) at 140°C
8 —e—75kg (21 MPa) at 140°C
~+—100 kg (28 MPa) at 140°C

Creep stran (%)

0
0 100 200 300 400
(©)

Time (Hours)

Figure 4: Creep curves of KGFRH composites at (a)
100 °C, (b) 120 °C, (c) 140 °C.
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At 75 kg, the curve shows primary and tertiary
zones; the elasticity changes phases from primary to
tertiary. They start from 0 to 87 hours and up to 277.
It has a creep strain of 7.79 %. At 100 kg, the curve
shows only the primary zone because the higher load
leads to faster deformation with a shorter period, 258
hours with 1.8 % creep strain. At 140 °C, the creep
curve at 50 kg loading shows three zones which start
from 0 to 228 hours, 228 to 321 and 321 to 331 hours.
The primary zone is taken higher time to the formation
of creep strain than the secondary and tertiary zones.
The time taken for the tertiary zone is less. The creep
strain is found 7.6 %. At 75 kg loading, the formation
curve has only the primary and secondary zones. It
starts from 0 to 271 and 271 to 289 hours and that has
6.9 % creep strain. At 100 kg loading, the curve shows
only the primary zone, which ends at 236 hours, and
the creep strain is 1.67 %. Increasing the applied loads
and temperatures drastically reduced the creep strain
and time taken for deformation due to faster formation
of viscoelastic deformation.

The applied load or stress on the hybrid
composites varies the creep behaviours. The
deformation was different for different loadings at
different temperatures. It can be stated that at 100 °C,
which is closer to the minimal Tg of the epoxy, the
creep deformation was minimal due to the stiff glassy
state of the epoxy. As the temperature approached the
Tg of the epoxy, stress relaxation was allowed by the
polymeric chain mobility without much deformation.
At higher temperatures, the polymeric chain mobility
increases, thereby reducing creep stability. The elastic
behaviours of the hybrid composite depend purely on
applied load [17], [23]. It could be seen that all curves
are taken for a higher duration for initial deformation
at all loads and temperatures. However, the range of
deformation is gradually reduced due to increasing the
load with temperature, which means the faster
viscoelastic formation.

3.2 Creep compliance

Figure 5 shows the time dependent creep compliance
of KGFRH composites. These curves show the long-
term durability of the hybrid composites. The
following relation, shown in equation 1, is used to
generate the creep compliance curve.

Creep compliance (C) = &(t)/c., (GPa™) €]

Where, &(t) is the strain under constant stress, o is the
constant applied stress (GPa)

om0 g (14 MPs) s 100°C —e—50 kg (14 MPa) at 120°C

08 75kg (21 MPa) at 120°C
0r 75 kg (21 MPa) at 100°C 25 100 kg (28 MPa) at 120°C
100kg (28 MPa) at 100°C

o

£ 02 /
g
<

£0.15

g o

S

£ 005 >l
& e

! 0 4=
0 200 400 600 800 0 100 200 300 400
(a) ) .
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—_~
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~
e

Figure 5: Creep compliance of KGFRH composites at
time versus three different loading at (a) 100 °C, (b)
120 °C, (c) 140 °C.

The creep curves of all samples have stable
performance in all loading and temperature conditions,
and also show a steady outcome. The curves show that
increasing the temperature increases the creep
compliance. This trend was confirmed by Asyraf et al.,
[19], Hoseinzadeh et al, [26] and Nakai et al, [27],
where the higher creep compliance can be attributed to
faster degradation of stability as the composite samples
exposer in various temperatures. This developed the
micro-cracks between the fibers and resin, also resulting
in more fiber pull-outs due to increasing the applied load
[28], [29-31]. In general, the 50 K loading and lower
temperature  possess better parameters in the
development of creep rate compared to the other two
loads, subsequently providing long-term behaviours for
materials to withstand constant load.

3.3 Creep numerical models

3.3.1 Burgers model

This is the widely used model to analyse the
viscoelastic behaviour of hybrid composites at various
loading and temperatures. It combines the elastic and
viscous elements to showcase a hybrid effect of the
Maxwell and Kelvin-Voigt model, which is
represented in spring, dashpot and dashpot-spring
elements. These models are connected in series
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Table 2: Parameters of Burgers model.

