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SYNOPSIS 

Dynamic moduli, E' and E", and loss tangent tan 6 were investigated for thermoplastic 
elastomers ( TPEs ) , styrene-isoprene-styrene copolymers ( SISs) , styrene-butadiene-sty- 
rene copolymer (SBS) , and Hytrel and composites reinforced by poly (ethylene tere- 
phthalate) (PET) short fibers. The styrenic TPEs have a typical rubbery behavior and 
the Hytrel TPE has medial characteristics between rubber and plastic. Both E' and E" of 
the composites depended on the matrix as well as the fiber loading and fiber length. Based 
on the viewpoint of different extensibility between the fiber and the matrix elastomer, a 
triblock model was considered for estimating the storage modulus of the short fiber-TPE 
composites as follows: E, = a VfE, + /3( 1 - V , )  Em, where a and /3 are the effective deformation 
coefficients for the fiber and the matrix elastomer, respectively. They can be quantitatively 
represented by modulus ratio M ( =  E , / E f )  and fiber length L: a = (L" + k ) M / ( L " M  
+ k )  , /3 = (1 - aVf  ) / (  1 - V,)  , where the constants n and k are obtained experimentally. 
When k = 0.022 and n = 0.45, E, of the TPE composites agreed well with the prediction 
of the proposed model. The relaxation spectrum of the composites showed a distinct main 
peak ascribed to the matrix elastomer, but no peak to the PET fiber. The relative damping 
of main relaxation, (tan &,ax)c/( tan 6,, ),,,, decreased monotonously with increasing fiber 
loading and fiber length and with decreasing modulus of matrix elastomer. Thus, the relative 
damping may be attributed not only to the volume effect of matrix, but also to the unevenness 
of the strain distribution in the matrix phase, which depends on the fiber length and the 
matrix's modulus. The findings prove that the different extensibility between fiber and 
matrix and the uneven distribution of strain in matrix were important for the short-fiber 
reinforcement of the TPE composites. 0 1993 John Wiley & Sons, Inc. 

INTRODUCTION 

Elastomer composites reinforced by short fiber 
combine the elasticity of the matrix with the 
strength and stiffness of the reinforcing fiber.' Short- 
fiber reinforcement of the matrix elastomer in- 
creases modulus and strength and decreases ultimate 
elongation and In previous papers, 6,7 the 
mechanical properties have been discussed for two 
types of thermoplastic elastomer (TPE styrenic and 
polyester TPEs ) composites reinforced by PET 
short fibers. It was found that the stress-strain be- 
havior of the composites was affected by the me- 
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chanical properties of the TPE matrix, which de- 
pended mainly on a ratio of hard and soft segments 
in the matrix elastomer. It was also found that the 
continuous matrix phase and the rigid phase of fibers 
in the composite exhibited different deformation 
behaviors: The matrix elastomer underwent the 
most deformation of the composite, whereas the fiber 
adsorbs large internal stress with little deformation. 

The dynamic moduli, E' and El', and mechanical 
damping, tan 6, of the organic short fiber-rubber 
composites have been investigated as a function of 
temperature by a Rheovibron.* In the longitudinal 
direction of fibers, E' increases monotonously with 
increasing fiber length and shows a linear relation- 
ship with fiber loading. The modulus data of the 
short fiber-rubber composites could not be predicted 
well by the general empirical rules?-" This was con- 
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sidered to be due mainly to neglecting the low mod- 
ulus of the elastomer matrix and its high ela~ticity.~ 

In the present paper, the dynamic moduli and 
loss tangent for the PET short fiber-thermoplastic 
elastomer composites were investigated, and the 
micromechanics for estimating moduli were consid- 
ered by using a block model for describing quanti- 
tatively the behavior of the modulus. 

EXPERIMENTAL 

Materials 

The thermoplastic elastomers ( TPEs) used were 
styrenic block copolymers of two styrene-isoprene- 
styrene copolymers ( SISs ) with different styrene 
contents and one styrene-butadiene-styrene co- 
polymer (SBS) (Shell Co., Ltd.) and a poly(ether 
ester) thermoplastic elastomer (trade name Hytrel 
TR2300, abbreviated as Hytrel, DuPont) . Their 
properties are given in Table I. The short fiber used 
was poly (ethylene terephthalate ) (PET ) with var- 
ious lengths as given in Table I (Teijin Co.) . 

