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ABSTRACT: This paper deals with prediction of the temperature rise in the stress-
controlled fatigue process of a glass-fiber-reinforced polyamide and the application of a
temperature and frequency superposition procedure to the S-N curve. An experimental
equation was derived to predict the temperature rise from calculations based on the
fatigue test conditions and viscoelastic properties of the material. The temperature rise
(DT) can be expressed as a product of a coefficient term F(L, k) concerning heat
radiation and the test-specimen shape and a function term Pfat concerning the vis-
coelastic properties and fatigue test conditions. F(L, k) was found experimentally to
derive the equation for predicting the temperature rise blow or above the glass tran-
sition temperature (Tg) of the material. The equation sR 5 2STf A log NfR 1 STf B
was obtained as a procedure for applying temperature and frequency superposition to
S-N curves in consideration of DT. This procedure was obtained by combining both
temperature- and frequency-superposition techniques. Here, sR and log NfR represents
the stress and the fatigue lifetime calculated at a given temperature and frequency, A
and B denote the slope and intercept of any arbitrarily chosen S-N curve, and STf is a
shift factor for temperature and frequency superposition. © 1999 John Wiley & Sons, Inc.
J Appl Polym Sci 72: 1783–1793, 1999
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INTRODUCTION

Polymer composite materials have been increas-
ingly applied in recent years to structural compo-
nents requiring higher levels of strength, like
metal substitutes, in order to achieve weight and
cost reductions. One important strength criterion
that must be met in applying composite materials

to structural components is fatigue life.1 From the
standpoint of structural component design, it is
essential to be able to predict fatigue life accu-
rately and quickly. However, predicting the fa-
tigue life of resins reliably has traditionally been
an enormously time-consuming task because of
the lack of suitable accelerated-testing proce-
dures that could be applied to polymer composite
materials. In an effort to overcome this problem,
Jinen,2 Furuhashi et al.,3 and Karger–Kocsis4

proposed resin fatigue mechanisms that took into
account material failure. Somiya et al.5 also re-
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ported an attempt to apply Miner’s law to fatigue-
life predictions of resin materials. Those studies,
however, did not result in a procedure that would
allow the fatigue life of resin materials to be pre-
dicted uniformly and quickly under various types
of conditions.

It is well known that heat generation originat-
ing from viscoelasticity occurs during the fatigue
process of resin materials. Shults6 suggested that
a portion of the deformation energy accompany-
ing cyclic stressing of test pieces contributes to
heat generation. Kajiyama et al.7–10 pointed out
that understanding the heat generation process of
test pieces is an important factor in predicting the
fatigue life of resin materials. This temperature
rise is closely related to the surrounding temper-
ature because the viscoelastic loss itself is a func-
tion of temperature and changes rapidly in the
vicinity of the glass transition temperature.
There are several early studies11–13 that have
dealt with the influence of specimen temperature
on the fatigue behavior of polymers. The mecha-
nisms of fatigue fracture below and above glass
transition temperature were analyzed in terms of
stress-activated kinetic theories. However, be-
cause the kinetic theories are based on the molec-
ular failure mechanisms such as main-chain scis-
sions or second-bond ruptures, these early results
cannot be directly applied to the fiber-reinforced
polymers, which are macroscopically inhomog-
enous.

The purpose of this study is to examine the
relationship between the temperature rise ob-
served during the fatigue life of a glass fiber-
reinforced polyamide and that during fatigue test
conditions. An attempt was made to apply a tem-
perature and frequency superposition procedure
to the S-N curves to predict the fatigue life from
an engineering viewpoint.

This research examined the relationship be-
tween the temperature rise observed during the
fatigue process of a glass fiber-reinforced poly-
amide and the fatigue test conditions. An attempt
was made to apply a temperature and frequency
superposition procedure to the S-N curves of the
test polyamide.