Temperature (°C) Load (kg)/Stress (MPa)(c) EM (MPa) EK (MPa) n,(MPa-sec) nx(MPa-sec)
50/14 73.96 3205.12 13736.26 3.50

100 75/21 169.68 576.92 28846.15 8.32
100/28 101.21 641.02 19307.65 791
50/14 54.019 2403.84 48076.92 6.00

120 75/21 303.64 3505.12 54420.76 13.45
100/28 202.42 1282.05 38461.53 11.53
50/14 147.92 3205.12 58076.92 8.06

140 75/21 1442.9 1442.30 78896.92 14.78
100/28 641.02 641.02 68456.92 12.08

. . . . Ex
b el of clasie avsin (M), dashpor s 20 =22+ (1= exp(E) ) 4 220 6

(permanent strain) (¢K), and Kelvin-Voigt strain (i.e.,
viscoelastic strain) [29].

&g = ng + SMZ + &k (2)

Where, the subscripts B, M, and K indicate Burgers model,
Maxwell and Kelvin elements, respectively. € denotes the
strains of the Maxwell Spring, Maxwell dashpot, and
Kelvin unit, respectively.

Maxwell Model

><¢

Kelvin —Voigt
model

Ex |::|
!

Figure 6: Linear elastic Burger model.

Considering the essential relations of the above
elements and the initial conditions at t=0, the creep
behaviour of the Burgers model (equation 3) can be
finally obtained as follows [31].

Where, Em and v = elastic modulus and viscosity of
the Maxwell spring and Maxwell dashpot,
respectively; and Ex and mne Kelvin Spring and
dashpot’s modulus and viscosity, respectively; and oo
= applied stress.

The first term denotes the instantaneous elastic
deformation and is considered constant, while the
second term denotes the Kelvin unit’s delayed elasticity
and is predominant during the early creep stage, but
saturates soon after and the value would be close to
oo/Ex. Thereafter, a linear increase in the third term
during the viscous flow could be witnessed after a
sufficiently long time of loading. The Burgers model,
which includes the essential elements, can be applied
satisfactorily to model the practical behaviours of
viscoelastic materials. The elastic model (Ex and E,)
and the dynamics coefficient (nm and ny) are calculated
from experimental data (Table 2). Elastic behaviour at
the initial stage is slowly increased by increasing the
applied stress, which is applicable up to 21 MPa. The
maximum dynamic coefficient is obtained for the
applied stress 21 MPa. It shows that the better
viscoelastic behaviours occur in the hybrid composites.
Further increasing the applied load (i.e. at 28 MPa) is
decreasing the dynamics coefficient, which was
reduced the creep strain and time, it is clearly shown in
Figure 4. If the temperature increases, the similar trend
is absorbed for all loads.
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3.3.2 Norton’s model

Norton’s model is called the power law model; it is also
known as the empirical model. It portrays the steady-
state creep rate under different temperatures and stress.
From the power law relation (Equation 4), taking log on
both sides, equations 5 and 6 are obtained, and the
Log(e) versus Log(c) is plotted based on the
experimental data (Figure 7a) for different
temperatures. From the graph, the coefficient of stress
(n) is found to be lower with increasing temperature. At
lower temperatures, the R? is found to be higher, which
shows better results for long-term creep behaviours.
The increasing temperature of the surrounding
composites under creep testing is gradually decreasing
the R* which means that the composites deform quickly
and higher temperature leads to reduced fiber-matrix
bonding and increases the micro-cracks (as shown in
Figure 7b). This leads to the failure of the composite.

e=B exp(_%) o™ 4)

Log(e) = Log(B) — e 1

RT 2.3026

] +nlog(o) (5)

Q 1000
T30 T +nlog(o) (6)

Log(e) = Log(B) —

The activation energy (as shown in equations 7
and 8) is calculated from the plot shown in Figure 7.

Log(e) —nlog(o) = Log(B) — 2 (1)

0 1000 ®)
Y = Log(g)—nlog(o), m=— ,X= ,and C=Log(B)
2303R T
Log () 10007T (i)
1.00 1.10 1.20 1.30 140 150 2.2 2.4 2.6
0
¥=131953- 2861 !
02 | —e—100°C K= 0.9953 05
120 - . ¥=-52380x+ 11321
04 1405 ¥ ‘;‘;‘i’”‘ '5'9‘9" El R?=0.9493
g 08 ¥ =03412x- 1517 E s B
¥ 08 R*=09057 g e
- 2 .
12 - @ 2.5 .
B / = 5 .
14 -
16 =35
@ (b)

Figure 7: Activation Energy plots based on Norton’s
model (a) Log(e) versus Log(o) plot, (b) Curve fitting
for the model.

