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Different Methods for Developing Relaxation Modulus Master Curves of AP-HTPB
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Abstract: A comparative assessment of three different methods used for estimating and generating the relaxation modulus master curves of ammonium
perchlorate-hydroxyl-terminated polybutadiene (AP-HTPB) solid propellant was carried out. These methods are the Williams-Landel-Ferry ( WLF)
method, the Arrhenius method, and the basic time-temperature superposition (TTS) method. The experimental data of the relaxation modulus for
composite solid propellant were gathered by performing stress relaxation tests at constant strain level 10% for 1380 s at several temperature ( 40,
+20, +76 °C). The procedures and steps for evaluating the three methods was based on the same experimental data obtained for relaxation modulus
to estimate the shift factors and then to generate the master curves of relaxation modulus and finally comparing the best fit method through the deter-
mination coefficient (R?). The corresponding results indicate that the basic TTS method generated the best fit curve relative to the experimental data
because this method is independent of external material constants and empirical equations in its application and it can be generally applicable to any
viscoelastic material. However, in the applications of finite element software, the material constants are usually required to define the non-linear vis-
coelastic material model, in this case, the result of the present work demonstrates that both WLF and Arrhenius methods can produce satisfactory re-
sults, when appropriate constants are used, and the WLF method has proven to be more accurate and would be preferred in finite element analysis of
AP-HTPB solid propellant.
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the behavior of composite solid propellant can be predicted at

1  Introduction different times and temperatures based on a limited set of ex-

The solid propellant exhibits very complicated viscoelastic perimental data. This anticipation is often performed through

behavior and its mechanical properties (the relationship be- basic time-temperature superposition (TTS) principle.

. . . The related publications in the extant literature, primaril
tween tension and stress) and failure mechanisms are really P P Y
. . R concentrate on the application of TTS principle of solid propel-
sensible at the time of application loads, and temperature
. . . lant under different loading conditions. Chyuan analyzed nu-
change. Relaxation modulus is one of the most important me- ) ) ) )
. . . . . . merically the structural integrity of HTPB solid propellant
chanical properties of viscoelastic materials which can be used .
) ) ) ) T grains subjected to temperature loading ', ignition pressuriza-
to simulate the viscoelastic material behavior'''. The master i o ] ) ) o
i ) ) ) ] tion loading'®’, and Poisson’s ratio varies under ignition pres-
curve of the relaxation modulus is defined as the relationship s ] o
; o sure loading ', using a constitutive model based on the relax-
between the relaxation modulus and the reduced loading time . . . .
ation testing that employed the TTS and reduced integration by

using WLF method. B. K. Bihari et al. " used both method

WLF and Arrhenius to determine the activation energy of com-

and it is constructed based on a selected reference temperature
of interest to which all data must be shifted using shift factors.
The shift factor is defined as a unique parameter which takes

posite solid propellant to predict the useful lifetime of solid
into account both the temperature and strain rate effects of the

. propellant. Marimuthu et al. "’ simulated the structural integri-
2

temperature of interest relative to the reference temperature ty of the solid propellant grains under gravity loading and inner

Dependingqi a mastgr Tgive, the mechanical properties and pressure using relaxation tests and the TTS to specify the effec-

tive Poisson’s ratio and Young’s modulus. Moreover, Xu'®
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proposed a new method to get the relaxation modulus of HTPB
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propellants using the TTS in the temperature range of —-50 °C to
+35 °C. John Kim et al. " estimated the master curve of the
relaxation modulus for solid propellant according to the basic
TTS method and WLF method, but without comparison be-
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tween the two methods. Some studies have been focused on
comparing different TTS methods and methods to generate the
relaxation modulus master curve, but using different materials
for example Allex E. Alvarez et al. "' evaluated various meth-
ods and examples that can be satisfactorily applied to get the
relaxation modulus master curves of hot-mix asphalt ( HMA)
by using three methods WLF, Arrhenius, and an optimization
technique with the sum of square error ( SSE) method. How-
ever, there is still limited information available about the
difference between the methods that usually used to generate
the relaxation modulus master curves of solid propellant,
therefore, further researches should be performed to demon-
strate the differences between these methods.

