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Abstract

In this work, time and temperature-dependent viscoelastic properties, i.e., creep and stress relaxation of synthetic fabrics have
been studied using the dynamic mechanical analyser. Three different fabric materials viz. polyester (PET), polypropylene
(PP) and Nylon 6,6 (PA) were used and tests were carried out at a wide range of temperatures from 35 to 110 °C with an
interval of 15 °C after each test. Thereafter, the master curve for each fabric is generated at 35 °C using the time—temperature
superposition (TTS) principle which extrapolates short time experimental data to a longer time scale by shifting experimental
curves of different temperatures toward the reference temperature (35 °C) and superimposes them to obtain a smooth master
curve. From the creep study, it is observed that PET fabric is expected to give greater creep resistance with minimal deforma-
tion in creep strain of about 39% followed by 53% in PA and 128% in PP even after 10 years. Besides, in the stress relaxation
study, relaxation modulus for all fabrics tends to decrease with increasing temperature. It is found that PA fabric showed a
slow reduction of relaxation modulus even after 10 years, which gives about 55% reduction followed by PET (68%) and PP
(75%) from its initial value. In addition, true stress versus time curves showed that a higher true stress value in PA followed
by PP and PET is referring to its higher relaxation modulus. It was found that initial modulus, glass transition temperature
(T,) and crystallinity of fibre plays an important role in determining creep and stress relaxation behaviour of the fabrics.
On the other side, the correlation between experimental data and theoretical data ascertains the use of viscoelastic Burger’s
model and Weibull distribution equation model for creep and stress relaxation.

Keywords Synthetic fabrics - Dynamic mechanical analysis - Time—temperature superposition (TTS) - Creep strain - Stress
relaxation - Viscoelastic models

1 Introduction temperature under constant stress. Thus, understanding these

properties is important for various load-bearing applica-

Synthetic Fabrics are increasingly used directly or as sub-
strate in various applications such as tensile structures, flex-
ible composite, lightweight inflatables, automobiles, and
engineering applications wherein strict dimensional stability
and minimal deformation with time and temperature under
dynamic conditions is essentially required [1, 2]. Gener-
ally, synthetic fabrics are inherently viscoelastic materials
whose mechanical properties vary with respect to time and
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tions. Creep recovery and stress relaxation are the two most
essential mechanical properties of viscoelastic polymers as a
function of time and temperature. Creep is defined as defor-
mation in strain when subjected to constant stress or load
and creep recovery is a recoverable strain resulting from
the stress removal and the part of the unrecoverable strain
is considered as a permanently deformed creep. However,
stress relaxation resulted in a gradual loss of stress under
constant strain for a long time [3]. Both of these properties
are time and temperature-dependent.

A number of studies have been reported on creep behav-
iour and stress relaxation phenomena in polymers and fab-
rics [4, 5]. The investigation of these properties in relation
to time and temperature provides deeper insight into the
structure—property relationship of thermoplastic polymers.
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However, a systematic study of creep and stress relaxa-
tion at different temperatures over a wide time range is
a long process and sometimes difficult to carry out using
laboratory instruments. The time—temperature superposi-
tion (TTS) principle enables the determination of the vis-
coelastic properties of polymers beyond the experimental
time scale and allows the modelling prediction of viscoe-
lastic properties of polymeric materials [6]. Construction
of the master curve reveals the viscoelastic property over
extended time range using short-term laboratory data. The
application of the TTS principle to evaluate the viscoe-
lastic properties of polymeric systems has been widely
studied [7-9]. To predict the creep behaviour of fibre rein-
forced polymer composites and pipes, Rafiee et al. have
put forth an extensive amount of research. Using a lami-
nate analogy and a creep modelling technique, they have
developed a framework for studying the macro and micro-
scale creep phenomenon [10-12]. Both the short-term and
long-term creep processes are aptly described by their
most recent model. The replacement of a long-term creep
test with a single step of loading with a short-term creep
test with many stages of loading is also recommended
[13—15]. The dynamic modulus of polyurethane coatings
was studied using DMA and applying the TTS principle
at varied frequencies and temperatures [16]. Alternatively,
the viscoelastic models are also proposed to describe creep
and stress relaxation properties of polymers, for instance,
the creep behaviour was described by the Burger’s model
consisting of a number of springs (Hooke’s law) and vis-
cous dashpots (Newton’s law) [17]. The stress relaxation
or recovery behaviour of viscoelastic material is widely
explained by the Weibull distribution function. It is used to
estimate recoverable strain upon removal of applied stress
[18]. Researchers have utilized different models such as
Findley and Burger's methods-Weibull parameters to dis-
play theoretical correlation in polymeric materials. A lim-
ited work is published to analyze mechanical deformation
in fabric material under loading conditions [19, 20]. For
example, creep and recovery behaviour in fabric was inves-
tigated by Urbelis et al. under different constant loads.
This model considers both the strains in elastic region and
the plastic region. They also used the viscoelastic model
to display good correlation between experimental data and
theoretical model [21]. Another research group studied
the creep recovery and stress relaxation in carbon fibre