3.4 Creep service life of the hybrid composites

The Arrhenius principle was adopted to develop Figure
8, which shows the impact of creep strain retention
versus log (stress) (i.e., applied load) for all servicing
temperatures. It depicts the creep strain retention of
Kevlar Glass fiber mat reinforced epoxy composites.
The composites were tested for creep resistance at a
lower temperature of 100 °C and showed a coefficient
of correlation (R2) of around 0.9834. This is more than
0.98 at 100°C; the specimen demonstrated that creep
behaviour was better than the 120 and 140 °C. Even
though at higher temperatures, 120 and 140 °C, the R?
values are not below 0.90, it also gives better creep
performance in the secondary zone of the curve. The
creep life of the Kevlar glass fiber mat hybrid
composites was estimated using x as a constant from the
straight-line equation (Figure 8). The Arrhenius plot
(Figure 9), which forecasts the service life of the hybrid
composites, shows the percentage of creep strain
retention as a function of the inverse service
temperature over a 15-year period. Most of the polymer
materials used in the application, manufacturers have
suggested 15 years of lifetime. Therefore, estimation
shows that the 1st year retention was almost 100% at
100°C, but at 120 and 140°C, has 90 and 88% retention
in creep life. It is clear that increasing temperature was
gradually decreasing the creep life. A creep retention of
50 % was found in the 7th year for 140°C, and in the
8th year at 120 °C. The retention for all years is
uniformly reduced; it is confirmed by the value of R? of
0.98. Figure 10 depicts the creep strain retention of
composites at various temperatures for up to 80 years.
It clearly shows the creep strain retention for every year
and the maximum retention was maintained at 100°C
and the service life is also higher [31]-[33].

100
5 =-39.653x + 100.92
—100°C ¥ ;0% .
90 - \ R =0.9834
T s - 1200C V= -43.348x + 10056
E" \ R*=0.9596
g7 R 140°C  y = -43.88x + 100.52
£ 60 - R=0.9448
£ 50
3 <
] ™~
2 40
)
< a0 \\
20 N
10
0 - :
0 0.5 1 1.5 2 2.5
Log (o)

Figure 8: Creep strain retention versus log(o).
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Figure 10: Creep strain versus service life of the composites.

4. Conclusions

The Kevlar- and woven glass fiber-reinforced epoxy
composites were developed using a compression
moulding technique, and the thermo-mechanical creep
behaviour of the hybrid composites was
experimentally investigated under varying loads and
temperatures. This study also employed viscoelastic
models, such as the Burgers and Norton—Bailey
models, to predict the creep behaviour of the hybrid
composites. The creep deformation was found to
depend strongly on load and temperature over time. A
longer steady-state creep strain was observed in the
secondary creep zone for the hybrid composites tested
at a load of 50 kg and a temperature of 100 °C.
Moreover, this curve closely matched the reference
creep curve. Similarly, the curves obtained at a load of
75 kg with 100 °C and at a load of 50 kg with 120 °C
exhibited well-defined primary and secondary creep
zones comparable to the reference creep curve,
although the duration was shorter.

The creep compliance results demonstrated the
stable performance of all samples during the creep
experiments. The numerical models, namely the
Burgers and Norton—Bailey models, effectively
represented the viscoelastic behaviour and showed
good correlation coefficients (R? values). In the
Burgers model, the elastic modulus and dynamic
coefficient were lower at lower temperatures and
higher at elevated temperatures. In the Norton—Bailey
model, the higher R? values indicated better prediction
of long-term creep behaviour and creep performance.
The creep life of the material was found to be higher
at lower temperatures than at higher temperatures. At
lower temperatures, approximately 70-80% creep
strain retention was predicted over 70 years.
Therefore, these materials can be effectively utilized
under lower load and temperature conditions. Future
work may focus on improving interfacial bonding,
developing hybrid/nano-modified systems, and
applying advanced predictive models to further
enhance the high-temperature creep performance of
epoxy—Kevlar composites.
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