Surface Treatment of PET Fiber 

According to the surface treatments reported in 
previous papers, 6,7 PET fibers were dipped in toluene 
solution that contained 2 wt ?6 isocyanate and 3 wt 
5% styrenic copolymer TPEs and were baked at  
175OC for 3 min for the styrenic copolymer com- 
posites. For Hytrel composites, PET fibers were 

Table I Thermoplastic Elastomers 
and Short Fibers 

Styrene/ 
Density Hardness Elastomer 
(g/cm3) (Shore A) (wt W )  

Elastomer 
SIS(1) (TR1107) 0.92 37 14/86 
SIS(2) (TR1111) 0.93 52 21/79 
SBS (TR1024) 0.94 59 42/58 
Hytrel (TR2300) 1.17 32 - 

Diameter Length 
(mm) (mm) 

PET short fibers 0.028 0.5 
2.0 
4.0 
6.0 

dipped in a toluene solution that contained 5 wt % 
isocyanate and were baked at 115OC for 30 min. 

Processing 

The matrix TPEs and short fibers were mixed di- 
rectly on an open roll with a 2 mm opening. The 
milling of compounds was always kept to the same 
direction in order to orient the fibers along the roll- 
ing direction in sheets. Finally, each stock was 
passed through the mill and then compressed at 150 
and 13OoC for the styrenic copolymer and Hytrel 
composites, respectively, for 15 min to form sheets 
that are 1.0 mm in thickness. 

Measurement of Viscoelastic Properties 

Dynamic viscoelasticities of the composites were 
measured along the fiber axis direction by a DVE- 
V4 FT Rheovibron (DVE Co.) that applied a sinu- 
soidal tensile strain to the specimen. The measure- 
ments were carried out in the temperature range 
from -80 to 16OOC with a heating rate of 2.OoC/ 
min and at a frequency of 110 Hz with a strain am- 
plitude of 0.015%. 

THEORY OF MICROMECHANICS 

In the previous papers, 697 the different extensibility 
between fiber and matrix was considered as an im- 
portant reinforcement factor for the short fiber- 
TPE composites. This viewpoint has been intro- 
duced into the parallel model to predict the me- 
chanical properties of the composites. On the other 
hand, a coupling arrangement of the block model 
has been discussed by Bauer and Crossland12 to rep- 
resent different extensibility of each constituent in 
carbon-black-loaded elastomers. In the present 
study, the block model is considered for estimating 
the moduli of the short fiber-elastomer composites, 
corresponding to the unevenness of deformation in 
the composite. 

Figure 1 ( 1 ) is a schematic representation of uni- 
axially oriented short fiber-elastomer composite 
that shows the distributive state of the fibers (as 
phase “ f ”) in the matrix elastomer (as phase “m”)  . 
Figure 1 (2)  is the equivalent model of the composite 
in Figure 1 ( 1 ) . The fiber and the matrix elastomer 
are completely bonded to each other. 

When such a sample of the composite in Figure 
1 ( 1) is elongated in the fiber direction, the elastomer 
matrix is subjected mainly to deformation that is 
not uniform due to the fiber loading. In general, the 
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(2) (4) 

Figure 1 Block models for fiber filler-matrix model. 

area surrounding the fiber's end undergoes much 
larger deformation than that surrounding the fiber's 
center, as shown in Figure 1 (3).  Taking the above 
circumstance into consideration, a simple mechan- 
ical model is applied for calculating the moduli of 
the equivalent model in Figure l ( 2 ) .  Figure l ( 4 )  
shows the mechanical triblock model, which is anal- 
ogous to Takayanagi's "parallel sea-island" m0de1.I~ 
This model is a parallel arrangement consisting of 
a matrix phase ( mz) and a series coupling ( f ,  ml)  
that has a modulus of El. In physical significance, 
the m, phase represents the large deformation area 
of the matrix surrounding the fibers' end, and the 
m2 is the other area of the matrix, which has a small 
deformation constrained by the fibers. If Ef and Em 
are the moduli of fiber and the matrix elastomer, 
and V,, Vml, and V,, are the volume fractions of the 
f ,  nl and n2, respectively, the composite modulus 
E, under a small extension condition can be written 
using the simple rule of mixtures as follows: 

where V,, + V,, is equal to the volume fraction of 

the matrix elastomer and Vf + V,, + V,, = 1. From 
eqs. ( 1 ) and ( 2 ) ,  E, can be represented as 

where 

- - 1 - (YVf 
1 - v, 

where M is the moduli ratio ( E , / E f ) .  Equations 
(3) and (4b) show the same expressions as shown 
in the previous paper.' Therefore, a and p, the ef- 
fective deformation coefficients for fiber and the 
matrix elastomer, respectively, also give the meaning 
of the effective reinforcement of the short fiber. 

