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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 (V0 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- 

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- 
linear integral 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 Vf 
and T40913 hardener (from Wacker-Chemic Gmbh). 
Their individual properties are as follows: 
Silicone rubher:(RTV-M457 from Wacker-Chemic 
Gmbh) 

Stiffness:40 (shore A) 
density: 1.24 (g/cm 3) 
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: 105-210/2m 
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 0.0 l, 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 c~ and engineering strain e are 
defined as follows: 

CONTROLLER 

A. Fixed Plate 
B. Loat Cell 
C. Upper Grip 
D. Specimen 
E. Lower Grip 
F. Transmission Axis 

Figure 1. Table-type loading machine 
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Figure 2. Rate dependence of the stress-stress curve for the pure 
sileone 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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o =  P-- (1) 
Ao 

L - L o 
e =  L---~ (2) 

Where  Ao is the or ig ina l  c ross - sec t ion  area,  L and Lo 
are the length  before  and af ter  de fo rma t ion  respec-  
t ively,  and P is the appl ied  force on the spec imen.  

2. Creep behavior 
The creep  loading mach ine  (Figure  5) is used to 

de te rmine  the creep  s t r a in - t ime  re la t ion  under  con-  
s tant  loading.  F rom Figures  6 -9 ,  it shows that  the 
d i f fe rence  be tween  GFSC and the pure  s i l cone - rubbe r  
is that  GFSC shows in te r face  bond ing  proper t ies .  
S ince  the bond ing  force  be tween  the g las sbeads  and 
the s i l cone- rubber  mat r ix  are not  s t rong enough ,  the 
more  the fi l led g lassbeads ,  the more  d e b o n d i n g  be- 
hav ior  a long the in te r faces  occurs.  Thus  the s t ra in  
rate of  the s t ready-s ta te  s tage increases  wi th  increas -  

/ .  
. . . . . .  

B 
A 

A. Load Cell 
B. Lower Grip 
C. Specimen 
D. Upper Grip 
E, SAtop Block (For Stress-Relaxation Test) 
F. Silde Pole 
G. Cover 
H. Stop Block (For Specimen) 
I. Steel Wire 
J. Slide Wheel 
K. Displacement Transformer 
L. Weight 

Figure 4. Rate dependence of the stress-strain curve for the 40% Vf 
of GFSC. 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% Vfof 
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% Vf 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% Vf of 
GFSC. where the solid line is the NGEB model's calculation and the 
malhernatical index is the experimental results. 
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Figure 12. Creep history diagram. 

ing V r of  glassbead (ie. the viscous f low is more 
evident)  Also,  the coeff ic ient  of  the creep compl iance  
relation C(t) = C(t) / o" (in Figures 10-11) shows that 
the C(t) increases with increasing stress, and their 
relation is obviously  nonlinear.  

Form Figure 12 we can dist inguish 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 oftbe creep. 

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

c. 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 
[ l 2] to describe the mechanical  behavior  as fol lows:  

Elements: 
(a) Nonl inear  spring: The relation between the creep 
strain quanti ty A and the stress ~yof the rubber elastic- 
ity 

= GA (3) 

and 

1 
A = X - ~  ; X=  1 + e  (4) 

where ~ 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 der ived the 
linear reaction rate formula from the micro-molecu la r  
chain and the energy barrier points of  view. 

t = K Sinh (vet) (5) 

By extending the above linear relation to nonl inear  
relation we have 

= A Sinh (v~) (6) 

where K and A are related to the act ivat ion energy. 

= K E x p  { ~ }  (7) A 

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 ¢~, its total strain A creep 

A = A i + A t + A s (8 )  

where 
(1)  A i is the initial stretch 

A i = O " / G  i (9) 

and their respect ive creep rate of  the GFSC can be 

--Ai• 
As At - -  

Gt 

Gi A s , Vs At, vt 

3 

~MAXWELL ~ K E L V I N _  
FLUID SOLID 

Figure13. Nonlinear Four-Element Burger's model 
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wr i t t en  as 
(2) t r a n s i e n t - s t a g e  c r e e p  rate 

A.t = At s inh[  vt (0- - GtAt)] 

By s o m e  m a n i p u l a t i o n  we  can r ewr i t e  A-t as 

( lO) 