reinforced epoxy composite. Creep recovery and stress
relaxation analyses of these composites were carried out
using the Weibull distribution function [22]. The creep
behaviour of composites based on carbon/Epoxy-fabric
composites has been studied by researchers to replace met-
als for structural applications. The experimental data were
fitted using Findley and Burger’s model [23].

It is identified that creep and stress relaxation deformation
is accelerated at higher temperatures, and the application of
time—temperature superposition has been used to determine
long-term prediction of these properties from short-term
tests carried out over a wide range of varied temperatures.
Most of the published research work is focused on creep
behaviour and stress relaxation using the TTS principle
carried out on polymeric material and composites. How-
ever, fabrics also undergo considerable deformation under
continuous stress with time and temperature. To the best of
the author's knowledge, no study has been published on the
creep and stress relaxation behaviour of synthetic fabrics
that explains the temperature and time-dependent deforma-
tion in the fabric over a wide period using the TTS principle.
Thus, in this work authors have studied creep behaviour and
stress relaxation of different synthetic fabrics viz. polyester
(PET), polypropylene (PP) and Nylon 6,6 (PA) over a wide
service temperature range using the dynamic mechanical
analyser. Time—temperature superposition principle is used
to predict the creep and stress relaxation behaviour at refer-
ence temperature over a wide time scale using experimental
data. Viscoelastic models have been used to show a correla-
tion between experimental and theoretical data.

2 Experimental
2.1 Materials

Three different types of synthetic fabrics, i.e., Polyester
(PET), Polypropylene (PP), and Nylon 6,6 (PA) were taken
to study the creep and stress relaxation behaviour. All fabrics
were plain-woven structures. Nylon and PET fabric were
procured from M/s Kusumgar Corporates, Vapi, India, and
PP fabric was supplied from Ankur Textile Corporation,
Ahmedabad, India. The basic fabric properties of all three
materials are reported in Table 1.

Table 1 Basic fabric properties

¢ e fabric us Fabrics Sample code  Thickness (um)  Aerial density Ends per inch (EPI)/  denier

of all Synthetlc abric used (g/mZ) piCkS per inch (PPI) (g/9000 m)
Polyester PET 260 200 46/42 500
Polypropylene PP 310 220 60/46 500
Nylon 6,6 PA 230 180 50/42 500
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2.2 Dynamic Mechanical Analysis

DMA technique is widely used to analyze viscoelastic prop-
erties (Modulus, creep recovery, stress relaxation) and sec-
ondary transition temperatures (glass transition, B-transition,
O-transition) of polymeric materials as a function of time,
temperature, strain, stress and frequency [24]. This is a tech-
nique that applies an oscillatory force at a set frequency to
the sample and reports changes in stiffness (storage modu-
lus), loss modulus and damping factor. The sample can be
subjected to controlled stress or a controlled strain. Dynamic
mechanical analyser from TA instrument, USA, discovery
series DM A850 was used to carry out creep recovery and
stress relaxation TTS test in tension mode. The TRIOS
software in DMAS8S50 is fully programmed to perform the
TTS test and its analysis. Testing samples with rectangular
dimension of 15X 7.5x0.35 mm? were clamped in the test-
ing platform as shown in Fig. 1.

