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Influence of prestrain on mechanical properties of highly-filled elastomers:
Measurements and modeling

Anders Thorina, Aurélie Azouga, Andrei Constantinescua

aLaboratoire de Mécanique des Solides - CNRS UMR 7649, École Polytechnique, 91128 Palaiseau Cedex, France

Abstract

The prestrain influence on properties |E⋆| and tan(δ) of four different HTBP composite propellants has been mea-
sured by Dynamic Mechanical Analyses (DMA). The non-linear behaviour observed has been modelled using a mod-
ified generalized Maxwell model. In order to describe the non-linearity, prestrain has been introduced as a variable of
the stiffness of each Maxwell element using simple relations with two parameters. An algorithm was implemented to
identify those parameters from the measurements. This paper presents the experimental results and the identification
of the modified generalized Maxwell model parameters, as well as the simulated results. The influence of the relative
weight between |E⋆| and tan(δ) in the optimization process is exposed ???. It is shown that the dependence of the
dynamic modulus on the uniaxial prestrain of the studied composite propellants can be described with few Maxwell
elements and yet good accuracy.
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1. Introduction

The modelling of the nonlinear viscoelastic mechan-
ical behavior exhibited by these materials is either phe-
nomenological (1; 2; 3) or requires a high level of homo-
geneization and numerical implementation (4; 5; 6; 7; 8).

A particular experimental procedure is used, super-
imposing a tensile prestrain with small strain oscillations.
This procedure has been previously discussed on unfilled
rubber in tensile mode (9; 10), on filled elastomers with
carbon black or silica fillers in tensile and shear mode
(11; 12; 13; 14; 15; 16; 17) and on highly-filled elastomers
in torsion mode (18).

Model for influence of prestrain on DMA results,
Morman, Lion, ??

Composition of tested materials is presented in sec-
tion 2. Section 3 describes experimental procedures. In
section 4, the model of the non-linear behaviour is ex-
posed and applied to the materials of section 2. The re-
sults and possible improvements are discussed.

2. Materials ??? (Aurélie a enlevé ce titre)

The four materials studied here are solid propellants,
which are highly-filled elastomers. The materials differ
from each other in filler fraction, NCO/OH ratio and plas-
ticizer content as described in table 1.

Fillers are constituted of ammonium perchlorate and
aluminium particles. The filler fraction varies between
86%wt and 90%wt. The binder is based on hydroxy-ter-
minated polybutadiene (HTPB) prepolymer cured with

a methylene diicyclohexyl isocyanate (MDCI). The quan-
tity of MDCI compared to the quantity of polymer intro-
duced is reflected by the NCO/OH ratio, which evolves
from 0.8 to 1.1. The plasticizer introduced is dioctyl aze-
late (DOZ) molecules. Plasticizer content lies between
10%wt and 30%wt of the binder. The materials are ther-
mally cured for 2 weeks at 50 ◦C.

Material Filler fraction NCO/OH Plasticizer
(%wt) ratio (%wt binder)

A 86 0.80 10.0
B 88 0.80 22.5
C 88 0.95 30.0
D 90 1.1 10.0

Table 1: Materials studied

3. Experimental characterization

3.1. Experimental procedure

Dynamic Mechanical Analysis (DMA) experiments are
achieved using a Metravib Viscoanalyseur VA3000. The
experimental procedure consists in superimposing a ten-
sile prestrain and a sinusoidal strain. The total strain is

ε(t) = ε0 + εa sin(ωt), (1)

where εa = 0.01% and ω = 2πf . The frequency f is fixed
at 5Hz. The tests are performed at room temperature. Dif-
ferent levels of prestrain ε0,i are reached as illustrated on
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figure 1, from 0.01% to about 10%. In some cases, final
failure of the specimen is reached at lower prestrain than
10%.
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Figure 1: Schematic representation of the strain history during a
prestrained DMA experiment

Norm of complex modulus |E∗| and loss factor tan δ
are measured (??? define complex modulus???). The stor-
age and loss moduli E′ and E′′ are deduced from these
measurements using equations (2) or (3). EST-CE QUE E’
ET E” NE SONT PAS TOUJOURS POSITIFS ???

E′ = |E∗| cos δ, E′′ = |E∗| sin δ, (2)

or their inverse relations

|E∗| =
√

E′2 + E′′2, tan δ =
E′′

E′
. (3)

The storage modulus E′ quantifies the elastic part of the
behaviour while the loss modulus E′′ corresponds to the
quantity of heat dissipated by friction between polymer
chains during a strain cycle (19).