In this work, the specimen preparation and the stress re-
laxation tests at different temperatures are conducted. The three
methods of generating the relaxation modulus master curves
are discussed. Then the best fit model for the experimental da-

ta are presented.
2 Material and Experiment

2.1 Material and Specimens Preparation

The solid propellant used in this research is a heterogene-
ous propellant which consists of solid oxidizer particles ammo-
nium perchlorate (AP) 67% , and metallic fuel particle alumi-
num powder (Al) 18% , dispersing in polymeric binder matrix
(HTPB) forming the rest percentage. These gradients were
mixed together, and then the propellant slurry was cast in spe-
cial molds under vibration and vacuum with internal dimen-
sions of 200 mmx 150 mmx 150 mm. Then the molds are
placed in a large curing oven with temperature controlled at
60 °C, for a total curing time of 240 h. After curing the molds
are cut into sheets with a uniform thickness. And so the test
specimens (shown in Fig. 1) are produced using special cut
press according to Joint Army-Navy-NASA-Air Force Propul-
sion Committee ( JANNAF) standard'"®’, and the dimensions
of the test specimens are illustrated in Fig. 2. The actual thick-

ness of the specimens is 11.04 mm less than the standard one

Fig.1 HTPB solid propellant test specimen

CHINESE JOURNAL OF ENERGETIC MATERIALS

due to some limitation of the sheet cutting machine. As a
quality control step, the produced specimens are checked by a
non-destructive method for voids like air bubbles or micro
cracks by X-Ray to ensure the result of experimental data. Af-
ter that, the accepted specimens were stored in desiccators at
ambient temperature and relative humidity RH < 30%. The
mechanical and physical prosperities of the selected solid pro-

pellant ( measured at room temperature) are listed in Table 1.
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Fig.2 Standard dimensions of the specimen(unit: mm)

SECTION A-A

Table 1 The mechanical and physical prosperities of the HTPB solid
propellant
Young's max. max. density glass transition
modulus stress strain ke - m-? temperature
/MPa /MPa /% g-m /C
3.40 0.724 34.5 1760 -60

2.2 Stress Relaxation Test

To define the behavioral characteristics of a viscoelastic
solid propellant accurately, its responses to an applied load or
displacement must be determined as a function of strain rate,
time, and temperature. These characteristics may be specified
by means of creep or stress relaxation tests. The viscous nature
of the mechanical behavior of a HTPB solid propellant is dem-
onstrated by relaxation test which consists in subjecting a spec-
imen to a constant elongation and measuring the evolution of
the force F(t) versus time, so the stress relaxation describes
the time-dependent change in force due to applied displace-
ment''"
controlled universal test machine (UTM) Zwick Z050 at dif-
ferent temperatures =40, +20 °C and +76 °C for 1380 s by

maintaining constant strain level 10% during the whole time

. The experiments were conducted using a computer

test and the initial tension rate was 10 mm. min™'. Normally
the researchers test the solid propellant specimens from —40 °C
to +50 °C, but we select the high test temperature as +76 °C
according to some engineering applications. Before the experi-
mental tests the specimens are conditioned in an external envi-
ronment chamber for three hours to ensure the thermal equilib-
rium, and also the relaxation tests were conducted in a digital
control environmental temperature chamber with tolerance
0.1 °C of the set temperature point. The stress relaxation test

shall also be repeated to check the result of the deflection su-
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L2 n or-

perposition during the stress relaxation phenomena
der to ensure the consistency of the measured data, every ex-
perimental test was carried out on three specimens in the same
conditions and the mean values of these results were taken as
the final result. From the measured data, the stress relaxation
modulus is calculated as indicated in Eq. (1).

ER(t):% (1)

where E (t) is the time-dependent stress relaxation modulus,
MPa; F(t) is the measured time-dependent load, N; A is the
cross section area of the specimen (A=104.88 mm?) and ¢ is
the applied constant loading strain. The actual value of the ap-
plied strain is 0.098, a little less than 0.1, due to crosshead
speed accuracy of the UTM.

Fig. 3 shows that the trend of the relaxation modulus de-
creases as time increases under various temperatures. The ma-
jor change of the stress relaxation occurs in the first 120 s of
the relaxation time after that the stress relaxation is still decrea-
sing but with very slow rate. Also, it can be observed that the
high effect of the low temperature and time on the stress relax-
ation curves for the composite solid propellant especially at the
initial values, but this effect decreases as the relaxation time
increases. For example, at t=0 s and at a constant strain level
the difference percentage value between the relaxation modu-
lus at —=40°C and +20 °C is 155.7% , while this value at t=
1380 s is approximately 9.5% . These results totally represent
that the current HTPB propellant is a viscoelastic material and

exhibits the dependence of time-temperature behavior.

255¢
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Fig.3 Relaxation modulus at different temperatures and constant strain

level £=10%

3 Methods for Generating the Master Curve

TTS principle has been used to get the master curves for
several mechanical properties such as stress, strain, creep
compliance and relaxation modulus against time or dynamic
modulus against frequency' . The various methods and mod-
els for producing the relaxation modulus master curves are dis-
cussed and evaluated in this section. These methods include
the basic TTS method, the WLF method, and the Arrhenius

method. The major difference between these methods is basi-
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cally in the computation of the temperature shift factors. It
should be emphasized here that the shift factor is the main

driving force in the generation of any master-curve'”’.

