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Abstract

The present work aims to study the temperature cycle influence on a gen-
eral viscoelastic (VE) material constitutive response. The time-dependent
behaviour of VE material is modelled by Prony exponential series. A novel
method, providing non-negative Prony coefficients, is used and successfully
validated against various creep and relaxation experiment results. Displace-
ment control experiments (relaxation) are difficult for stiff materials; load
control experiments (creep) are thus performed in general. It is, therefore,
essential to correctly convert creep compliance into relaxation modulus and
vice versa. A correct inter-conversion novel method is thus derived in detail
and successfully validated against various experimental results. A time-
temperature superposition (TTS) is used to obtain a master curve for VE
material by horizontal shift factors. Williams—Landel-Ferry equation con-
stants are computed to obtain VE material properties at any temperature
value within the available experimental range by linearising horizontal shift
factors. The correctness of these constants is validated in a novel manner,
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thus highlighting the limitation of the linearisation process, which is gener-
ally adopted in the literature. The temperature dependence of VE material
is finally coupled with a VE stress update algorithm through pseudo-time
concept (without considering damage and ageing).

Keywords: Williams—-Landel-Ferry constants, time-temperature superposi-
tion, viscoelastic, Prony coefficients, master curve, shift factor.

1 Literature review

1.1 Viscoelastic Material

Viscoelastic (VE) materials show both, elastic and viscous behaviors when
subjected to loading, and their applications are seen in many areas, such as
in rubber, automobile, aerospace, sports equipment, and engineering indus-
tries [1-4]. The study of VE response is also extended in the medical field, as
human skin and bones also show VE behaviour [5, 6], where the stress-strain
relation depends on both, the time and temperature variables. Solid rocket
propellants (SRP) behave as VE materials, and they are designed for a long-
term storage period that exposes them to the local thermal cycles according to
the climate and location [7,8]. The service life of asphalt pavement is usually
significantly affected by the temperature, with a daily variation in thermal
cycle acting as a key environmental factor. High temperature cycle usually
causes fatigue damage, while low temperature often leads to transverse cracks
due to increase in material brittleness [9]. Turbine blades, heat exchanger,
furnace lining, and exhaust systems (using VE materials) also undergo high
temperature cycles during their service life, it is thus highly important to
understand their VE behaviour at different temperatures.

1.2 Prony Coefficients and Inter-Conversion

The material response of VE materials is generally obtained from experi-
ments, such as the relaxation and creep tests that are expressed in terms
of Prony series. Relaxation and creep behaviors are two aspects of the
same material, thus having some mathematical relations between them. This
mathematical relation [4, 10], between creep and relaxation, allows their
inter-conversion (creep compliance to relaxation modulus and vice versa).
The necessity of inter-conversion method also arises, as it is not always
possible to perform all the experiments to get the material behaviour. It is
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sometimes difficult to do the strain control experiment, i.e., relaxation test
for stiff material, whereas the stress control experiment (creep test) becomes
convenient. In such cases, the relaxation function can be obtained from the
creep test by inter-conversion method.

1.3 Time-Temperature Superposition

The VE material shows time-temperature equivalence, i.e., the VE behaviour
at one temperature can be related to that at another temperature by a change
in the time scale [11]. The time-temperature transformation is thus done
by a horizontal shift factor plotted on a logarithmic scale. The resulting
curve (at a reference temperature), superimposing the results at different
time and temperatures, is called the master curve. The Williams—Landel-
Ferry equation (see [12]) gives a mathematical relation between the shift
factor and temperature. The importance of master curve can be understood
in many aspects. It is difficult to have a long-term test data of VE material,
as testing would take a long time, and it may also affect the manufacturing
process. Testing of VE material can be done at multiple test temperatures
for a short time period, instead of doing the test at a particular temperature
for a long time. The long-term behaviour of VE material can be predicted
or interpolated, at different temperatures, from test results by the time-
temperature superposition (TTS) principle. The behaviour of VE material can
be predicted, at different times and temperatures, from the master curve (time
range in which the experimental data is available), thus employing a limited
set of experimental data [13, 14]. Several studies have done in the literature to
obtain a master curve providing a long-term VE material response and finding
WLF constants. It is though observed that the obtained WLF constants are not
further verified while obtaining the appropriate VE material behaviour at any
random temperature, which becomes important sometimes, as demonstrated
in the subsequent sections.