In eq. (4a), V,, can be assumed to be proportional 
to the number of fiber ends in unit volume, 2Nf, and 
to the power of the fiber length, L", namely, 

V,, = k' (2Nf)Ls  

= k'[ 8VfL"/ ( r d 2 L ) ]  

= kVf/L" (5) 

where Nf  is the number of fibers in unit volume; d ,  
the diameter of the fiber; s and n ( = 1 - s) , the 
experimental constants; and k' and k ( = 8 k ' / r d 2 ) ,  
the proportional coefficients. Finally, a can be rep- 
resented by substituting V,, into eq. (4a) as 

L " + k  
L"M + k f f =  

Obviously, the (Y in eq. (6) does not depend on Vf 
and monotonously increases with increasing L when 
M is much smaller than 1. 

RESULTS AND DISCUSSION 

Dynamic Moduli 

Dynamic moduli of composites depend on matrix 
type, fiber loading, and fiber length. Storage moduli, 
E', of SIS ( 1 ) , SIS (2 ) ,  SBS, and Hytrel composites 
are shown as a function of temperature in Figure 2. 
The E's of the SIS(1) and SIS(2)  composites fall 
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Figure 2 Temperature dependences of E' for SIS ( 1 ) , 
SIS( 2) ,  SBS, and Hytrel composites filled with 10 vol % 
fibers that are 6 mm in length. 

steeply at about -50°C to almost a plateau at  a dif- 
ferent level over the temperature range from 0 to 
9O"C, followed by the second drop above 90°C. The 
curves show typical rubbery behavior like their ma- 
trix elastomers. The first drop in E' at low temper- 
atures is due to the glass transition, and the second 
one at high temperatures is due to melting of the 
TPE materials; in between is the rubbery plateau 
region.'* The SBS composite shows the rubbery pla- 
teau region between -15 and 7OoC, located at a lower 
temperature than that of the SIS composites. The 
E' values at the rubbery plateau region increase in 
the order of the composites of SIS ( 1 ) , SIS (2  ) , and 
SBS. The E' of the Hytrel composite decreases 
gradually with rising temperature. The rubbery re- 
gion is at temperatures above 4"C, but its E' drops 
after an inflection at  about 35°C. All the composites 
displayed similar dependence of E' on temperature 
to that of the respective matrix elastomers in the 
rubbery region. 

The effect of fiber loading was observed on tem- 
perature dependence of E' and E" for the SIS(1) 
composites filled with fiber of 6 mm in length, as 
shown in Figure 3. E' depends little on fiber loading 
in the glassy state and increases greatly with in- 
creasing fiber loading in the rubbery plateau region, 
but the increment becomes small with over 10 vol 

% fiber. In addition, the curves of E' in the rubbery 
state become flatter and the rubbery range extends 
to the higher-temperature side when fiber loading 
increases, which suggests that the thermal stability 
of elasticity for the SIS ( 1 ) elastomer is improved 
by fiber loading. A sharp peak in E" corresponding 
to the glass transition appears a t  about -56°C and 
its height and position vary little with fiber loading. 
In the rubbery state, E" as well as E' increase with 
increasing fiber loading and increase gradually with 
rising temperature, although the matrix elastomer 
has a constant E" value. The dependence of E' on 
fiber loading for the SIS ( 2 )  and SBS composites 
showed a similar tendency to that for SIS ( 1 ) com- 
posites. 