EXPERIMENTAL

Test Material

Test specimens were injection molded from poly-
amide 66 containing 33% glass-fiber reinforce-

ment (made by Asahi Chemical Industries, Tokyo,
Japan, under the brand name of Leona 1042G).
Figure 1 shows the shape and dimensions of an
ASTM-D Type S tension-impact specimen. The
moisture content of the specimens before and af-
ter the fatigue tests was kept to less than 0.2% by
weight.

Test Procedure

Stress-controlled fatigue tests were conducted us-
ing an electrohydraulic servo fatigue tester to ap-
ply cyclic tensile stress at frequencies from 5 Hz
to 50 Hz over a temperature range from 273 K to
393 K. The minimum load applied was 49 N (min-
imum stress 6 0) and the maximum stress was in
a range of 49–137 MPa. The surface temperature
in the center of a specimen was continuously mea-
sured during the fatigue test with an infrared
thermometer, producing a beam diameter of less
than 3 mm, and CA thermocouples of less than
0.3 mm in diameter. The viscoelastic properties of
the test material that were used in the calcula-
tions were measured with a DMTA MKII dynam-
ic-stress rheometer (Polymer Laboratories Co.,
Ltd.). Measurements were made in a nitrogen
atmosphere at a frequency of 20 Hz in a temper-
ature range from 123 K to 523 K and with a rate
of temperature increase of 2°/min.

RESULTS AND DISCUSSION

S-N Curve Characteristics

Figure 2 shows the ambient temperature (T) de-
pendence of the S-N curve of the polyamide 66
specimen at a frequency ( f ) of 20 Hz. The S-N
curve can be approximated as a straight line in
terms of the maximum stress (s) and semiloga-
rithmic plots of fatigue life (log N). This indicates

Figure 1 Dimensions of ASTM-D1822 Type S Ten-
sion-Impact Specimen.
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that the S-N curve can be approximated with the
following general equation:

s 5 2A log N 1 B (1)

where A and B are the slope and intercept of the
approximated S-N curve, respectively. The tem-
perature dependence of the slope A and intercept
B of the approximated S-N curve is shown in
Figures 3 and 4. Both the slope and the intercept
show a good linear correlation with the reciprocal
of the ambient temperature (1/T). This relation-
ship tends to divide into two regions at the glass
transition temperature (Tg 5 330 K) of poly-
amide 66. In the low-temperature region below
the glass transition temperature, both the slope
and the intercept tended to decrease with increas-
ing temperature. In the high-temperature region
above the glass transition temperature, the slope
and the intercept did not display any noticeable
temperature dependence and it is inferred that
both had nearly constant values. These results
suggest, then, that the fatigue mechanism of the
test specimens differed depending on whether
their temperature exceeded the glass transition
temperature or not.

The frequency dependence of the S-N curve at
300 K is shown in Figure 5. In this figure as well,
the S-N curve can be approximated as a straight
line in terms of the maximum stress (s) and semi-

logarithmic plots of fatigue life (log N) and can be
approximated with eq. (1). The frequency depen-
dence of the slope A and intercept B is shown in
Figures 6 and 7. Both figures indicate that the
slope and intercept decreased linearly with in-
creasing frequency. These results suggest that

Figure 2 Dependence of S-N Curve on Ambient Tem-
perature. Figure 3 Relationship Between Ambient Tempera-

ture (T) and Slope ( A) of S-N Curve.

Figure 4 Relationship Between Temperature (T) and
Intercept (B) of S-N Curve.

FATIGUE IN GLASS-FIBER-REINFORCED POLYAMIDE 1785



fatigue developed according to the same mecha-
nism at all of the frequencies measured in these
fatigue tests.