At = 2 At tanh (vt ° / 2  ) E x p ( - v t  Gt At t )  

1 - [ tanh (\~ (y/2 ) Exp ( -  \~ G t A t t )],2 
(11) 

w h e r e  1 > [ tanh (v t 0"/2) Exp( -v tGtAt t ) ]  2 

(3) s t e a d y - s t a t e  c r e e p  rate  ( E y r y i n g  r eac t i on  rate for  

mula)  
Here  we a s s u m e  that  the  t ime  rate  o f  c h a n g e  in 

n o n l i n e a r  s t re tch  p a r a m e t e r  a l so  sa t i s f i e s  the Ey r ing  
equa t ion  for  a c t i va t ed  n o n - N e w t o n i a n  v i s c o u s  ma te -  
r ial .  T h e n  we ob ta in  

-&t = As s inh  (vt 0-) (12) 

T h e r e f o r e  the toal c r e e p  s t ra in  A(t)  

A ( t ) = ~ + A ~ t  S i n h ( v o - )  
G i - 

2 vto 
+ _~G { 1 - ~'~-0- Tanh- i [ Tanh ( - 4 -  ) Exp ( - \{ G t A t t ] } 

G t 

(13) 

w h e r e  G i, Gt, As At, Vs and vt are the mate r ia l  con -  
s tan ts  w h i c h  can be d e t e r m i n e d  f r o m  the  c r e e p  e x p e r i -  
men t s .  

5. D e t e r m i n a t i o n  o f  t i l e  m a t e r i a l  c o n s t a n t s  (G+, Gt, 

As, At, Vs, Vt) 
F r o m  the c r e e p  test  da tas ,  f i r s t ly ,  we have  to 

t r a n s f o r m  the s t ra in  e (t, 0-) in to  A (t, 0-) by eq.  (4), 
then  to d e t e r m i n e  the mate r ia l  c o n s t a n t s  fo rm the  A vs 
t ime curve .  T h e o r e t i c a l l y ,  to d e t e r m i n e  the six ma te -  
r ial  c o n s t a n t s ,  on ly  two c r e e p  s t ra in  vs t ime  cu rves  are  
needed .  But  to de t e r tn ine  t h e m  s i m u l t a n e o u s l y  there  is 

Table 1. The material constants of the NEFB model Ibr the different Vr 
of the GFSC. 

V% G+ A, V, G+ A+ V, 
(MPa) (I/sec) (I/MPa) (MPa) (1/sec) (1/MPa) 

40 0.767 1.64E-10 2 0 . 7 2  2 .452 1".05E-6 21.10 

30 0.699 5.51E-11 2 2 . 3 2  2 .654 9.12E-6 55.17 

20 0.552 3.88E-12 2 4 . 0 4  3 .393 1.17E-7 38.86 

10 0.455 5.01E-12 2 5 . 7 3  8 .387 2.50E-7 32.88 

PU 0.410 4.47E-15 2 8 . 1 5  0.996 5.65E-6 35.05 

a d i f f i cu l t y  to do  it p r e c i s e l y .  T h e r e f o r e ,  th ree  s t eps  
are  u sed  to d e t e r m i n e  the  ma te r i a l  c o n s t a n t s  as fol-  
lows:  
(i) F i r s t ly ,  to d e t e r m i n e  the  G i f r o m  the  ini t ia l  va lue  

o f  the A vs t ime curve .  
(ii) S e c o n d l y ,  two  s t e a d y - s t a g e  o f  the c r e e p  s t ra in  

c u r v e s  are  used  to d e t e r m i n e  the  v~, then  by us ing  
the b e s t  l e a s t - s q u a r e  m e t h o d  to f ind  A~. 

(iii) F ina l ly ,  subs t r ac t  the  va lue  o f  0- /Gi  + Ast s inh  ( v  s 
0-) fo rm A(t),  then use the bes t  l e a s t - squa re  m e t h o d  

to f ind  Gt ,  At, and Yr. 
All  t h e s e  six ma te r i a l  c o n s t a n t s  d e t e r m i n e d  t h r o u g h  
the  a b o v e  p r o c e d u r e s  are  t abu la t ed  in Tab le  I. 