3.2. Results and discussion

The aim is to determine the influence of prestrain on
the viscoelastic behaviour, quantified by the parameters
(|E∗|, tan δ) or equivalently (E′, E′′). All propellants ex-
hibit a three-phase behaviour: a linear domain, a transi-
tion phase and a nonlinear domain (???is the transition
phase linear???), as shown on figures 2 and 3. The lin-
ear domain corresponds to the plateau at low prestrain
where the viscoelastic properties do not evolve according
to prestrain ε0. The transition phase appears at a prestain
of approximately 1% and a nonlinearity threshold is ob-
served. Finally, the nonlinear domain is the part of the
curve where the viscoelastic properties evolve linearly with
the logarithmic prestrain. In the nonlinear domain, stor-
age and loss moduli E′ and E′′ increase as prestrain ε0

increases.
The measurements obtained for materials A to D show

that material composition has a great influence on linear

and nonlinear behaviours. The values of the moduli E′

and E′′ in the linear domain are directly dependent on
filler fraction. Moreover, the comparison between mate-
rials B and C shows that NCO/OH ratio and plasticizer
content modify the viscoelastic behaviour, especially the
dissipations quantified by E′′ (figure 3). Indeed, the role
of plasticizer molecules is to diminish friction between
polymer chains into the microstructure. Consequently, an
increase of plasticizer content leads to a decrease of the
measured E′′.
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Figure 2: Comparison of materials A to D, storage modulus E′ vs pre-
strain ε0, with εa = 0.01%

Linear domain Thresholds Slopes
E′ E′′ E′ E′′ E′ E′′

A 17.4 8.3 1.02 1.20 58.6 7.9
B 6.7 6.7 1.12 1.29 76.9 10.5
C 21.9 8.4 0.98 1.18 126.5 14.6
D 118.5 28.8 0.03 0.26 663.5 82.4

Table 2: Values characterizing the linear domain, the transition phase
and the nonlinear domain for propellants A to D

The initiation of the nonlinearity is commonly asso-
ciated with the maximal extensibility of the network (14;
15; 16). This material characteristic depends on filler frac-
tion, NCO/OH ratio and plasticizer content. The storage
and loss moduli nonlinearity thresholds are reached at
prestrains globally decreasing with increasing filler frac-
tion from material A to material D, see table 2. The pres-
ence of fillers also induces strain amplification (20) which
could explain the predominant influence of filler fraction
on these values.

Moreover, materials B and C contain the same frac-
tion of fillers and present different thresholds. The main
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Figure 3: Comparison of materials A to D, loss modulus E′′ vs prestrain
ε0, with εa = 0.01%

difference between the two propellants is the NCO/OH
ratio, see table 1. Indeed, as the NCO/OH ratio increases,
the network cross-linking density increases, the mesh size
decreases, and consequently the threshold decreases. Fi-
nally, since material A threshold is lower than the one
measured for material B, it appears that the influence of
fillers on the maximal extensibility of the network is coun-
teracted by the influence of plasticizer content. Plasticizer
molecules facilitate movements into the microstructure
and hence increase the network maximal extensibility.

The slopes of the storage and loss moduli are deter-
mined from the experimental measurements, see table 2.
Both values increase with increasing filler fraction as a
direct effect of strain amplification. The microstructure
mechanism leading to the measured nonlinearity is also
linked to fillers organization (21). Additionally, the slopes
increase when NCO/OH ratio increases. Considering the
high filler fraction introduced in propellants, it is well
known that the local strain is highly heterogeneous. Con-
sequently, the network maximal extensibility is not uni-
formly reached in every part of the microstructure at a
unique prestrain. The slope is then a quantification of the
rate at which the maximally extended part of the network
increases with prestrain. This value depends logically on
NCO/OH ratio as well as filler fraction.

The measured nonlinear behaviour also depends on
the single strain amplitude εa value, as shown in figures 4
and 5 for material B. In the linear domain, the storage
and loss moduli decrease as εa increases. The nonlinear-
ity thresholds are higher and the slopes decrease as the
strain amplitude increases.

In spite of the absence here of a maximum on the E′′

curve, characteristic of the Payne effect, this behaviour

æ æ æ æ æ
æ

ææ

ææ

æ
æ

æ

æ

æ

æ

æ

æ

æ

ò ò ò ò
ò

ò

ò

ò

ò

òò

ò

ò

ò

ò

ò

à à à à à à à à
à à
à
à
à
à
à

à

à

à

à

à

à

0.01 0.1 1 10
0

10

20

30

40

PrestrainH%L

E
'H

M
P

aL

0.5%

0.1%

0.01%

Figure 4: Influence of strain amplitude εa on nonlinearity in E′, mate-
rial B.
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Figure 5: Influence of strain amplitude εa on nonlinearity in E′′, mate-
rial B.

is well known and specific to filled elastomers (22). It
is generally associated to the behaviour of a filler net-
work, which is destroyed and reagglomerated according
to strain oscillation at a rate depending on strain ampli-
tude (23). The existence of a filler network is yet to be
proved in highly-filled elastomers such as propellants since
the chemical nature of the fillers does not necessarily in-
volve a strong reinforcement action between the filler sur-
face and the polymeric binder (24; 25).

