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Abstract: This paper is using an experimental method to study the creep behavior of solid-filled
silicone-rubber composites (GFSC). The specimens made of silcone-rubber as the matrix and 0~40%
volume fraction (Vy) of glassbeads, have been through uniazial tensile tests and constant-loading creep
tests. The results show that the material behavior is ovviously nonlinear and the Eyring's reaction rate
principle is suitable to describe the viscoelastic behavior of this rubber composite. Thus, to solve the
creep problems of rubber composites, the Boltzmann's superposition technique can not be applied.
Although Findley et. al (1976), have proposed the mutiple integrals form, but solving the multiple
integrals form is quite complicated and does not be guarantee convergence. We have employed So-
Chen's form of the nonlinear stress-strain relationship of rubber elasticity. This can avoid the above
mentioned problems and the analytic solution is obtained. The resulting solution is in very good

agreement with the experimental results.
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Introduction

Recently, composites have been more widely
used dut to its merits of increasing material toughness,
strength, impact resistance, propelling power, etc.;
properties that are more suitable for engineering ap-
plications. Solid propellant is a high volume fraction
of solid-filled rubber composites. The rubber matrix
itself exhibits viscoelastic behavior. Therefore, the
stress and strain are a function of time. Te main theme
of this paper is to study the viscoelastic behavior of
the solid-filled rubber composites, by employing the
glass beads-filled silicone rubber composites of the
solid-filled silcone-rubber composites (GFSC) to simu-
late the viscoelastic behavior of this type of compos-
ites. We have employed the So-Chen's NFEB model
for the GFSC, which describes the nonlinear stress-
strain relation of rubber elasticity. This nonlinear
model will be subject to uniaxial tensile test, creep
test, and stress-relaxation test.

For linear viscoelastic material there is complete
description, in continum mechanics literature [1], [2]
and [3]. For the stress-strain and time integral repre-
sentation, the simplest way is employing the
Boltzmann's superposition method, where the time-
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function relation between compliance and relaxation
modulus refers to the mechanical response as being
reated to the loading history, then the effects of these
small time intervals are superimposed to form the
integral representation. The differential representa-
tion of the stress-strain as being related to time is done
by superimposing the linear spring and newton dashopt
to form the mechanical model, for example, Maxwell
model, Kelvin model, Four-element Burger's model,
generalized Maxwell model, ... etc., in order to ana-
lyze the mechanical behavior under the differential
time, the stress or strain. This representation form is
popularly adopted in experiments because the mate-
rial constants determined from the creep experiments
can well describe the material mechanical behavior.

For nonlinear viscoelastic material, even under
very small strain conditions the stress-strain relation-
ship is still nonlinear. The Boltzmann's superposition
method can no longer be applied. To extend this
method, Findley et al. [5] directly expanded the non-
linearintegral to multiple integral representation form
and Rilvin derived from the had relation of materials
with memory. The employment of the continum me-
chanics method [6] and [7] encountered the difficulty
of convergence of the multiple integrals. Schapery
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[8] who employed thermodynamics, derived a simple
integral form by adding a nonlinear modified term to
describe the nonlinear stress-strain relationship, and
successfully reduced it back to a linear relation. Fur-
thermore, we can find suitable nonlinear elements
(similar to So-Chen's [12]) to form the nonlinear
mechanical model which can well describe the non-
linear mechanical behavior. We treated each indi-
vidual molecular chain as the “entropy spring” and
employed the rubber elasticity formula to replace the
linear spring. Also, from the concept of nonlinear
activation energy jump over the energy barrier, we
employed the eyring activation energy dashpot to
replace the neston's dashpot.

Experiment

The specimens used in the uniaxial tensile creep
tests were made by using the silicone rubber as the
matrix, with the glassbeads from 0~40 percents of V;
and T40913 haridener (from Wacker-Chemic Gmbh).
Their individual properties are as follows:

Silicone rubber:(RTV-M457 from Wacker-Chemic
Gmbh)

Stiffness:40 (shore A)
density:1.24 (g/cm?)

Poisson ration (v): 0.499

Young's modulus (E): 1.08 (MPa)
Shear modulus (G): 0.363 (MPa)

Glassbeads: (from Toshiba-Ballotini company, Ja-
pan)

Diameters: 105~210 um

Poisson ratio (v): 0.24

Young's modulus (E): 68500 (MPa)
Shear modulus (G): 27600 (MPa)

Tensile specimens of gage lengths of 20 mm in accor-
dance with ASTM D412 were cut from sheets. All
specimens were kept in a desiccator for 15 days for
post curing and to stabilize their properties. They
were then used in creep tests under constant loads. All
the tnesile tests and creep tests were performed in a
laboratory enviornment of 50% relative humidity (RH)
at 25°C.