To p r o v e  the  u n i v e r s a l i t y  o f  this  N F E B  m o d e l ,  
the  s t r e s s  r e l axa t i on  tes t s  are  c o n d u c t e d  in n e x t  sec -  
t ion.  

6. S t r e s s  r e l a x a t i o n  

St re s s  r e l axa t i on  tes t  is c o n d u c t e d  by f i x i ng  the  
s p e c i m e n  unde r  c o n s t a n t  s t ra in  c o n d i t i o n  and m e a s u r -  
ing  the  s t r e s s  d e c a y  wi th  t ime.  a s t r e s s - r e l a x a t i o n - t e s t  
m a c h i n e  ( s a m e  as the c r e e p  testing,  m a c h i n e ,  the on ly  
d i f f e r e n c e  is the c o n t r o l l i n g  s y s t e m  is used)  to do  the  
s t r e s s - r e l a x a t i o n  tes ts .  F igu re  14 s h o w s  a s t r e s s  d e c a y  
wi th  t ime  cu rve ,  and w h e n  the s t ra in  b e c o m e  too l a rge  
the  s p e c i m e n  wil l  b reak .  H e r e  we  can app ly  the  N F E B  
m o d e l  to the  s t r e s s - r e l a x a t i o n  tes t  as f o l l ows :  

A = A i + As + At = c o n s t a n t  
(3" = GiA i 
A~ = As S inh  (v,0-) 

A t = A t S inh  (vtGtAt) 
Then  six mate r ia l  c o n s t a n t s  d e t e r m i n e d  f r o m  the c r e e p  
tes t  in to  the  a b o v e  e q u a t i o n s  to ob ta in  the s t r e s s -  
r e l axa t i on  mode l .  
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. . . . . . . . . . . . . . .  'o':., Fix ;Strain=0.5,26r ~ 

2.00 4.00 6.00 8.00 10.00 
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Figurel4. Stress dependence of the stress relaxation curve for the 
40% Vr of GFSC, where the solid line is the NGEB model's 
calculation and the mathematical index is the experimental results. 
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FigurelS. Different Vfof GFSC dependence of the tensile strength 
vs. strain rate. 

Results and Discussion 

1. S t r e s s - s t r a i n  r e l a t i o n  

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 Vf 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. 
It 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  fr ict ion and providng partial  tensile 
strength, also, Figure 16 shows when the strain rate 
R= 0.06 1/sec, the stress-strain curves of different Vf 
of GFSC exhibit nonlinear behavior. 

2. C r e e p  b e h a v i o r  
Figs 10 and 11 are the creep compliances C(t) = 

e(t)/o" that vary with time curves of pure silicone 
rubber and 40% Vfof 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 (l/sec). 

1.20 ' 1 ' :  Strain Rate=O.01 (1/sec)  / 
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F i g u r e  17. The relation between tile initial c reep strain A i and the 

applied s t ress  for the pure s i l icone rubber ,  where  the solid line is the 
tensile test results ,  the dotted line is the rubber  e las t ic i ty  formula  

calculat ions and the ma themat ica l  index is the creep test results .  
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Figurel8. The relation between the initial creep strain A~ and the 
applied stress for the 20% 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. 
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Figure l9 .  The relation between the initial creep strain A~ and the 
applied stress for the 40% Vfof 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 monotnical ly  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 l imited. Theoret ical ly ,  the initial 
creep strain rate should be infinite. Here, we have the 
initial creep strain values put into the extrapalat ion 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 suff icient  to de- 
scribe the material,  especial ly 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 e(t) vs. creep 
t ime curve under different  stresses level of  the 20% Vf 
of  GFSC. The results show that the curve is shifted 
upward as the stress is increased. That means the e(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-init ial  stretch, tran- 
sient-stage stretch and steady-state stretch, and the 
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Figure20. Stress dependence of the creep strain vs. t imecurvc for 
the 20% Vf 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 l) ,  the corresponding relax- 
ation curves can be drawn, and typical results are 
shown in Figure 14. The model  coincides  with the 
exper imental  results very well for both pure and solid- 
fil led s i l i cone  rubbers. 

Conclusions 

( l )  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 welt describe the initial stress- 
strain behavior  of  the creep test. 

(2) Exper imental  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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