2.3 Creep Recovery Test

Creep tests were performed by applying stress of 6.5 MPa
which corresponds to about 7% of breaking strength and the
temperature was varied from 35 to 110 °C with an incre-
ment of 15 °C in each step. Creep and recovery time was
set at 20 min (7geep =20 min and ,¢qqvery = 20 min) for each
temperature. The creep strain curve obtained by creep tests
was used for curve fitting and generating the master curve
using the Burger’s model and TTS principle assuming linear
viscoelastic behaviour.

Fig. 1 Tensile fixtures and testing platform for creep and stress relax-
ation tests in DMA instrument

2.4 Stress Relaxation Tests

Stress relaxation tests were also carried out from 35 to 110
°C at 7% strain for each temperature. Similar to the creep
test, stress relaxation time and recovery time was 20 min for
each temperature. Relaxation modulus curves at different
temperatures were used to evaluate stress relaxation behav-
iour and curve fitting was done using the Weibull distri-
bution equation. The master curve was constructed using
the TTS principle. The stress relaxation test considers the
change in modulus and stress with time, while deformation
is maintained constant.

2.5 Mechanical Strength Testing

The breaking strength of the fabric samples was measured
using INSTRON tensile testing machine (Model 5960)
according to ASTM D5035 standard [25]. The machine
measures the force required to break the fabric along with
elongation at break. The samples for tensile testing were
made of dimensions 5 cm x 15 cm. The tensile tests were
carried out using the load cell of 30 kN, the extension rate of
300 mm/min and the gauge length of 7.5 cm. Tensile results
in terms of Breaking strength (N/5 cm) and % elongation
were obtained from force—displacement curve.

2.6 Description of Model

Burger’s model: This model is considered to relate creep
behaviour of viscoelastic materials in linear region. It was
given by the Dutch physicist Johannes Martinus Burger and
it is also known as four parameter model [26]. The burger
model is used to explain the creep-time behaviour of the
polymer composite material. This model is the combined
form of the Maxwell and Kelvin—Voigt model in the series
as shown in Fig. 2. The equation of the Burger model is
derived by the strain under the constant stress for each cou-
pled element in the series. So, the total strain (ep) at time ¢ is
given by the sum of the total strain developed in the Maxwell
model (g, €,y,) and kelvin—Voigt model (), respectively.

(€3 = €r1 + €4y + £) (1

where ez =total strain in Burger’s model, €, and
€y, =strains for spring and dashpot in Maxwell model,
respectively, and e =strain for Kelvin—Voight unit. The
Burger’s model is given by the following equation:

(o 4 o - m
e(t)=—+—t+—l—exp(’/7)>;<1=_> 2
(B £t aitEl ) £) @
where E| and 7, denote the modulus and viscosity of the

maxwell model, 7, and E, denote the modulus and viscos-
ity of the kelvin—Voigt model, respectively. ¢ represents the
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Fig.2 Burger’s model and strain versus time in creep recovery test [26]

loading time and 7 is the total delay time that is used to
produce 63.2% or (1 — exp ~1) of total deformation time in
the kelvin unit. ¢ denotes the initially applied stress over the
polymer material.

Weibull distribution function: The polymeric materials,
undergo creep recovery or stress relaxation with time. The
stress relaxation or creep recovery behaviour of viscoelastic
material is successfully modelled by means of the Weibull
distribution function. The Weibull distribution function is
used to estimate the time-dependent recovery strain in the
polymeric material upon removal of the stress [27]. The
time-dependent stress relaxation is given by the following
equation:

5°
Grel(t) = 00<exp <_ <’1L> > + Uf (3)

where 6,,,(7) is stress relaxation at time 7, 6, and 6, denote
the time-dependent stress and final stress corresponding to
the longest time in the stress relaxation test. p° represents the
shape parameter, and 1 is characteristic life.