Mechanical behavior and model
analysis

As the polymer matrix itself is very much strain
rate and time dependent, the studies of the influence
for different volume fraction of inhomogeneities on

its tensile strength, creep behavior and stress relax-
ation behavior become very important. In this sec-
tion, what follows is the rubber eleasticity andthe
Eyring's reaction rate principle derived from the mi-
cro-molecular-chain's deformation under stresses. The
molecular jumping velocities between two energy
steps are recapitulated first, then applied to construct
the NFEB model.

1. Stress-strain relation

From the table type loading machine (Figure 1),
four strain rate of 0.01,0.02,0.06 and 0.1 (1/sec) tests
were conducted. Figures 2~4 show that within these
strain rate ranges, the stress-strain relation makes not
much difference. Besides, the smaller strain rte the
specimen undergoes, the shorter elongation the speci-
men can take before it fractures. The tensile strength
and the elongation increase as the strain rate increase.
The stress-strain curves show that even under very
small strain condition, this material still exhilits very
strng nonlinear relation, therefore, the linear me-
chanical model cannot be applied to describe the
mechanical behavior of this material.
The Engineering stress ¢ and engineering strain € are
defined as follows:
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Figure 1. Table-type loading machine
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Figure 2. Rate dependence of the stress-stress curve for the pure
silcone rubber matrix.
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Figure 3. Rate dependence of the stress-strain curve for the 20% V,
of GFSC.
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Figure 4. Rate dependence of the stress-strain curve for the 40% V;
of GFSC.

o=y )
_L-L,
£= L (2)

Where A is the original cross-section area, L and Ly
are the length before and after deformation respec-
tively, and P is the applied force on the specimen.

2. Creep behavior

The creep loading machine (Figure 5) is used to
determine the creep strain-time relation under con-
stant loading. From Figures 6~9, it shows that the
difference between GFSC and the pure silcone-rubber
is that GFSC shows interface bonding properties.
Since the bonding force between the glassbeads and
the silcone-rubber matrix are not strong enough, the
more the filled glassbeads, the more debonding be-
havior along the interfaces occurs. Thus the strain
rate of the stready-state stage increases with increas-
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Figure 5. Creep testing machine.
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Figure 6. Stress dependence of the creep strain A for the 10% V, of
GFSC, where the solid line is the NGEB model's calculation and the
mathematical index is the experimental results.
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Figure 7. Stress dependence of the creep strain A for the 20% V, of
GFSC, where the solid line is the NGEB model's calculation and the
mathematical index is the experimental results.
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Figure 8. Stress dependence of the creep strain A for the 30% V, of
GFSC, where the solid line is the NGEB model's calculation and the
mathematical index is the experimental results,
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Figure9.Stress dependence of the creep strain A for the 40% V, of
GFSC, where the solid line is the NGEB model’s calculation and the
mathematical index is the experimental results.
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Figurel0. Stress dependence of the creep compliance C(t) = (1)
/ o for the pure silcone rubber.
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Figurell. Stress dependence of the creep compliance C{t) = (1)
/ & for the 40% V, of GFSC.
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Figure 12. Creep history diagram.

ing V; of glassbead (ie. the viscous flow is more

evident) Also, the coefficient of the creep compliance

relation C(t) = €(t) / o (in Figures 10~11) shows that
the C(1) increases with increasing stress, and their
relation is obviously nonlinear.

Form Figure 12 we can distinguish the creep
history into three stages, which are

a. Transient stage: After the initial stretch, the slip
page of the molecular chain changes from very
obvious to steady state. Therefore, the strain rate
that started from the maximum value would reduce
to a constant value. Here we call this started as the
first stage ofthe creep.

b. Steady Stage: When the slippage of the molecular
chain reaches the steady state, the whole molecular
structure also reaches the thermodynamic equilib-
rium, at which the strain rate is almost a constant.
Here we call this stage as the second stage of the
creep.

¢. Fracture stage: In this stage the material fractures
with no symptoms in advance.

3. Nonlinear four-element burger's model

The above uniaxial tensile test and creep test
results show that the material behaveior is nonlinear,
therefore, we have adopted the So-Chen’'s NFEB model
[12] to describe the mechanical behavior as follows:

Elements:
(a) Nonlinear spring: The relation between the creep
strain quantity A and the stress ¢ of the rubber elastic-

ity

o=GA 3)

and

A=X—# s A=1+¢ 4)

where A is the stretch ratio and G is the shear modulus.
(b) Nonlinear dashpot: When the material is under
stresses, it will result in the atomic structure's slip-
page and breakage. Tobolsky and Eyrying derived the
linear reaction rate formula from the micro-molecular
chain and the energy barrier points of view.