1.4 Motivation

The first motivation of present work is to provide a simple process to shift
VE material behaviour to a reference temperature while obtaining the master
curve. The master curve is then validated against the available long-term
experimental material behaviour. The second motivation is to verify WLF
constants with experimental behaviour, so that WLF constants can be further
used to obtain VE material behaviour at any temperature.
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1.5 Novelties and contribution

A simple process, to obtain the master curve and WLF constants, is firstly
proposed such that proper shifting of VE material response is achieved.
The proposed approach is further validated against the available various
experimental results in the literature. The proposed approach is then secondly
coupled with VE material stress update formulation incorporating the TTS.

This paper is organized as follows. A brief description of Prony fit and
inter-conversion of VE material properties is given in Section 2.1. A simple
method is described in detail to obtain the master curve by TTS in Section 2.2.
The WLF equation and how to obtain WLF constants are explained in
Section 2.3. The numerical details to obtain stress in pseudo time is given
in Section 3. The results and validation with the experimental data are finally
presented in Section 4.

2 Theoretical Formulations Description

Various formulations, required in the present work, are given in this section.

2.1 Prony Fit and Inter-Conversion

The relaxation experimental data can be fitted in Prony series as
N
E(t)=Esw+» Eje (1)
i=1

where F(t) is the relaxation modulus function of time ¢, N are total Prony
series terms, E, is the long-time equilibrium modulus (as ¢t =~ ©0), and E;
and 7; are i*" values of Prony coefficient and relaxation time, respectively.
The creep response, similar to the relaxation, can be fitted in another Prony

series as
M

D(t)=Do+ Y Dj(1—e /) 2)
j=1
where D(t) is the creep compliance function of time ¢, M are the number of
Prony terms, Dy is a compliance at ¢ — 0, and D; and 7); are 4 values of
Prony coefficient and creep parameter, respectively. The correlation between
relaxation and creep response is given as

/0 E(t—¢)D(C)d¢ = h(t) or /0 D(t— Q) E(Q)dC=h(t) ()
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where h(t) is a convolution function. Two extreme points, initial time (¢ — 0)
and long-time (t — o0), are given as

E0)D(0)=1 and FE(c0)D(x)=1 4)

where inverse relation exists. The mathematical relations, given in Equa-
tions (3) and (4), allow the inter-conversion process. If one of the material
responses is known in the time-space, the other response can be computed by
solving Equation (3) [10].

2.2 Construction of Master Curve

The literature [13, 14, 16], available to the authors, is not very clear about the
possible steps involved in the construction of VE material master curve, even
though it has been used by many researchers for a very long time. The steps
involved in the construction of VE material master curve are thus explained in
details in this section, resulting in a physically realistic master curve, to give
a better clarity to the readers. It is important to note here that the temperature
T is kept constant during the relaxation (or creep) experiment, such that the
obtained response curve corresponds to the temperature 7'. It may be possible
that the temperature 7" may be changing with time ¢ during the relaxation (or
creep) experiment, which may not serve as a right input experiment while
computing the horizontal shift factors in this section (and the subsequent
computation of WLF equation constants).

Relaxation or creep experimental data are generally distorted, noisy, and
duplicated; it is thus necessary to find the respective Prony series coefficients
and plot smooth curves for relaxation or creep test for each temperature
before proceeding any further (this step also helps in parametrization of all the
curves rather than dealing with the raw data). We then choose a reference tem-
perature, preferably in-between the available experimental temperature range,
to get a more accurate master curve at the chosen reference temperature. The
master curve is obtained by horizontally shifting the experimental material
response curves to the chosen reference temperature in the logarithmic time
scale. It is always likely that the relaxation curve goes from bottom to top
(along the y axis values) in the logarithmic scale as the temperature decreases
(violation of this condition imply that the experimental results are either
not correct or VE material of interest may not be obeying time-temperature
superposition principle), as seen in Figure 4(a) [same value of relaxation
modulus is reached sooner in time at high temperature comparing with the
low temperature, which is a classical thermo-rheologically simple (TRS)
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material behaviour]. The creep compliance curves demonstrate an inverse
behaviour as seen in Figure 6(a). The relaxation response curves, above
the reference temperature, are thus shifted towards the right, and below the
reference temperature, are shifted towards the /eft while obtaining the shift
factor log{a[T'(t)]} = log(t)|r — log(t)|r,,,, where T" and T, are any
general- and reference temperature values, respectively, and all the response
curves are converted to logarithmic scale. Consider the starting data point of
response curve at temperature 7' if T' > T’ is true, and consider the last data
point of response curve at temperature 1" if T' < T is true while computing
the shift factor log{a[T'(¢)]}.