2.7 TTS Principle and Construction of the Master
Curve

Time—temperature superposition (TTS) principle is a
tool used in polymer physics to determine the viscoelas-
tic properties of thermoplastic polymers in a broad range
of time and temperatures by shifting experimental data.
Temperature-related material properties, such as creep,

@ Springer

relaxation modulus, loss and storage modulus, flexibil-
ity, and viscosity can be used to predict the viscoelastic
nature of polymers at larger time frame by increasing test
temperature. The creep or stress relaxation curves meas-
ured at different temperatures below and above the refer-
ence temperature are horizontally shifted to the reference
temperature curve until superimposing to form a smooth
continuous master curve as shown in Fig. 3 [28]. The
amount of shifting required for a specific curve is defined
by shift factor (ap). The shift factor is derived by the Wil-
liams—Landel-Ferry (WLF) equation [29].

-C\(T-T,)

| =10
o8 ar C,+(T-T,)

“

where o is the shift factor, C; and C, are the values of the
viscoelastic coefficients that depend on the polymer and the
reference temperature T, and 7 is the testing temperature.
The WLF equation is modelled to explain the time—tempera-
ture superposition more precisely. Thus, the application of
the WLF equation and TTS principle allow the estimation
of the mechanical properties of polymeric materials out-
side of the experimental time scale and allows modelling
prediction of viscoelastic properties of polymeric systems
[30]. This relationship is almost identical for all amorphous
polymers near the glass—rubber transition region. For condi-
tions beyond the glass transition temperature, an Arrhenius
relationship is normally used to describe the dependency of
the shift factor on temperature.
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Fig.3 Short-term creep curves at different temperatures superimposed and translated into a master curve using TTS principle concept [42]
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3 Results and Discussion
3.1 Force-Displacement Relationship

The breaking strength of all fabrics was measured at
room temperature in a universal testing machine and their
force—displacement profile is shown in Fig. 4. Characteristic
results are reported in Table 2. The tensile result obtained for
different fabrics is in agreement with the published research

Table 2 Tensile properties of fabrics used

Fabric Breaking strength (N/5 cm) Elongation
@break
(%)

PET 2420 30.3

PA 2310 40.6

PP 2180 50.4

work [31, 32]. It is observed that PET and PA fabrics show
higher strength. On the other hand, PP has a greater elon-
gation at break, i.e., 50.7% but tensile strength was lower
than PET and PA. Variation in the tensile strength is mainly
attributed to the molecular structure, the presence of chemi-
cal bonds, the orientation of polymeric chains, their crystal-
linity as well as the difference in fabric mass.

3.2 Creep and Recovery Analysis of Fabrics

The creep and creep recovery behaviour of different fabrics
over a varied range of temperatures, i.e., 35 °C to 110 °C
was studied as shown in Fig. Sa—c. The first half (20 min) of
the curve represents creep behaviour (load application) and
change in strain due to creep while the other half (20 min)
represents recovery behaviour (load removal) and the regain
of the strain during creep recovery. The initial stage of load
application represents the elastic stage and then the vis-
coelastic stage and the plateau represent the viscous stage.
When the load is removed, there is a recovery with chain
molecules rearrangement and part of the strain that remains
non-recoverable is called permanent creep [33].

@ Springer
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is observed that when the temperature is increased above T,
initial deformation is higher in all fabrics. PA and PP fabrics
0 showed similar creep behaviour with an increase in tempera-
0 500 1000 1500 2000 ture and creep strain lies between 3 and 8.5% for these two
Time (s) fabrics as shown in Fig. 5a and (c). PET fabric shows very
less creep strain, i.e., 2—4%. For PET and PA, it was noticed
that there is a minimal change in the creep at glassy region
(below 65 °C), however, it becomes significant at rubbery
region (above 65 °C). Nevertheless, owing to lower 7, of PP
= at around — 20 °C, it allows more segmental motion (rubbery
f;_:’ region) during creep test.
@
»
a 3.2.1 Validation of Experimental Data Through
S the Viscoelastic Model
In this study, the creep region of fabrics has been modelled
14 using Burger’s model. All three fabrics were used to vali-
0 i : , [ date creep curves with experimental curve fitting, however,
0 500 1000 1500 2000

Time (s)

Fig.5 Creep and recovery curves of synthetic fabric under applied
stress of 6.3 MPa and different temperatures at 35, 50, 65, 80, 95 and
110 °C for a PA, b PET, and ¢ PP fabrics

In the case of all fabrics, the initial instant increase in
creep strain or primary creep might be attributed to the
de-crimping of yarns in the fabric followed by the stretch-
ing of yarns. The creep is found to be highly dependent