It is however supposed that since the filler fraction
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is particularly high, the fillers organization into the mi-
crostructure has a strong effect on the mechanical behaviour.
Hence, a high amplitude strain oscillation allows microstruc-
tural movements which lead to a more uniform strain
field. The prestrain at which part of the network reaches
maximal extensibility is then increased while the nonlin-
earity slope decreases.

Although the measured nonlinearity is quantitatively
dependent on material composition and strain amplitude
εa, the observed behaviour is qualitatively identical. This
means that a model developped for one propellant and
one measurement could easily be fitted to any other one,
involving only quantitative modifications.

4. Modeling of the nonlinear behaviour

The generalized Maxwell model is often used to model
viscoelastic material behaviour (26). The objective here is
to modify this model in order to take into account the in-
fluence of the prestrain ε0 on the response measured by
|E⋆|, tan(δ) or equivalently E′, E′′.

4.1. Generalized Maxwell model
The generalized Maxwell model and the notations are

represented on figure 6.
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Figure 6: Generalized Maxwell model with N viscoelastic elements

Each viscoelastic element is represented by its stiffness
Ei and its viscosity ηi (i = 1, N). The characteristic time
of each Maxwell element is defined by: τi = ηi/Ei. The
stress is related to the strain history by the following ex-
pression:

σ(t) =

∫ t

−∞

(

E∞ +

n
∑

i=1

Eie
−

(t−s)
τi

)

ε̇(s)ds. (4)

The continuous spectrum of relaxation times of the mate-
rials is described in a generalized Maxwell model by the
set of charateristic times (τ1, . . . , τN ), which is supposed
to be a priori fixed. The stiffnesses Ei are identified from
the experimental data.

In order to introduce the influence of prestrain, we as-
sume that the stiffness of the different viscoelastic Maxwell
elements are a function of prestrain:

Ei = Ei(ε0).

We shall consider two types of linear dependence of
the stiffness with prestrain, either of the form:

Ei(ε0) = fi(ε0) with fi(ǫ0) = aiε0 + bi

or of the form:

Ei(ε0) = gi(ε0) with gi(ε0) =

{

0 if ε0 ≤ ci

ai(ε0 − ci) if ε0 > ci

as illustrated in figure 7. The parameters of the two mod-
els, pi = (ai, bi) and pi = (ai, ci) respectively, are real
positive constants. One can remark that the element i de-
fined by Ei = g has a vanishing stiffness if the prestrain
is smaller than ci and can be considered to be inactive in
the model representation.

ε0

Ei

ci

ai

bi

ai

fi

gi

Figure 7: Dependence of the stiffness Ei of the viscoelastic element i on
the prestrain ε0

As the characteristic times τi are considered to be a
priori fixed, it implies that the viscosities ηi evolve with
prestrain in order to keep the ratio τi = ηi/Ei constant.

The objective is to determine a modified generalized
Maxwell model which will fit the evolutions in terms of
prestrain of E∗ and tan δ or E′ and E′′.

Let us further assume that we dispose of a series of
measurements of (|E⋆|, tan δ) for K increasing prestrain
levels: ε01

< . . . < ε0k
< . . . < ε0K

.
The modified generalized Maxwell model will be con-

structed the following way. We start from a model with
only two viscoelastic elements with a stiffness of the form
f . The parameters representing the stiffness are identi-
fied in a step-by-step procedure taking the experimental
values for larger and larger prestrain levels into account.
First the results for the smallest prestrain are used, then
the next larger one is included, finishing with all prestrain
levels.

If the identification fails to reach desired tolerance, a
new viscoelastic element with a stiffness of the form g is
added and the identification procedure of the parameters
is restarted from the beginning.

The complete algorithm is detailed herefater, where K
is the total number of strain levels, i.e. of measurements.

i) Initial step:

n = 2 viscoelastic elements

Ei = fi i = 1, n

k = 2 prestrain levels

4



ii) STEP 1

Find parameters {pi | 1 6 i 6 n} by mini-
mizing J

STEP 2: J < TOL ?