3.1 Basic Time-Temperature Superposition Method

To generate themaster curve of the relaxation modulus u-
sing the basic TTS method, it is necessary to plot the log relax-
ation modulus versus log time at different temperatures to ob-
tain the shift factors of each time-temperature as shown in
Fig. 4. The relationship between time and temperature can be

written as the following equations''’ .

Ee(ty, Ty)=E(t,, T))=E(t,,T)) (2)
log t, =log t0+|oga;‘]’ (3)
log t, =log tn+|oga;g (4)

where a;? and a% are the shift factors which can be obtained
from the horizontal shift according to T, the reference tempera-
ture. In the present study, the reference temperature chosen is
20 °C (293 K). Table 2 represents the shift factor obtained at

various temperatures. Fig. 5 shows the TTS using the basic

method.
0.45 ¢ T=-40°C
0.35 n T=+20 C
& 025 A T=+76C
=
& 01 :\’\‘\"‘\'—--...""\
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Fig.4 logE, vs. logt
Table 2 - Shift factors at different temperatures
T/°C loga;
76 -0.354
20 0
—40 0.477
04p AT=40°C
0.3 A ®T7=+20C
La *T=476C

0.2
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Fig.5 Shifting process using the basic TTS method
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A sole curve can be obtained from the above results called
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the master curve, which gives the values of the relaxation
modulus E, against the values of the reduced time &=t/a, for
various temperatures as shown in Fig. 6.
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Fig.6 Master curve using basic TTS method

3.2 The Williams-Landel-Ferry (WLF) Method

The WLF equation is an empirical equation that can be
used to predict the behavior of the viscoelastic properties of the
polymer at a wide range of temperatures. The WLF method is
based on a free volume theory which is related to the macro-
scopic motion of the bulk material, and it is verified at temper-

atures above the glass transition temperature. The WLF TTS

method for calculating the shift factor is shown in Eq.5 ' **
-C,(T-T,)

| et b 5

O8Ir=TC AT, (%)

where C, and C, are the material constants which are non-uni-
versal values, although they vary with the nature of the poly-
mer system''*'. In order to calculate the shift factor at other
temperatures, the material constants must be calculated by the
following method. The linearized WLF equation can be rewrit-
ten as shown in Eq.6 "7,
T _ 1 G
loga, C, C/(T-T,)

According to Eq. 6, if we plot 1/log a, as a function of

(6)

1/(T-T,) we can extract C,/C, from the resulting slope of the
straight line and 1/C, from the point of intersection with Y-axis.
Fig. 7 shows the linear relationship between 1/log a; and

1/(T-T,), from Fig. 7 we can find 1/C, =-0.185 and hence

25¢ y=-1425x-0.185
1 -
$ o5
2 L
JC 7o Y NI T SR S [ S S S RS S S |
20.02 0.1 0 0.01 0.02

11(T-To)

Fig.7 Linearized WLF equation
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C,=-5.4, and also we can find C,/C, =-142.5, so C, =
770.27. Then the shift factor, according to WLF can be calcu-
lated at different temperatures according to the Eq. 4. Fig. 8
shows the TTS using WLF method, and Fig. 9 shows the mas-

ter curve of the relaxation modulus using the same method.

04 o ®T=40C
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Fig.8 Shifting process using WLF method
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Fig.9 Masster curve using WLF method

3.3 The Arrhenius Method

The Arrhenius relationship is verified at temperatures un-
der the glass transition temperature of the material, and the Ar-
rhenius TTS method for shift factor calculation is shown in

Eq.7 7.

1 1
log aT—Ca(T— Tn) (7)

where C, is the material constant that is a function of the activa-
tion energy ( E,) and the universal gas constant (R), C, =
E,/2.303R). Tis the test temperature in K, and T, is the refer-
ence temperature (293 K). To obtain the material constant we
must plot log a; verses (1/T-1/T,) and then the slop of the re-
sulting line will be represent the material constant as shown in
Fig.10, so C,=572.4. Now, the shift factors at different tem-
peratures can be obtained as shown in Fig. 11, and by using
Eq.6 the master curve of the relaxation modulus according to

Arrhenius method can be plotted as shown in Fig.12.
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Fig.10 Linearized Arrhenius equation
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Fig.11  Shifting process using Arrhenius method
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Fig.12 Master curve using Arrhenius method

4 Results and Analysis

The master curves generated based on the basic TTS meth-
od, the WLF method, and the Arrhenius method using the
same experimental relaxation test data presented in Fig. 3 are
plotted in Fig. 13. The plots are for relaxation modulus as a
function of reduced time in the log-log scale. All the curves
are very similar, and this is an indication of the suitability of
these methods for generating the relaxation modulus master
curves of solid propellant. However, it should be stressed here
that generation of satisfactory master curves and its accuracy is
mostly dependent on the following factors:

Experimental test data consistency, which is a function of

different variables, including both the parameters and the set-

Chinese Journal of Energetic Materials, Vol.25, No. 10, 2017 (810-816)

up of the relaxation test, machine vibrations or noises, speci-
men homogeneity and uniformity, specimen fabrication for ex-
ample the dimensions and parallelism of end surfaces of the
specimen, and the variation of humidity conditions.