@ Springer

for convenience, creep stage curves of only PET fabric and
model fit curves are displayed in Fig. 6. The curve fitting
at various temperatures and Burger’s parameters collected
in Table 3 are derived using non-linear curve fit in Origin
software. The degree of correlation found is 0.97 which
concludes the good fitting of experimental data over curve-
fitting data (Table 4). The elastic modulus of the spring ele-
ment is represented by E,, in the instantaneous creep strain,
this part is immediately recovered on the removal of stress.
Higher E,, the value represents a more elastic nature in the
material. Moreover, E,, is temperature dependent because
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Table 3 Derived parameters Derived Units 35°C  50°C 65°C  80°C  95°C 110 °C
from Burger mode@ fitting of parameters
creep for PET fabric
E, MPa 3.30 3.14 2.99 2.81 2.60 2.37
E, MPa 70.67 60.41 37.87 22.38 12.72 7.65
e MPa.s x 10° 1.54 1.37 0.98 0.62 0.31 0.09
. MPa.s x 10° 71.31 52.22 36.06 25.15 17.83 15.31
Table 4 Increase in creep Fabric type % Increase in temperature curves along the time axis to oYerlap these curves
strain (%) after long-term creep creep strain in at a reference temperature, thereby extending the short-term
given years at creep data at different temperatures to a larger creep at a longer
35°C time. Generally, some horizontal shifts (o) along the time axis
lyr Syrs 10yrs and a small vertical shift (o) along the creep strain axis are
also required to obtain a smooth continuous master curve [38].
PET 28 34 39 . .
PA 6 50 53 The master curves for different fabrics are generated by super-
imposing all short-term creep curves of different temperatures
PP 108 123 128

the matrix material tends to become softer with the increase
in temperature, which decreases the elastic modulus. E,
is associated to the short-term rigidity of the amorphous
region, which resembles to the retardancy elasticity of spring
components on the Kelvin—Voigt model. #, relates to the
viscosity of spring assembly on the Kelvin—Voigt model.
The ratio of 7, to E, represents retardation time, t. The
retardancy elasticity Ej and viscosity #, presented a simi-
lar dependency on temperature and stress. As soon as the
temperature increases and reaches to the glass transition,
the amorphous region becomes more active and quickly ori-
ented in a short-term period as soon as the stress is applied.
The viscous slippage of the molecules becomes easier to
achieve upon the increase in temperature. Thus, E; and #,
decreased by increasing temperature due to greater energy
absorption by the active polymer chains; consequently, the
stiffness decreases. Another crucial parameter in Burger’s
model is #,, that corresponds to the dashpot component in
the Maxwell model and is associated with the irrecoverable
creep strain, i.e., it is a measure of the amount of the residual
strain left in the specimen after repeated creep and recovery
[9]. This parameter can also be related to the disorientation
of non-crystalline regions. Similarly, to the other Burger's
model parameters, the value of #,, decreases with increasing
temperature owing to the greater mobility of the molecular
chains at higher temperatures.

3.2.2 Construction of Master Curve

The evaluation of creep for a long time is carried out through
the extrapolation of measured data points at shorter time using
the TTS principle. The procedure of time—temperature super-
position involves shifting the measured short-term different

at a reference temperature of 35 °C as shown in Fig. 7. In PET
fabric, a narrow gap is seen between the creep strain curves
up to 80 °C showing a minimal change in creep strain with
time. When the temperature is above T, (80 °C) the distance
between the neighbouring curve increased due to molecular
mobility occurring above T,. After superimposing the creep
strain curves, the creep strain goes from 2.5% to a maximum
of 5%. A small increase is noticed in the trend up to 10® s while
a steep rise is observed in the trend when time increases up to
10'? 5. In the case of PA fabric, the distance between curves
is increased with increasing temperature from 35 to 80 °C,
superimposed creep strain goes from 7.2 to 8.5% as the time
rises to 10” s. It is found that the initial creep strain in PET is
lower as compared to PA due to the higher T}, (78 °C) of PET
than that of PA (55 °C), allowing less mobility in PET fabric.
However, in PP higher creep strain is noticed and gap between
the curves is also more ascribed to its lower T, (—20 °C) which
allows molecular mobility under rubbery region in PP which
increases with increasing temperature and after superimpos-
ing these curves, it exhibits 5 to 8.5% creep strain as the time
increases up to 10'%s,

The WLF equation is used to describe the relationship
between temperature and shift factor (oy). A good linear
relationship between the shift factor and temperature is
shown in Fig. 8. At a particular temperature higher value
of the shift factor corresponds to the noticeable changes in
creep strain with time [38]. Hence, the creep change in PP
is more prominent than PA and PET at different tempera-
ture units as expected by the shift factor and temperature
relationship.