Suppose there are three relaxation curves (in logarithmic scale) at the tem-
peratures 10, 20, and 30 degrees, and 20°C is taken as a reference temperature
(Tyef = 20°C). Consider the last data point on 10°C curve [log(t)|10] and hor-
izontally project it on the master curve (at 20°C) to obtain log{a[T'(¢)]}|10°-
There may or may not be any valid data point on 20°C curve (during hor-
izontal projection process), corresponding to the ending data point of 10°C
curve, then one can use an interpolation to obtain log(t)|r,,, (else sometimes
extrapolation is required if the projected point on the reference temperature
curve is going beyond the reference curve range). Now, consider the first
data point on 30°C curve [log(t)|30°] and horizontally project it on the master
curve (at 20°C) to obtain log{a[T'(¢)]}|30°. One can again use interpolation (or
extrapolation) while obtaining log(t)|7,, ; In the horizontal projection process
of shift factor log{a[T'(t)]}|30° computation.

The flowchart, to compute the shift factor for a response curve at any tem-
perature, is given in Figure 1 (All the response curves and shift factors are in
the logarithmic scale). Similar procedure is applicable for both, the relaxation
and creep, curves. Physically shift all the response curves horizontally at the
reference temperature once all the shift factors are computed thus resulting
in a single curve, the master curve, describing the long-term VE material
behaviour at the reference temperature.

The computed shift factors are also used to obtain WLF equation
constants in the following section.

2.3 WLF Equation Parameters Computation

WLF equation is an empirical relation that relates to TTS principle by shift

factor as [11]

_ =G [T({) = Trey]
Ca + [T(t) = Trey]

log{a[T ()]} (5)
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= polyfit ( ter, Ewer, 2);
x_tmp = roots ( (1), (2), {(3) - E)
X_tmp =x_tmp (2);

Figure 1 Flowchart to compute the horizontal shift factor in linear VE materials (TRS
materials).

where log{a[T'(t)]} is a shift factor, which is a function of temperature 7'
(T itself may be a function of time t). The variables, C'; and Cs, are WLF
constants that need to be determined from the shift factors obtained by TTS
principle. The response curves, for at least three different temperature values,
are required while computing C and Cs in Equation (5). The WLF equation
constants are obtained by linearising Equation (5) as

1 1 Cy

oga(T) ~ Ci i (T - Ty) ©

where an inverse is taken in Equation (5), and the terms are simplified (7 is
used, without using time ¢, for the sake of simplicity). The Equation (6) is
in the form of a straight line, y = mx + ¢, where, y = [1/loga(T)], slope
m = (—C3/C1), x = [1/(T — Tyef)], and the y axis intercept ¢ = (—1/C1).
The material response curves, corresponding to at least three different temper-
ature values, are required to ensure that at least two shift factors are known
to obtain two WLF constants from Equation (6) (minimum two points are
required to obtain a straight line). Plot Equation (6) using known shift factors
(as explained in the previous Section 2.2), and fit a straight line by least square

minimization. The slope m and y axis intercept ¢ can be used to obtain C
and Cb.
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The WLF constants can also be obtained directly by MATLAB® com-
mand fittype employing Equation (5), which fit the results in the least square
manner. It is though noticed that C; and Cy constants obtained by Equa-
tion (6) predict the stress response better than the ones obtained by fittype
command employing Equation (5).