(2) The behavior of the shift factor variation with temper-
ature.

(3) The condition of the polymeric material state.

(4) The heating rate applied to arrive to the desired tem-
perature.

However, the analysis of the results demonstrated that the
basic method for TTS has the highest accuracy of the relaxation
modulus curve fitting given determination coefficient ( R® =
0.9992), and this is not surprising because this method uses
only the experimental data. Likewise, both the empirical
methods can get acceptable results if appropriate material con-
stants are used in these methods. Table 3 demonstrates the
main statistical factors obtained during calculation of material
constants, and then we can note the effect of these results on
the accuracy of fitting curves. The sum of squared error
(SSE), is a preliminary statistical calculation that leads to oth-
er data values. It is useful to be able to find how closely relat-
ed those values are. The root mean squared error (RMSE) is

the distance, on average, of a data point from the fitted line,

04 ¢
s * Basic method
0.3 F + WLF method
= o02f + Arrhenius method
D;j 5
= 01F
w
g0 F
0.1F
Gl b b b b b b b b b b e s J)

-0.2
1 1214 1618 2 22 24 2628 3 32 3436 38
log((t/ar) /'s)

Fig. 13 Master curve of AP-HTPB solid propellant obtained using the
three methods
Table 3  Statistics of analysis and material constant calculation for

HTPB solid propellant

WLF method Arrhenius method
parameter  —= 54 C,=770.27 C,=572.4
SSE 0.0005247 0.002355
R? 0.9989 0.9932
RMSE 0.00156 0.03431

Table 4 List of analysis and calculated parameters of master curves for

HTPB solid propellant

parameter basic method WLF method Arrhenius method
Ar_40 0.441906 0.431251 0.485892
A7i20 C 1 1 1
Ar,76 C 3.002147 2.851846 3.184198
R? 0.9992 0.9984 0.9974
A fe A www. energetic-materials. org. cn
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measuring along a vertical line. It seems that the data meet
WLF method given R*coefficient (R*=0.9984) , while the da-
ta meet the Arrhenius method given R’ coefficient ( R =
0.9974), less than the WLF one. Compared to the other two
methods, the major advantage of the basic method is that it re-
volves around the actual experimental data without introducing
any external constant when generation the master curve, while
the WLF and Arrhenius methods use already existing empirical
formulas which are dependent on externally determined mate-
rial constants. Table 4 is a summary of the analysis and the
calculated shift factors at different temperatures when genera-
ting the master curves of solid propellant. In Fig. 14, another
type of master curve can be obtained from the previous calcu-
lation shows the relation between the shift factors correspond-
ing to each temperature. It can be observed that the data meet
WLF method given higher R’ coefficient, and also given lower
error than the data meet the Arrhenius method. In order to
simulate the nonlinear viscoelastic behavior of the composite
solid propellant under different loads and conditions using va-
rious commercial finite element codes ( Ansys, Abaqus, Mark,
etc. ), one of the time-temperature dependent shift functions
must be used, and the material constants such as C,, C,, and
C, must be entered as determined by the shift function speci-

fied and selected by the user in the code.

12 f 2=
O R“=0.9993 = Arthenius method

08 F « WLF method
06 F
04 F
02 F
0 E
02 F
04 F

logar

R*=1

_06 I | L l L L | L ! )

100 80 60 40 -20 0 20 40 60 80 100
temperature / °C

Fig. 14  Shift factors corresponding to each temperature

5 Conclusions

In this paper,a series of conventional relaxation tests have
been performed using a universal test machine at a broad
range of temperatures (-40, +20, +76 °C) to evaluate and
get the master curves of the relaxation modulus for AP-HTPB
composite solid propellant as a purpose of reduced time and at
a reference temperature of 20 °C. These master curves were
generated according to three different methods ( the basic,
WLF, and Arrhenius) by using the TTS principle, and then
comparative study was conducted to show the level of accura-
cy for each method. The following conclusions can be drawn:

(1) The basic method is the best method for generating a
fit function for the relaxation modulus master curve followed
by the WLF method and lastly, the Arrhenius method.

CHINESE JOURNAL OF ENERGETIC MATERIALS

(2)The results presented here can be used as a reference
for selecting the appropriate methods for generating the relaxa-
tion modulus master curve of AP-HTPB solid propellant.

(3)Most of the finite element software’s need some mate-
rial constants to define the time-temperature dependent materi-
al method, so the basic method cannot be used alone and
some material constants must be calculated using empirical
formulas like WLF or Arrhenius methods, and between these

two methods, the WLF method would be recommended.
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