3.2.3 Long-Term Creep Prediction Based on the TTS
Principle

A master curve at a low temperature is usually constructed
over long periods from the results of short-time creep tests

@ Springer
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Fig.7 The creep strain curves at different temperatures are superimposed at the reference temperature (7,.,=35 °C) with extended time scale: a
PET, b PA, and ¢ PP

carried out over a wide range of elevated temperatures.  The long-term life is estimated using the TTS master curve
Accuracy in the derived master curve relies on the shape of ~ for all fabrics used in this study is shown in Fig. 9 and esti-
the curve and the magnitude of the shift factor (ap) thatleads ~ mated creep for 1, 5 and 10 years is reported in Table 4. It
to accurate overlapping of curves at different temperatures.  is found that PET fabric undergoes very less deformation,
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Fig. 9 Master curve and long-time creep strain prediction at 35 °C for
all three fabrics

i.e., only 2.7% creep even after 10 years which corresponds
to a 39% reduction from the initial creep value while PA
gives about 8.6% creep after 10 years which is about 53%
reduction. Moreover, PP shows high creep (7.3%) among all
three synthetic fabrics studied which showed about a 128%
increase as compared to the initial creep value. This finding
confirms that PET fabric has more creep resistance proper-
ties than PA but PP shows poor creep resistance properties.

3.3 Stress Relaxation Analysis of Fabrics

The stress relaxation behaviour of any polymer is non-linear
in nature and it depends upon the temperature and time. The
stress relaxation measures loss in modulus considering strain
as constant by time. The relaxation modulus curves of different

synthetic fabrics studied at temperatures between 35 and 110
°C shown in Fig. 10a—c. For all tested temperatures, the 7%
strain was achieved in a very short time within a few seconds
and then kept constant for 20 min. For all curves, the relaxa-
tion modulus starts at a higher value because the material has
restricted segmental mobility at the beginning (preferably
below T,) and then with time molecular rearrangement occurs
and it relaxes slowly. At constant strain, molecular segment
activated above 7, or by increasing testing temperature leading
to molecular mobility and modulus decreases.

The shape of the resulting curve suggests that all fab-
ric materials act as a thermo-rheological simple material
because the shift factor between neighbouring temperatures
can be determined and a master curve can be obtained by the
horizontal shift of the relaxation modulus curve at a fixed
reference temperature. The relaxation modulus of the PET
decreases from 125 to 30 MPa with increasing temperature
from 35 to 110 °C. Stress relaxation in the glassy region
(T,=78 °C) typically below 65 °C occurs slowly due to
the presence of more frozen-in segments. However, above
the glass transition region (>80 °C) molecular mobility
increases, consequently, the relaxation modulus curve tends
to decrease faster than previous temperatures. PA fabric also
shows a similar trend of reduction in relaxation modulus.
However, PA exhibits a higher value of initial relaxation
modulus of 185 MPa which decreases at a slow rate with
time at 35 °C, Further, as the temperature increases, stress
relaxation occurs due to segmental movement above T,
(>55 °C), resulting in a larger gap between the neighbour-
ing curves. Interestingly, the distance between neighbour-
ing curves was lower in PA than that of PET fabric. Higher
modulus in PA is attributed to the presence of H-bonding
and more crystalline phase than PET fabric [35]. Further-
more, the relaxation modulus of the PP fabric reduced from
210 to 58 MPa as displayed in Fig. 10c. The reduction in
relaxation modulus is quite noticeable because the stress
relaxation in PP is taking place well above the glass transi-
tion temperature (7, = —20 °C) where the chains are quite
free to move and higher molecular mobility is observed. As
a consequence, more loss of relaxation modulus is noticed
at the end of the test as compared to the initial modulus at
the same temperature.