Heat Generation Behavior and Method of
Predicting Temperature Rise

Temperature Rise at Specimen Surface
Accompanying Fatigue

Figure 8 shows the difference (DT) between the

surface temperature of the test specimen (Ts) and
the ambient temperature (To) as a function of the
number of fatigue cycles (N). The specimen sur-
face temperature shows a sharp rise in a short
period of time in the initial and final fatigue
stages of the test. Throughout the middle fatigue
stage, which accounted for most of the fatigue life,
the specimen surface temperature shows little
change, indicating a quasi-thermal equilibrium
state. The structural changes associated with fa-
tigue appear to have proceeded gradually during
the middle stage, which represented the major

Figure 5 Dependence of S-N Curve on Cyclic Fre-
quency ( f ).

Figure 6 Relationship Between Cyclic Frequency ( f )
and Slope ( A) of S-N Curve.

Figure 7 Relationship between Cyclic Frequency ( f )
and Intercept (B) of S-N Curve.

Figure 8 Relationship between temperature rise
(DT) and number of cycles (N) during fatigue tests at
ambient temperature of 296 K, maximum stress of 88
MPa and frequency of 20 Hz.
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portion of fatigue life. It is thought, therefore,
that the temperature rise at the specimen surface
during the middle fatigue stage has a large influ-
ence on fatigue life.

The middle fatigue stage was regarded as a
quasi-thermal equilibrium state and the temper-
ature rise (DT) was defined as indicated in Figure
9 and eq. (2). An attempt was then made to pre-
dict the temperature rise.

DT 5 $~TS(High) 1 TS(Low)!/2% 2 To (2)

where TS(High) and TS(Low) indicate the upper and
lower limits of the specimen surface temperature
in the middle fatigue stage.

Expression for Predicting Temperature Rise

The following discussion concerning the heat bal-
ance in the middle fatigue stage is based on the
equation proposed by Kajiyama et al.7–10 Based
on research conducted with polyethylene (PE) fi-
bers and other materials, Kajiyama and Taka-
hara7 reported that the hysteresis loss HT per
unit time and unit volume in pulsating strain-
controlled fatigue can be expressed as a function
of the square of the average strain «av, as repre-
sented by the following equation:

HT 5 pfE 0nl«av
2 (3)

where f is the frequency and E 0nl is the nonlinear
loss modulus.

In the present work, the term E 0nl 5 E0, denot-
ing the loss modulus in linear viscoelasticity, was
applied to allow simple viscoelastic treatment,
and eq. (3) was rewritten as eq. (4) below.

HT 5 pfE0«av
2 (4)

where E0 is the linear loss modulus.
A stress-controlled fatigue test was then con-

ducted under a virtually pulsating stress condi-
tion (minimum stress smin 6 0, maximum stress,
or hysteresis stress smax @ 0). The dynamic mod-
ulus of elasticity E9 during the fatigue test was
expressed by eq. (5) based on the frequency re-
sponse and taking into account the viscoelastic
properties of the tested resin.

E9 5 SEi~v2ti
2!/~1 1 v2ti

2! (5)

where Ei is the modulus of elasticity of the ith

viscous element, v is the angular frequency and ti
is the relaxation time of the ith viscous element.

The relationship expressed by eq. (5) can be
simplified to

E9 5 E~v2ti
2!/~1 1 v2ti

2! (6)

where E is the static modulus of elasticity.
Because resin are viscoelastic bodies, the rela-

tionship 0 , t , ` holds true. Additionally, under
the fatigue conditions used in this study, 5 Hz
% v/2p % 50 Hz. Because it is possible to assume
that 1 ! v2 t2, eq. (6) can be approximated as eq. (7).

E9 6 E (7)

It is well known that the frequency at which resin
fatigue accompanying fatigue heat generation can
be observed is higher than several Hz. Accord-
ingly, the relationship express by eq. (7) is
thought to be valid.

Assuming that there is a linear viscoelastic
relationship between strain « and stress s in
strain-controlled fatigue, the following expression
is obtained:

«av 5 «max/2 5 ~smax/2!/E (8)

where «max is the maximum strain and smax is the
maximum stress.

Equation (9) was therefore derived from eqs.
(4) and (8).