The effect of fiber length on E' and E" for the 
Hytrel composites containing 10 vol 96 fiber is shown 
in Figure 4. The E' values increase a little in the 
glassy state and much more in the rubbery state 
with increasing fiber length, which is similar to the 
effect of the fiber loading. The increment of increase 
in E' in the rubbery state becomes small when fiber 
length is longer than 2 mm. In addition, the E' curve 
of the composite filled with fiber of 0.5 mm length 
shows a similar tendency to that of the matrix elas- 
tomer and has a higher value than the latter in the 
rubbery region. The curves of the composites filled 

1 o3 

3 lo2  
s 
b 
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Figure 3 Effect of fiber loading on E'and E"dependence 
on temperature for SIS ( 1 ) composites filled with fiber 
that is 6 mm in length. 
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Figure 4 Effect of fiber length on E' and E" dependence 
on temperature for Hytrel composites filled with 10 vol 
% fibers. 

with fiber of length over 2 mm become flatter above 
35°C compared to the matrix elastomer, which im- 
plies that the thermal stability of elasticity of Hytrel 
is also improved when fiber length is increased. 
These results confirm that fiber length of 2.0 mm is 
a critical length for reinforcement of the composite. 
On the other hand, E" of the Hytrel composite shows 
the glass transition peak at about -38"C, and its 
intensity increases with increasing fiber length. As 
in the case of E', E" in the rubbery region increases 
with increasing fiber length and E" increases greatly 
at  temperatures above 80°C. 

To investigate E' of the composites in the rubbery 
plateau region, the E' value at  20°C was plotted as 
a function of matrix type, fiber loading, and fiber 
length, and the prediction of eq. ( 3  ) was considered 
with a value of fiber modulus ( E j  = 5.8 GPa) . Figure 
5 shows the relationships between E' and fiber load- 
ing for SIS ( 1 ), SIS (2) ,  SBS, and Hytrel composites. 
E' increases monotonously with increasing fiber 
loading as does Young's modulus.6~' E' increases 
steeply for the SBS and Hytrel composites and 
gradually for the other cases. The lines in the figure 
are given by eq. ( 3 ) . It seems that the predictions 
of eq. ( 3 )  agree well with the experimental results 
of each composite so long as the values of a are 
properly chosen. When the fiber is loaded more than 

300 

T 200 

s 
lu 

0 

100 

0 
0 5 10 15 

Fiber loading (voI.%) 

Figure 5 Effect of fiber loading on E' at 20°C for 
SIS ( 1 ) , SIS ( 2 ) ,  SBS, and Hytrel composites. The pre- 
dicted lines were drawn from eq. (3) .  

15 vol %, the E' obtained is off the predicted lines, 
which may be due to the poor orientation of fiber in 
the composites.' Furthermore, the effect of fiber 
length on E' of the SIS ( 1 ) and Hytrel composites 
are shown in Figures 6 and 7, respectively. The E's 
increase monotonously with increasing fiber loading 
and the slopes become steeper with increasing fiber 
length for both SIS ( 1 ) and Hytrel composites. The 
lines given by eq. (3) agree well with the experi- 
mental results by using the chosen a values. 

With the various values of a obtained above, we 
can further examine the prediction of eq. ( 6 ) . Figure 
8 describes the relationship between a and modulus 

0 5 10 15 
Fiber loading (vol.%) 

Figure 6 Effect of fiber length on E'at 20°C for SIS ( 1) 
composites. The predicted lines were drawn from eq. (3). 
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Figure 7 Effect of fiber length on E' at 20°C for Hytrel 
composites. The predicted lines were drawn from eq. ( 3) .  

ratio M (=  E,, , /Ef) ,  which shows a monotonous in- 
crease of a with M. When k = 0.022 and n = 0.45, 
eq. (6)  coincides well with the plots of a. Figure 9 
shows the dependence of a on the fiber length for 
the SIS ( 1 ) and Hytrel composites. Obviously, a is 
a monotonous incremental function of fiber length. 
The curves in the figure were drawn from eq. (6) by 
giving the same k and n values as those obtained 
from Figure 8 and coincide well with the experi- 
mental data. This fact indicates that k and n are 
constants for the present TPE composites and that 
the modified parallel model can describe very well 
the behavior of modulus for the TPE composites 
reinforced by short fiber. Based on eq. ( 6 ) ,  a in- 

0.4 

0.3 

a 0.2 

0.1 

A 

~~ ~ ~ ~~~ ~~~~ 

0 0.002 0.004 0.006 
Em / Ef 

Figure 8 Dependence of a on modulus ratio ( E J E , )  
for TPE composites. The line was drawn from eq. (6) .  