2.4 Pseudo Time Introduction in VE Material Stress Update
Process

It is assumed in TRS VE materials that the temperature dependency is only
through the relaxation time 7; as [11]

T (Tre f )

(1) = =7 (7)
where 7;(Tcf) and a(T) are the relaxation time at reference temperature T.f
and the shift factor corresponding to temperature 7', respectively [computed
as described in Section 2.2 or by Equation (5)]. The objective of using Equa-
tion (7) is that the temperature-dependent elastic Young’s modulus E(t,T),
given in Equation (1), can be directly computed by Fy, F,, and 7; at the
reference temperature T}.r (Ep = Eoo + Zfil FE; att — 0). It is thus not
required to compute Prony parameters at every temperature 7' as long as the
reference temperature 7}, values are known. This statement will be explored
more in details in the results and discussion section (Section 4). The modified
Equation (1) is given as

t

n n
__ &
E(t,T)=Fx + ZEZ e M =FE+ ZEZ e Ti(Tref) 8)
=1 i=1

where £ is a modified time called pseudo time given as

§=a(T)t ©)

It can be seen from Equation (8) that a(7e) = 1 resulting in E(t, Tyer).
The Equations (8) and (9) are only correct when the temperature 7" remains
constant during the whole experiment. The temperature usually varies in real
applications, the pseudo time is thus expressed in the integral form as

0 = [ e (10)



Influence of Thermal Cycle on Viscoelastic Material Response 435

where T'(t) represents the temperature function (of time t), and ¢ is a dummy
time variable. The detailed discussion of coupling Equation (10) with VE
stress update, given in Equation (12), is given in [11] (pseudo-time integration
when temperature 7" is a function of time ).

2.5 VE Material Stress Update

When the temperature effect is not considered, the constitutive response of
linear VE material is generally given by a generalized Maxwell model with
N Maxwell elements as [11]

N ot
o(t) = Exo €(t) + Z/ E e =9/ ¢(s) ds (11)
—Jo

where o is the stress, € is the total strain and € is the strain rate. The stress is
given, including the temperature effect, as

Nt
o(T) = Baoct) + 3 / Bie-@9/D ¢(s)ds  (12)
i 0

where 7;(T') is given by Equation (7).
The numerical implementation details of the presented formulation are
briefly discussed in the next section for the sake of completeness.

3 Numerical Integration

A discretized time step At, in the interval [¢,,, t,,11], is introduced in Equa-
tion (11), and the strain rate is replaced as ¢ = (Ae/At). The integral part of
Equation (11) can be given as [11]

tnt1 lpyi1—tn _ At
/ E;e i édt = B; Ace 2 (13)
tn

The recursive internal history variable, by Equation (13), can be given
as [11]

_At _ At
Hi(tn_;_l) =e i Hi<tn) + E; Aee 27 (14)

The stress, in Equation (11), is finally given in the discretized form as [11]

o(tny1) = Esole(tn) + Ac] + Z Hi(tni1) (15)
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The history variable in terms of pseudo time is given as [11]

Agq

_Ag __ 2
Hi(tws1) =€ = Hy(ty) + Bi Aee” 7 (16)

where A£ is pseudo time increment given as

E(brsr) = /Ot"“ o[T(D)] dE = £(tn) + a [T (;(tn+1 + m)] At =

A =a {T <tn+A2t)] At

(17)
and A& /2 is mid-point pseudo time increment given as
tnt1 At\] At
A, = / o[T(1)] dt = a [T <tn + 34” = (18)
t

n+%

The shift factor a(T") can be computed by Equation (5) after obtaining the
constants C7 and Cs as discussed in Section 2.3.

If temperature 7' is constant during the experiment, the stress update is
performed by Equations (13)—(15) using Equation (7) and employing all the
material properties at the reference temperature 7. in Equations (13)—(15).
If temperature 7' is varying with time ¢, the stress update is performed by
Equation (15), where H;(t,+1) is computed by Equations (16)—(18) and
employing all the material properties at the reference temperature 7). in
Equations (15)—(18). The stress update procedure is consolidated in Box 3.1
for a quick reference.