¢ = K Sinh (vo) (3

By extending the above linear relation to nonlinear
relation we have

A = A Sinh (vo) (6

where K and A are related to the activation energy.
_ -AH
A=KExp {g¢ (7N

v is the shift quantity of the energy barrier under the
stresses or the activation volume, all these three are
the activation mechanism index of the micro-molecu-
lar chain. This NFEB model is shown in Figure 13.

4. Constitutive equations of the GFSC

Our theory will be developed at a constant, el-
evated temperature. Then when the rubber matrix is
subjected to a tensile stress o, its total strain A creep

A=A+ A+ A, (8)

where
(1) A, is the initial stretch

A=0/G, 9)

and their respective creep rate of the GFSC can be
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Figurel3. Nonlinear Four-Element Burger's model
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written as
(2) transient-stage creep rate

A, = A sinh[ v, (0 - GAY] (10)

By some manipulation we can rewrite A, as

_ 2A tanh(V 6/2)Exp(~V G At)
* I-[tanh(v,6/2)Exp(-%G AT

(11)

where 1 > [tanh (v, 672) Exp(-v,G,AD}
(3) steady-state creep rate (Eyrying reaction rate for
mula)

Here we assume that the time rate of change in
nonlinear stretch parameter also satisfies the Eyring
equation for activated non-Newtonian viscous mate-
rial. Then we obtain

A, = Asinh (v 0) (12)
Therefore, the toal creep strain A(t)
A(t)=§»+A5 t Sinh(v,0)

5 (el
+-chT {1 --\-,‘:0 Tanh ‘[Tanh(“‘i')EXP(_V!GIA‘t]}

(13)

where G, G,, A, A, Vv, and v, are the material con-
stants which can be determined from the creep experi-
ments.

5. Determination of the material constants (G,, G,,
AS’ Al’ VS" v[)

From the creep test datas, firstly, we have to
transform the strain € (t, 0) into A (1, 0) by eq. (4),
then to determine the material constants form the A vs
time curve. Theoretically, to determine the six mate-
rial constants, only two creep strain vs time curves are
needed. But to determine them simultaneously there is

Table I. The material constants of the NEFB model for the different \
of the GFSC.

V% G, A, V., G, A, V.,
(MPa) (l/sec) (1/MPa) (MPa) (l/sec) (1/MPa)
40 0.767 1.64E-10  20.72 2452 T.05E-6 21.10
30 0.699 551E-11 22.32 2.654 9.12E-6 55.17
20 0.552 3.88E-12  24.04 3.393 1.I7E-7 38.86
10 0455 5.01E-12 2573 8.387 2.50E-7 32.88
PU 0.410 447E-15  28.15 0.996 5.65E-6 35.05

a difficulty to do it precisely. Therefore, three steps
are used to determine the material constants as fol-
lows:
(i) Firstly, to determine the G; from the initial value
of the A vs time curve.
(i1) Secondly, two steady-stage of the creep strain
curves are used to determine the v,, then by using
the best least-square method to find A,.
(iii) Finally, substract the value of o/ G; + A,tsinh (v,
o) form A(t), then use the best least-square method
to find G,, A,, and v,.
All these six material constants determined through
the above procedures are tabulated in Table L.
To prove the universality of this NFEB model,
the stress relaxation tests are conducted in next sec-
tion.

6. Stress relaxation

Stress relaxation test is conducted by fixing the
specimen under constant strain condition and measur-
ing the stress decay with time. a stress-relaxation-test
machine (same as the creep testing machine, the only
difference is the controlling system is used) to do the
stress-relaxation tests. Figure 14 shows a stress decay
with time curve, and when the strain become too large
the specimen will break. Here we can apply the NFEB
model to the stress-relaxation test as follows:

A = A;+ A+ A = constant

o = GiAi

. = A;Sinh (vi0)

Ay = A, Sinh (v,\GA)
Then six material constants determined from the creep
test into the above equations to obtain the stress-
relaxation model.
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Figureld. Stress dependence of the stress relaxation curve for the
40% V; of GFSC, where the solid line is the NGEB model's
calculation and the mathematical index is the experimental results.
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Figurel5. Different Vyof GFSC dependence of the tensile strength
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Results and Discussion

1. Stress-strain relation

Figures 2~4 show that within the strain-rate
range of the creep test there is a negligible strain-rate
effect on the stress-strain relation for V; of GFSC.
Besides, the tensile strength is increased as the strain
rate increases. Figure 15 shows that the more par-
ticles reinforced the more tensile strength GFSC has.
[t says that the interfacial bonding strength of GFSC
is from molecular-chains acros the glass-beads, thus,
when the material is under stresses the cross-section
area due to the Poisson's effect will neck and it in-
duces the tightening of molecular-chain; creating the
interfacial friction and providng partial tensile
strength. also, Figure 16 shows when the strain rate
R=0.06 1/sec, the stress-strain curves of different V¢
of GFSC exhibit nonlinear behavior.