0.3 

0.2 

t3 

0.1 

0 

L 

FP 
0 2 4 6 

Fiber length (mm) 
Figure 9 Dependence of LY on fiber length for SIS( 1)  
and Hytrel composites. The lines were drawn from eq. 
(6), in which k = 0.022 and n = 0.45. 

creases monotonously with increasing M and ap- 
proaches unity when M = 1, and a increases with 
increasing fiber length and approaches unity if the 
fiber is very long. When a = 1, the modified parallel 
model becomes the general parallel model that is 
used in long-fiber composites. The results obtained 
indicate that the different extensibility between fiber 
and matrix is the most important factor for short- 
fiber reinforcement of the TPE composites. 

Figure 10 shows the effect of tensile angle 6 to 
the fiber orientation on E' at 2OoC for SIS(l), 

1 

0.8 

3 0.6 

n 
0 

* 
n s w 0.4 

0.2 

0 
0 20 40 60 80 

8 (degree) 

Figure 10 Effect of fiber orientation on E' for SIS ( 1 ) , 
SIS (2) ,  SBS, and Hytrel composites loaded 10 vol % fibers 
that are 6 mm in length. The lines are drawn from Coran's 
equation. 
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SIS (2), SBS, and Hytrel composite filled with 10 
vol % fiber of 6 mm in length. The E' falls steeply 
when 8 is small, whereas it decreases gradually above 
45". The E' in the transverse direction depends on 
matrix type and decreases in the order of SBS, 
SIS ( 2 ) , Hytrel, and SIS ( 1 ) . The lines in the figure 
are drawn with Coran's equation as follows 15: 

(7) 
1 cos2(8) sin2(8) 

E'( 90' ) 
+ -=- 

E' ( 8 ) E' ( 0" ) 

where E'(0")  and E'(90") are the moduli a t  the 
longitudinal and transverse direction to the fiber 
orientation, respectively. Obviously, the predictions 
by eq. ( 7 )  are good for the experimental results of 
the styrenic TPE composites, which clearly suggests 
that the orientation of fiber is well controlled in the 
composites with 10 vol % fiber. 

Relaxation Spectrum 

The relaxation spectra of composites in the tran- 
sition region depend mainly on the mechanical re- 
laxation of the matrix and loaded fiber and are af- 
fected to different extents by the interface between 
fiber and matrix and between the fiber loading and 
length. It has been reported' experimentally that 
the tan 6 of the rubber composites showed two dis- 
persion peaks: one at  a low temperature corre- 
sponding to the main dispersion of the matrix rubber 
and the other at a high temperature due to the main 
dispersion of the loaded fibers. In addition, a small 

1 00 

1 0-1 

0 100 
Temperature ('C) 

Figure 1 1 Temperature dependence of tan 6 for SIS ( 1 ) , 
SIS ( 2) , SBS, and Hytrel composites filled with 10 vol % 
fibers that are 6 mm in length. 
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Figure 12 Effect of fiber loading on temperature de- 
pendence of tan 6 for SBS composites loaded fiber that is 
6 mm in length. 

and broad peak was observed between the two peaks 
that was considered to be due to the interface region 
in the composite. On the other hand, the main re- 
laxation has a tendency to decrease in height with 
increasing fiber loading.8~'~*'~ 

Figure 11 shows the temperature dependence of 
tan 6 for the SIS ( 1 ) , SIS ( 2 ) ,  SBS, and Hytrel com- 
posites filled with 10 vol % fiber that is 6 mm in 
length. Within the experimental range, tan 6 of the 
composites was similar to those of the respective 
matrix elastomers. The main peaks of the compos- 
ites are lower and broader than those of the respec- 
tive elastomers and are due to the glass transition 
of the soft domain in the matrix elastomer. On the 
other hand, a peak at higher temperature is observed 
at about 86°C for the SBS composite, which is con- 
sidered to be due to the glass transition of the sty- 
renic hard domain of the matrix SBS. The same 
peak, however, does not clearly appear in the case 
of the SIS composites, which may be due to insuf- 
ficient styrene content in the matrix SIS. On the 
other hand, it is well known that PET fiber has a 
main relaxation ascribed to micro-Brownian motion 
of amorphous chains and a second relaxation due 
to the rotation of local bonds in the main chains." 
In the temperature range of this study, both main 
and second relaxations do not appear obviously as 
maxima in tan 6. They may be covered by the melt- 
ing peak for the elastomer and the main relaxation 
of the soft domain in the elastomer. Figure 12 shows 
the effect of fiber loading on tan 6 for the SBS com- 
posites filled with fiber of 6 mm in length. The max- 
imum value at  the main relaxation decreases with 
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increasing fiber loading. The peak at high temper- 
ature has a similar tendency to the main relaxation. 