Box 3.1 VE material stress update steps
Given: initial values, to = 0, H;(to) = 0, €(to), Ae or Aé, At, T'(t), WLF constants, Ter
and material parameters
step 1: compute current strain and current time ty4+1 = tn + At, €(tnt1) = €(tn) + Ae (for
Aé, Ae = AéAt)
step 2: compute pseudo time increment and mid-point pseudo time increment as Equa-
tions (17) and (18)
step 3: compute history variable H;(tn+1) by Equation (16)
step 4: compute stress o (t,+1) by Equation (15)

The numerical implementation results, of the presented formulations, are
discussed in the next section.
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4 Results and Discussion

Curve fitting, for relaxation modulus and creep compliance, is done ensuring
non-negative Prony series coefficients, and is validated against the experi-
mental data taken from [10, 14] as shown in Figures 2(a) (relaxation fitting)
and 2(b) (creep fitting). The inter-conversion method, given in Equation (3),
is validated with the experimental result ( [15]) as shown in Figure 3(a) by
following the steps mentioned in Figure 3(b).

The master curves, for relaxation response, are shown in Figures 4 and 5,
and for creep response in Figure 6. Experimental VE material response (
[13]), in logarithmic scale, is shown in Figure 4(a), where 0°C temperature
is taken as the reference temperature. The responses, at temperature higher
than 0°C, are thus shifted rightward, and the responses, at temperature lower

2.5 - = =Relaxation (Prony fit) Py T o
— Relaxation (Experimental dats < —Creep(Prony i
~ Relaxation (Experimental data) & 10-4 Lo o [Bradshaw and Brinson (1997)]
) =
& 2 &
= )
g 2
£ 1.5 s
g = 107°
g )
) S
= -
1 g
&107°
O
100 lo2 104 10710 10° 1010
Time (s) Time (s)
(a) (b)

Figure 2 Prony fit to experimental data: (a) relaxation Prony fit [14], and (b) creep Prony
fit [10].

10°
& 10™ -
& 10° =
<) =3
o =
Z g
g 10 s g
g 1070 &
Z 10° 10710 & » ((Relaxation Modulus'
i < &>\ (Prony coeflicients)
= &) 3y 4 jon
~ O < ers"
¢ > “o\
A ot

- . 1071 e Creep compliance \Urve ﬁ";“ Creep compliance
- . (Experimental data) (Prony data)
Time (s)

(a) (b)

Figure 3 Inter-conversion of material behaviour: (a) inter-conversion Prony fit [15], (b)
inter-conversion process.
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Figure 4 Time-temperature superposition [13]: (a) relaxation modulus at different temper-
atures, (b) master curve, (c) shift factor parameters, and (d) shifting master curve to other
temperatures.

Table 1 WLF constants obtained as discussed in Section 2.3
WLF Constants  Corresponds to [13]  Corresponds to [14]  Corresponds to [16]
Ch 12.53 -5 9.58

C> (°C) 293.31 —124.25 80.17

than 0°C, are shifted leftward (explained in Section 2.2). The shifted curves
are then fitted in a cubic polynomial to get the master curve as plotted in
Figure 4(b) ( [13]). It is seen from Figure 4(b) that the long-term material
behaviour is captured successfully by the proposed approach and successfully
validated against the experimental results in [13]. The shift factors obtained
are further fitted in Equation (6) through a least square approach, as shown
in Figure 4(c), to obtain WLF constants. The slope and y axis intercept
in Figure 4(c) gives WLF parameters at the reference temperature (0'C) as
given in first column of Table 1. The correctness of WLF constants is further
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verified by shifting the master curve, at reference temperature (0°C), to other
known temperature values as shown in Figure 4(d). The idea is that by shifting
the master curve to any other temperature employing WLF constants, the
actual experimental curve should overlap with the shifted master curve at
that corresponding temperature (shown in Figure 4(d)). It can be observed
in Figure 4(d) that the short-time experimental response overlaps with the
shifted long-term response thus demonstrating the correctness of obtained
WLF constants by Equation (6). There is a slight variation in the shifted curve
and experimental curve at —60 C temperature, as seen in Figure 4(d), due to
a slight variation in the experiment data itself as seen in Figures 4(a) and 4(b).