This finding confirms that the stress relaxation in PA is
slower compared to PET and PP which concludes that PA
has greater dimensional stability. However, PP shows the
highest stress relaxation among all three synthetic fabrics
studied.

3.3.1 Validation of Stress Relaxation Data Through
the Viscoelastic Model

The viscoelastic behaviour of polymeric materials with
respect to strain has been described by the Weibull

@ Springer
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Fig. 10 Stress relaxation modulus of synthetic fabrics at 7% strain for
different temperature

distribution model for correlating the stress relaxation of
polymeric materials [22]. All three fabrics are studied to
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Fig. 11 Stress relaxation stage of PET fabric fitted by Weibull Distri-
bution Function at different temperatures

validate stress relaxation curves with experimental curve
fitting, however, for convenience, relaxation modulus
curves of PET fabric and model fit curves are shown in
Fig. 11, which shows the curve fitting at various tem-
peratures and the derived Weibull parameters reported
in Table 5 are calculated using the non-linear curve fit
in Origin 2020b software. The degree of correlation of
the stress relaxation data for PET fabric at different tem-
peratures (35-110 °C) has been found above 0.92. The ¢,
denotes the time—dependent stress and o, denotes the final
stress with time (#) that approaches infinity. In the vis-
coelastic materials, the stress relaxation process is facili-
tated by the temperature. Aforementioned that the stress
relaxation is the time—dependent phenomena where stress
decreases under the constant strain. At the higher tem-
perature, molecular mobility in the polymer chains leads
to decrease in internal stress and increase in stress relaxa-
tion phenomena of the polymer chains. The g, is known
as the shape parameter or Weibull slope. This parameter
represents the failure behaviour of the polymeric material.
If the value of the shape parameter is f; < I that means
failure rate of material decreases with time. If the g, > 1
that means failure rate of material increases with time and
p, = 1represents failure rate of material is constant [39].
Table 5 shows that the value of the g, is greater than 1
which indicates that the failure of the PET fabric takes
place with time. The 7, represents the scale parameter and
sometimes it is also called characteristic life. In Weibull
analysis it is related to the TTF (time to failure). The scale
parameter () is defined as the time at which 63.2% of the
components during analysis will fail [40]. It is observed
that the value of 7, decreased at higher temperatures (e.g.,
110 °C) because the rearrangement of polymer segments
takes place that leads to the failure of the material.



Fibers and Polymers (2023) 24:2195-2207 2205

Table 5 Derived parameters Derived  Units 35 °C 50 °C 65 °C 80 °C 95 °C 110 °C

from Welbul.l Distribution parameters

Function fitting of Stress

for PET fabric at varying o, (MPa)  24.21 28.44 32.67 35.81 38.66 30.51

temperatures s, - 272x1012 2.92%1012  7.14x101 48710 643x10  1.52x10°
s (Min)  1.02x102?  7.31x10""  1.70x10'>  9.14x10'"  8.09x10"  5.09%10?
o; (MPa)  96.47 84.15 69.06 56.25 44.80 37.32
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Fig. 12 Long-term prediction of stress relaxation based on the TTS
principle at 35 °C

3.3.2 Long-Term Prediction of Stress Relaxation Based
on TTS Principle

Figure 12 shows the relaxation modulus master curve at
35 °C reference temperature for all three types of synthetic
fabrics. The process of stress relaxation is accelerated with
the increase in the temperature and shift factor (o). The
shift factor (ap) is defined as the shifting of curves to make
them align with the reference curve. Horizontal shifting of
relaxation modulus curves along the time axis results in the
formation of the master curve for the extended period.