FALSE

n = n + 1
Add new viscoelastic element
En = gn with cn = ε0k

.
GO TO STEP 1

TRUE

IF k = K STOP

ELSE

k = k + 1
Add new series of prestrain
GO TO STEP 1

4.2. Identification Procedure
The cost function J has been defined in terms of com-

puted and measured complex modulus and loss factor by
the following expression:

J =
|| |E⋆|c − |E⋆|m||2

|| |E⋆|m||2
+ α

|| tan(δ)c − tan(δ)m||2

|| tan(δ)m||2

where ·c and ·m denote the computed and measured quan-
tities respectively. The definitions of |E⋆| and tan δ ap-
plied to the generalized Maxwell model leads to the ex-
pressions used to calculate |E⋆|c and tan(δ)c in the cost
function:
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The norm || · || is the standard vector distance in R
k,

where k is the maximum number of prestrain values un-
der consideration. More precisely, the first k measure-
ments of the complex modulus are:

|E⋆|m = [|E⋆|(ε01) . . . |E⋆|(ε0k
)]T

and the norm is given as:

|| |E⋆|m|| =
√

|E⋆|(ε01
)2 + . . . + |E⋆|(ε0k

)2.

α is a real constant and denotes the relative weight
between the errors in complex modulus and loss factor,
and has been taken equal to 1.

This discussed later (???).
The identification algorithm was implemented into MA-

THEMATICA R©. The optimisation algorithm gave the best
results with an automatic detection of the numerical method.
The following section illustrates the results obtained on
materials A, B, C and D.

4.3. Results and discussion

E∞ has been experimentally determined on material
B and is equal to 3.31 MPa. The same value has been used
for all four materials. The series of characteristic times
τi has been chosen as 10i−2s. Therefore the two initial
Maxwell elements 1 and 2 have characteristic times of re-
spectively 10−2s and 10−1s.

4.3.1. Identified stiffnesses and output in |E⋆|, tan(δ)

The experimental measurements for material B with
strain amplitude εa = 0.01% is shown on figure 8, as
well as the model response |E⋆| and tan(δ) identified with
the previously described procedure. The corresponding
identified stiffness Ei are shown on figure 9. They are
equivalently defined by the identifed parameters ai, bi, ci

of table 3.
Three different steps of the procedure are represented.
The first one corresponds to the identification on the first
5 measurements with a prestrain level up to 0.30%, which
requires only the two first Maxwell elements of the model,
the tolerance being fixed at 0.005. The second step consid-
ered takes into account the first 9 measurements where ε0

reaches 3.1% and the third element is still not activated
(a3 = 0MPa, c3 = 0). At the final step, ε0,max = 6.0% and
3 elements are required so that the model describes the
measured behaviour on the first 16 measurements. With
the measurement corresponding to the 17th prestrain level,
the cost function value is higher than the tolerance (of
0.05). Therefore, in accordance with the algorithm, a fourth
Maxwell element has to be taken into account. The present
implementation of the procedure was not able to produce
correct identified values for all four elements, due to nu-
merical divergence (???).
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Figure 8: Model response with stiffnesses of figure 9 in |E⋆|, tan(δ),
compared with the measurement, material B, εa = 0.01%

AJUSTER LES DEUX COURBES

The response of the same identified model can be plot-
ted in E′, E′′ using relations 2. The following figures are
plotted in E′, E′′ since it is easier to interpret ???. Figure 8
is redrawn on figure 10. The relative error in E′ is then
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Figure 9: Identified stiffnesses at three different steps, material B, εa =
0.01%

ε0 a1 b1 a2 b2 a3 c3
(MPa) (MPa) (MPa) (MPa) (MPa)

0.0030 315.3 10.7 106.5 5.2
0.0314 190.7 10.7 245.6 5.1
0.0597 115.06 11.1 218.6 5.1 110.1 0.0176

Table 3: Identified parameters of stiffnesses Ei for material B, plotted on
figure 9

of 0.35% for step 1, 1.41% for step 2, and 1.97% for the
last step. In other words, the identified model applied to
material B with εa = 0.01% and strains up to 6.0% de-
scribes what has been measured with an relative error of
less than 2% in E′.
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Figure 10: Model response with stiffnesses of figure 9 in E′, E′′

4.3.2. Identification results in E′, E′′ for materials A,C,D
The identification procedure has also been tested on

materials A, C and D and the results are respectively rep-
resented on figure 11, 12 and 13. The relative errors in E′

for the last steps are respectively 3.5%, 1.1% and 2.99%. It
has to be mentionned that these results were not obtained
with the same value of the tolerance which appears in the
algorithm as described previously. This point is discussed
later in this section.