2. Creep behavior

Figs 10 and 11 are the creep compliances C(t) =
g(t)/o that vary with time curves of pure silicone
rubber and 40% Vof GFSC respectively. The results
show that there is a two-stage veriation for the pure
silicone rubber. On the other hand, the cresp compli-
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Figurel6. Different V, of GFSC dependence of the stress-strain
curve for the strain rate is 0.06 (1/sec).
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Figure 17. The relation between the initial creep strain A, and the
applied stress for the pure silicone rubber, where the solid line is the
tensile test results, the dotted line is the rubber elasticity formula
calculations and the mathematical index is the creep test results.
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tensile test results, the dotted line is the rubber elasticity formula
calculations and the mathematical index is the creep test results.
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Figurel9. The relation between the initial creep strain A; and the
applied stress for the 40% V,of GFSC, where the solid line is the
tensile test results, the dotted line is the rubber elasticity formula
calculations and the mathematical index is the creep test results.

ance of the 40% of GFSC is monotnically increase
with increasing time due to the debonding phenomena
along the interfaces increasing with time. The results
also show that for both materials, the creep compli-
ances increase with incresing stress, and they both
exhibit the nonlinear creep behavior relation.

From the uniaxial tensile test, we find that the
strain rate effect is limited. Theoretically, the initial
creep strain rate should be infinite. Here, we have the
initial creep strain values put into the extrapalation of
stress-strain curve from the uniaxial tensile test (Fig-
ures 17~19) and we find both of them quite consistent.
This give us confidence that we can neglect the initial
creep strain rate effect. Furthermore, from the dashed
line deviated from the stress-strain curve, it says that
the rubber elasticity formula is not sufficient to de-
scribe the material, especially for the high GFSC
which is involved the interface interaction forces.
There is a need of another method or model to describe
this mechanical behavior.

Figure 20 is the linear creep strain €(t) vs. creep
time curve under different stresses level of the 20% Vi
of GFSC. The results show that the curve is shifted
upward as the stress is increased. That means the g(t)
increas with increasing loading stress.

3. NFEB model and creep behavior

Figures 6~9 are the typical creep stretch curve of
GFSC, where the solid lines are the NGEB model's
predictions, and those symbols are the experimental
results. They show that the NGEB's model can well
describe the GFSC creep behavior-initial stretch, tran-
sient-stage stretch and steady-state stretch. and the

1.20 —
] * 0= 0.848 (MPa)
] "*': g=0.856 (MPa)
1 ‘o’: o =0.861 (MPa)
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0.60

0.00  400.00 800.00
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1200.00

Figure20. Stress dependence of the creep strain vs. time curve for
the 20% V, of the GFSC.

creep stretch A decreases with increasing volume
fraction of the GFSC, which is consistent with the
physical phenomena.

4. NGEB model and relaxation behavior

If we use the nonlinear mechanical model to
describe the relaxation behavior of rubbers, where the
material constants are determined from data obtained
in creep tests (eg., Table 1), the corresponding relax-
ation curves can be drawn, and typical results are
shown in Figure 14. The model coincides with the
experimental results very well for both pure and solid-
filled silicone rubbers.

Conclusions

(1) The initial stress-strain curves of the creep
test coincide with the stress-strain curves of the
uniaxial tensile test. It indicates that the theory of
rubber elasticity can well describe the initial stress-
strain behavior of the creep test.

(2) Experimental results show that the Eyring's
reaction rate principle is suitable to describe the steady
stage creep with a constnt strain rate. This steady-
stage creep occupies the most part of the whole creep
history and the material fractures with no symptoms
in advance.

(3) The NFEB model based on the entropy spring
of the rubber elasticity and the Eyring's reaction-rate
principle can well describe the whole creep history of
the GFSC. Furthermore, the NFEB model constructed
by employing the six material constants determined
from the creep test can also predict the stress-relax-
ation behavior wel, which has the tendency of ap-
proaching an envelope.
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