To investigate the effect of short-fiber reinforce- 
ment of TPE elastomer on main relaxation, the rel- 
ative damping of tan 6 for the composites to the 
corresponding elastomer, (tan a,,, h/ (tan 6,,, ) m ,  

was plotted as a function of TPE type, fiber loading, 
and fiber length. Figure 13 shows the effect of fiber 
loading and TPE type. The relative damping drops 
steeply at the low fiber loading and decreases grad- 
ually over 10 vol % fiber loading, which has no ob- 
vious linear relationship with the fiber loading al- 
though the PET-chloroprene rubber composites 
show the linear relationship described in previous 
paper? On the other hand, the relative damping of 
composites increases in the order of SIS ( 1 ) , SIS (2)’ 
Hytrel, and SBS, corresponding to increasing mod- 
ulus of the matrix elastomer. Figure 14 shows the 
effect of the fiber length on the relative damping for 
the SIS( 1) composites. The relative damping de- 
creases monotonously with increasing fiber length, 
but its decrease rate becomes smaller when the fiber 
length is longer than 2 mm. 

The maximum for main relaxation is usually re- 
lated to the volume fraction of the matrix phase. 
However, it is difficult to explain the dependence of 

1 
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Figure 13 Effect of fiber loading on relative damping 
at the maximum of tan S for SIS ( 1 ) , SIS (2 )  , SBS, and 
Hytrel composites filled with fiber that is 6 mm in length. 
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Figure 14 
the maximum of tan 6 for SIS ( 1 ) composites. 

Effect of fiber length on relative damping at 

the relative damping on matrix type and fiber length 
from only the volume effect. In fact, an uneven dis- 
tribution of strain in the matrix phase is also im- 
portant in its affect on the reinforcement of com- 
posites, and the unevenness occurs mainly between 
the matrix around a fiber’s end and that surrounding 
a fiber’s center. Thus, it seems that the damping of 
the composites also depends on the uneven distri- 
bution of strain in the matrix phase as well as on 
the volume effect. For the short fiber-TPE com- 
posites, the uneven distribution of strain in the ma- 
trix may be more important to control the damping, 
because both the decrease of the modulus ratio (Em/  
E f )  and the increase of fiber length can give rise to 
more uneven distribution of the strain in the matrix 
phase. 

CON CLUS I 0  N 

The dynamic mechanical properties are generally 
described by both moduli, E’ and E”, and loss tan- 
gent, tan 6. The short fiber-TPE composites show 
the obvious reinforcement effect of the short fiber 
in the magnitude of E’ in the rubbery plateau region, 
and E‘ increases in the order of SIS ( 1 ) , SIS (2 ) ,  
Hytrel, and SBS with increasing fiber loading and 
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length. Both E'and E"at high temperature increase 
with fiber loading for the SIS ( 1 ) and Hytrel com- 
posites as compared with the matrix elastomers, 
whereas they do not increase for the SIS ( 2  ) and 
SBS composites. The relaxation spectra of the TPE 
composites are controlled mainly by the properties 
of the matrix elastomer. From the dependence of 
(tan dmax),/(tan 6,,,), on the matrix types, fiber 
loading, and fiber length, it is considered that the 
relative damping of the composites is attributed not 
only to the volume effect of the matrix phase, but 
also to the unevenness of the strain distribution in 
the matrix that was caused by the loaded fibers. 
These findings indicate that the TPE composites 
have different dynamic properties from the conven- 
tional thermosetting rubber composites and are 
controlled strongly by the matrix phase. 

A triblock model was considered for estimating 
the modulus of the short fiber-TPE composites as 
follows: 

E, = aVfEf + P( 1 - Vf)E, 

where a and P are the effective deformation coeffi- 
cients for the fiber and the matrix elastomer, re- 
spectively, and they can quantitatively be repre- 
sented by moduli ratio M ( = E,,,/Ef) and fiber length 
L :  

L" + k 1 - (YVf 
1 - Vf M ,  P =  a Y L n M + k  

where constants n and k are obtained experimen- 
tally. 

When k = 0.022 and n = 0.45, E' of the TPE 
composites agreed well with the prediction of the 
model. This proves that the viewpoint about differ- 
ent extensibility between fiber and matrix is impor- 
tant to account for the short-fiber reinforcement of 
the TPE composites. 
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