The exposed results show that the procedure can gen-
erate models which describe the measurements on mate-
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Figure 11: Response in E′, E′′ of the identified model for material A,
εa = 0.01%
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Figure 12: Response in E′, E′′ of the identified model for material C,
εa = 0.01%

rial A, B, C and D with a maximum relative error of 3.5%
when εa = 0.01% (ε maximal ???) Erreur en E′′ ???.

4.3.3. Identification results with different εa

The algorithm has also been used to describe behav-
ior of material B with different strain amplitudes εa. The
results with εa = 0.01% have been shown on figure 10.
Figure 14 represents the response of the identified model
for εa = 0.1% and figure 15 the response for εa = 0.5%.
The relative errors in E′ are respectively 2.56% and 1.27%
(1.97% with εa = 0.01% as said previously).

4.3.4. Self-adaptiveness
The procedure automatically activates additional el-

ements when the cost function is higher than the given
tolerance. For example, with a tolerance of 0.005 for the
measurements of material B and a strain amplitude of
εa = 0.1%, the cost function reaches 0.016 > 0.005 for
the model with two elements and the eight first prestrain
levels taken into account. The relative error in E′ is 3.58%.
Therefore the procedure activates an additional Maxwell
element. The new identified parameters of the three el-
ements fit to the measurements with a relative error of
0.36% for the same eight prestrain levels. This illustrates
the power of the algorithm, the main obstacle being that
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Figure 13: Response in E′, E′′ of the identified model for material D,
εa = 0.01%
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Figure 14: Response in E′, E′′ of the identified model for material B,
εa = 0.1%

the identification do not always converge with more than
three elements.

4.3.5. Sensitivity to tolerance
The tolerance used in the identification algorithm de-

scribed in section 4 has to be chosen carefully. In case
of noisy measurements, better results can be obtained by
increasing the tolerance. For example, figure 11 was ob-
tained with a tolerance of 0.05 whereas figure 16 was gen-
erated with a tolerance of 0.02. RELATIVE ERRORS ???
If the tolerance is too low, the algorithm will not be able
to fit precisely enough the noisy measurements. Once it is
increased, it may produce a description with a sufficiently
low relative error in E′ (3.5% for material A).

4.3.6. Remarks
Other sensitivities have been tested. It appears that

multiplying E∞ by 10 or 0.1 results in a significant loss
of quality and may lead the non-convergence of the op-
timisation. The same observations can be done when the
relaxation times τ1 are chosen 10 times greater or lower.
These parameters E∞ and τi could theoretically be in-
tegrated into the cost function variable but it would in-
crease the numerical stiffness (??) and the parameters
identification would get even more complex (??).
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Figure 15: Response in E′, E′′ of the identified model for material B,
εa = 0.5%
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Figure 16: Response in E′, E′′ of the identified model for material A,
tolerance devided by 2.5 compared to figure 11, εa = 0.01%

Nevertheless, when E∞, τ1 and the tolerance were cor-
rectly fixed, the procedure identified models which fit to
the experiments with relative errors lower than 3.5% and
for strains up to 6%, for all materials A, B, C, D and for all
three strain amplitude of material B.
It has to be noticed that the relative error is calculated
from the measurements, and therefore that it is not possi-
ble to calculate a continuous relative error. In other words,
there is no possible verification of the accuracy of the model
between to measurements. (???)

The number of elements adapts automatically. The
idenfication procedure takes only a few seconds a com-
mercialized computer. It may not converge for some el-
ements (i > 3) but produces a model which describes
the observation up to reasonnably high strains (at least
?? on all tests performed) with relatively accurate results
(maximum relative error of 3.5% on all performed tests).
The model parameters need to be identified from mea-
surements. They depend on the material and the strain
amplitude, thus it is not a global model of the behavior of
highly-filled elastomers.
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5. Conclusion

Prestrain produces a nonlinear behavior of highly-filled
elastomers. This nonlinearity has been measured and is
discussed on four different HTBP composite propellants.
A generalized Maxwell model was used to simulate the
behavior. Its relaxation times have been fixed and its con-
stant stiffnesses changed to simple functions of two pa-
rameters each. The article expose the procedure which
identify those parameters. The number of elements to be
taken into account automatically changes when needed.
For all four materials and three different strain ampli-
tudes, simple models were identified. They simulate the
observations with relative error inferior to 3.5% for pre-
strains up to 6%. For greater prestrains and same toler-
ance, new Maxwell elements have to be considered but
the algorithm did not manage to identify their parame-
ters. Therefore the model is not always valid for all pre-
strains.
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