TTS principle helps to study the effect of temperature
and time on the viscoelastic properties. So, in this study
TTS principle is used to construct the master curve for
studying stress relaxation behaviour in different fabrics.
The master curve is used to predict the stress relaxation
behaviour of fabric material for an extended period of
time (Table 6). From Fig. 12, it is observed that PA fab-
ric shows greater dimensional stability and its relaxation
modulus after 10 years decreased up to 55% from the
initial value. Moreover, PET fabric shows a reduction in
relaxation modulus of about 64% in 5 years and around
68% in 10 years compared to the initial value. The PP
fabric has a high modulus initially but as time goes on
its modulus diminishes significantly due to the high

Table 6 Reduction in modulus after long-term stress relaxation

Fabric type % Reduction in relaxation modulus with time
After 1 year After 5 years After 10 years
PA 47 53 55
PET 60 64 68
PP 67 72 75

molecular mobility at a higher temperature, as a conse-
quence, more reduction in relaxation modulus is noticed;
about 72% in five years and about 75% in 10 years,
respectively.

3.4 Influence on True Stress

During the stress relaxation test, the instantaneous stress,
known as true stress, changes due to the relaxation phenom-
enon. Higher relaxation behaviour leads to more reduction
in true stress [41]. Figure 13 shows the change in true stress
with time during the stress relaxation test at different tem-
peratures. At low-temperature true stress value increases
with time due to high initial modulus which restricts any
segmental mobility in fabric material and reduction of the
experimental cross-section area of the testing sample. How-
ever, at higher temperatures, the frozen-in bonds are acti-
vated and segmental mobility is allowed that leads to the
reduction in true stress. In PA fabric, the upward trend of
true stress continues up to 65 °C and the value reaches up to
65 MPa from 42 MPa and then starts decreasing with respect
to temperature. This upward trend is attributed to the high
relaxation modulus of PA and change in the instantaneous
cross-sectional area. However, in PP fabric, the true stress
value increases up to 50 °C and then it decreases with time
as testing temperature increases. Further, upon increasing
the temperature, true stress value decreases with time. Low
initial true stress value is noticed due to the low modulus of
PP as compared to PA and free segmental mobility in PP
chains occurring at the rubbery region. In the case of PET,
the true stress increased only at 35 °C and then continue to
decrease up to 110 °C. This is attributed to the low relaxa-
tion modulus of PET as compared to PA and PP which leads
to less dimensional stability due to stress relaxation. As a
consequence, true stress value decreases. It is also noticed
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Fig. 13 True stress verses time curves of all three fabrics at different
temperatures

that in PET the trend at different temperatures is opposite,
this behaviour might be better explained with further rheo-
logical analysis.

@ Springer

4 Conclusion

In this article, the creep and stress relaxation properties
of different conventional synthetic fabrics were experi-
mentally studied at different temperatures from 35 to 110
°C. The applicability of the TTS principle to the dynamic
viscoelastic properties was also verified. The viscoelas-
tic model, i.e., the Burger model used for creep analysis
complies well with experimental data but tends to devi-
ate from the model at higher temperatures above 95 °C.
This was understood to mean that, when compared against
the effects of temperature and time, the temperature had a
greater influence on the creep behaviour. The creep master
curve constructed against a longer time scale (up to 10'%s)
at 35 °C reference temperature revealed that PET fabric
has a greater tendency to resist deformation over a longer
period of time even after 10 years 39% creep strain was
expected followed by PA (53%) and PP (128%), from their
initial value. The model’s deduced parameters offer insight
into changes that are occurring at the molecular level.

While during stress relaxation, the change in modulus
with time was primarily measured at different tempera-
tures. Weibull distribution function model fits well with
experimental data at all temperatures. Among all fabrics,
PA fabric demonstrated greater resistance towards stress
relaxation and exhibits long-lasting dimensional stabil-
ity owing to its high initial modulus at low temperatures,
which limits any segmental mobility in fabric material.
The master curve was constructed with respect to relaxa-
tion modulus and extended time scale (up to 10° s). It was
found that even after 10 years PA gives about a 55% reduc-
tion compared to 68% in PET and a 75% reduction in PP
from its initial value. Moreover, true stress curves plotted
versus time also confirm that higher true stress value in PA
is pertaining to its higher relaxation modulus.

The dimensional stability, glass transition temperature
and crystallinity of fibre play an important role in deter-
mining the creep and stress relaxation properties of the
fabrics. The focus of the current study's contribution is
on the selection and application of synthetic fabrics to be
used in load-bearing applications. This study could be a
valuable reference work for future studies using synthetic
fabrics.
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