A similar master curve computation process is performed (Figure 5(b))
employing another set of relaxation experiment data as given in [14], where
20°C is taken as the reference temperature (Figure 5(a)). The WLF parame-
ters, corresponding to reference temperature 20°C are given in second column

——T=-50"C 1
——T=-35°C

Master curve
< - - —Experimental data

log[£(t)]

-4 -2 0 2 4 6
log(t/ar)

(b)

—e—MC->T=20°C
——MC->T =35 C
—e—MC -> T =50"C

1/logla(T")]

-0.04-0.02 0 0.02 0.04 0.06 -5 0 5 10
/(T — They) log(t)
(c) (d)

Figure 5 Time-temperature superposition [14]: (a) relaxation modulus at different temper-
atures, (b) master curve, (c) curve fitting to compute shift factor parameters, and (d) shifting
master curve to other temperatures.
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Master curve

log{D(#)]

1/log[a(T)]
log(D(1)

Zo.2 0.1 0 0.1 0.2 -2 0 2 4 6
1/(T — Trey) log(t)

(c) (d)
Figure 6 Time-temperature superposition [16]: (a) creep compliance at different tempera-

tures, (b) master curve, (c) shift factor parameters computation, and (d) shifting master curve
to other temperatures.

of Table 1. It is important to note here that the shifted master curve does not
overlap with the experimental response at few temperature values as seen
in Figure 5(d). This is happening because, WLF parameters are obtained by
approximated straight line fitting (Figure 5(c)), and they may not reproduce
all the actual experimental responses.

The master curve process is also verified for a creep response behaviour,
as given in [14], where the reference temperature is taken as 35°C, corre-
sponding WLF parameters are given in third column of Table 1 and the
results are plotted in Figure 6. Figures 4(b), 5(b), and 6(b) thus show long-
term behaviour of VE material through the master curve, and Figures 4(d),
5(d), and 6(d) show that an approximate VE material behaviour, at any other
temperature, can be obtained by TTS and WLF equation.

The stress update (without accounting hidden damage) with pseudo time
concept, as explained in Section 2.4, is validated against data given in [14],
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Figure 7 Validation of VE material stress update with pseudo time for data given in [14]:
(a) strain rate 0.005498/s, (b) strain rate 0.02568/s.

and the results are shown in Figures 7(a) and 7(b) for strain rate 0.005498/s
and 0.02658/s respectively. The correctness of WLF equation parameters is
also verified through stress update with pseudo time. The experimental stress,
as given in [14], is available at 20°C (probably hidden damage starts evolv-
ing after 0.2 strain). The 20°C is considered as the reference temperature,
and the corresponding master curve is obtained, as shown in Figure 5(b),
with the corresponding Prony fit data. The VE material stress update, by
Equations (13)-(15) and employing all the material properties at 20°C in
Equations (13)—(15), is plotted in Figure 7.

The master curve, at 20°C, is then shifted to other temperatures separately
(—20°, 0°, 35° and 50°C) computing shift factor by Equation (5) using WLF
constants by Figure 5(c). The other temperatures (—20°,0°,35° and 50°C)
are then treated as reference temperature (separately), and Prony coefficients
are then computed at those respective temperatures. The stress at 20°C
temperature is then computed by Equation (15), where H;(t,,+1) is computed
by Equations (16)—(18) considering a(7") constant (temperature not varying
with time), and all the plots are shown in Figure 7. It can thus be seen in
Figure 7 that the stress o at 20°C is well captured up to the damage point
(0.2 strain) by TTS application. It is though seen that there is a little variation
in o beyond € ~ 0.3 which could be due to the fact: (1) small deformation
assumption becomes invalid and (2) there is a small variation between actual
a(T') (from experiment) and a(7") computed by WLF equation parameters.
The WLF parameters are still approximated by curve fitting (Figure 5(c)),
one has to use them carefully while computing the shift factor.

The variation in ambient temperature, in different seasons, is given in [7],
where SRP samples, having hydroxyl terminated poly-butadiene (HTPB), are
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Figure 8 (a) Variation of ambient temperature in a 24 hours day [7], and (b) variation of VE
stress corresponding to the ambient temperature.

stored. This temperature variation is fitted in curves to obtain the temperature
variation as shown in Figure 8(a). The stress evolutions (computed by Sec-
tion 3), corresponding to different temperature profiles, are obtained by the
properties at reference temperature 20°C ( [7]) and plotted in Figure 8(b).
It can be observed from Figure 8 that the stress variation changes with the
changes in the ambient temperature, i.e., larger value of ambient temperature
gives less stress. This happens due to a decrease in the stiffness at higher
temperature with reference to the reference temperature (e.g., Figure 5(a))
resulting in lower stress value. This verification case also demonstrates that
the response of VE material can be obtained for a temperature variation (by
pseudo time concept) knowing the properties at a reference temperature.

4.1 Influence of Thermal Curing Cycle on NEPE Propellant VE
Stress Response

A temperature cycle, corresponding to a typical epoxy material (for an
illustration purpose), is considered [17], and a constant strain rate € = 5.498
10~* s~ ! is applied to compute VE stress in nitrate ester plasticized polyether
(NEPE) propellant. Two thermal cycle profiles, as shown in Figure 9(a),
are considered during the curing process, and the corresponding VE stress
evolution with time is shown in Figure 9(b). It is seen in Figure 9(b) that
(1) VE stress decreases with an increase in temperature, (2) stress curve slope
increases with a decrease in temperature, and (3) constant temperature cycle
results in an uniform increase of VE stress. This result indicates that VE
material stiffness decreases with an increase in temperature and vice versa.
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Figure 9 Influence of thermal curing cycle ( [17]) on NEPE propellant stress: (a) variation
of temperature in a curing cycle, and (b) variation of VE stress at é = 5.498 x 10~ %/s [14].
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Figure 10 Influence of thermal cycle on asphalt concrete: (a) temperature profiles in a day,
and (b) variation of VE stress at ¢ = 4.26 x 1075/s [18].

4.2 Influence of Thermal Cycle on Asphalt Concrete VE Stress
Response

Influence of thermal cycle on asphalt concrete stress evolution is now studied.
Asphalt concrete is usually exposed to the temperature variation in a day as
well as during season changes. The WLF constants, corresponding to NEPE
propellant [14] (given in Table 1), are adopted here for asphalt concrete,
for illustration purpose, in an absence of experimentally calibrated WLF
parameters for asphalt concrete. The temperature profiles, experienced by
an asphalt concrete, are shown in Figure 10(a), and the corresponding VE
stress evolution is depicted in Figure 10(b). Decrease in the temperature
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Figure 11 Influence of thermal cycle on HTPB propellant stress: (a) variation of temperature
over 24 hours, and (b) variation of VE stress at € = 0.5 X 10~ %/s [19].

results in an increase in VE stiffness resulting in an increase in the stress,
and vice versa, as seen in Figure 10(b), when the profile 1 result is compared
with the constant temperature profile result (profile 3). This is expected
because of an inverse relation between VE material relaxation modulus and
temperature, as illustrated in Figure 5. It is also understood from Figure 10
that asphalt concrete becomes more stiffer, at lower temperature, resulting in
lower compliance leading to high stress values. In contrast, high temperature
phase of cycle results in decrease in the material stiffness, thus faster stress
relaxation.

4.3 Influence of Thermal Cycle on HTPB Propellant Stress
Response

The influence of thermal cycle on HTPB propellant stress response is now
studied considering a temperature evolution over 24 hours against a con-
stant temperature as shown in Figure 11(a). The WLF constants, for HTPB
propellant, are obtained from the shift factors provided in [19], and the
corresponding stress response is shown in Figure 11(b). It is again seen
that the stress response, under cyclic temperature conditions, deviate from
the constant temperature case due to the continuous change in the material
relaxation behavior with the temperature.

5 Conclusion

Prony series fit is successfully done for relaxation and creep behaviour
of VE material and is validated against the experimental results available
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in literature. The inter-conversion of VE material behaviour is also suc-
cessfully validated against the experimental results. A simple process to
obtain an appropriate shift factor is proposed, and the same is validated
against experimental results. The WLF constants are obtained and verified
for known temperature to ensure that these constants can later be used to
obtain VE material response at any general temperature. The stress update
algorithm is coupled with the shift factor to capture the temperature effect
on VE stress update. The incorporation of time—temperature superposition
principle, through the shift factor, enables the presented model to account
for the temperature-dependent relaxation behavior of viscoelastic materials
within the stress computation framework .The effect of temperature cycles
on the stress response is demonstrated through different types of VE mate-
rials (NEPE propellant, asphalt concrete, and HTPB propellant) subjected
to various thermal cycles. The results show that the temperature variation
significantly influences the stress evolution due to the changes in material
stiffness and relaxation characteristics.

The proposed work will be extended in future coupling VE material
stress update with an energy-based damage evolution while capturing fatigue
response of VE material.
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