HT 5 pfE0$~smax/2!/E9%2 (9)

Viscoelastic energy loss HT is consumed as the
energy dissipated in structural changes and as
heat generation. On the basis of the viscoelastic
properties in Figure 10 and the photomicrographs
of the test pieces in Figure 11, it is concluded that

Figure 9 Definition of temperature rise (DT) at spec-
imen surface.
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there was little change in energy loss associated
with structural changes in the initial and final
periods of the middle fatigue stage. It is thought
therefore that nearly all of HT was consumed as
heat generation in the middle fatigue stage. Then,
assuming that all of the energy of HT is converted
to heat, and also by transforming eq. (9), the
amount of heat released QF can be given by:

QF 5 pf~E0/E92!~s/2!2 (10)

where E9 is the storage modulus of elasticity and
s is the maximum stress (smax).

The amount of heat radiated QR into the am-
bient environment from the surface area S in a
given unit of time can be found from the following
expression:

QR 5 ~S/V!kDT 5 kDT/L (11)

where S is the surface area of the specimen, V is
the volume of the specimen, k is the heat transfer
coefficient, and L is the length of the specimen.
Accordingly, from eqs. (10) and (11), the change in
the surface temperature of the specimen per unit
of time, dT/dt, due to heat generation and radi-
ation can be given by:

dT/dt 5 ~QF 2 QR!/rCP

5 @pf~E0/E92!~s/2!2 2 kDT/L#/rCP (12)

where r is the density and CP is the specific heat
of the specimen, respectively.

Moreover, because the middle fatigue stage is a
quasi-thermal equilibrium state, it is assumed
that dT/dt 5 0. Then, eq. (12) can be expressed
by eqs. (13) and (14):

0 5 @pf~E0/E92!~s/2!2 2 kDT/L#/rCP (13)

DT 5 ~pL/k!f~E0/E92!~s/2!2 5 F~L, k!Pfat
(14)

where

F~L, k! 5 pL/k (15)

Pfat 5 f~E0/E92!~s/2!2 (16)

This indicates that the temperature rise DT is the
product of the coefficient term F(L, k) concerning
the heat release and the test specimen shape, and
of the function term Pfat concerning the viscoelas-
tic properties of the test specimen and the fatigue
test conditions. Accordingly, using eq. (14), F(L,

Figure 11 Photomicrographs of specimens during fa-
tigue process.

Figure 10 Dependence of viscoelastic behavior on cy-
cle number during fatigue process — after 104 cycle z z
z z z after 106 cycle.
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k) can be determined experimentally because DT
is simply proportional to Pfat.

Method of Calculating Temperature Rise

Figure 12 shows the temperature rise (DT) as a
function of Pfat for the various temperatures used
in the fatigue tests, and Figure 13 shows the same
relationship for the different frequencies used.
The two figures indicate that there was nearly a
proportional relationship between (DT) and Pfat,
as predicted by eq. (13). The slope of this approx-
imate equation is F(L, k).

The curves for the relationship between (DT)
and Pfat under the various test temperatures in-
dicate that the slope tended to increase with in-
creasing temperature. Discontinues are also seen
in the slope of these DT vs. Pfat curves in the
vicinity of the glass transition temperature (330
K) of polyamide 66. These discontinuities are
thought to be attributable to large changes that
occurred in the heat-transfer coefficient and vis-
coelastic properties at around that temperature.

The curves for the relationship between DT
and Pfat under the different frequencies used in
the fatigue tests indicate, on the other hand, that
the slope tended to decrease with increasing fre-
quency. Two reasons can be considered for this
tendency. One is that the heat-transfer coefficient
increased at higher frequencies (i.e., the apparent

heat-transfer coefficient increased because of
higher air velocity along the surface of the test
specimen). The other is that the viscoelastic en-
ergy contribution to DT decreased (i.e., the con-
tribution to structural change increased).

A study was then made of a method for calcu-
lating the coefficient (pL/k) of eq. (14) from the
ambient temperature and the frequency. Figure
14 shows the temperature and frequency (T/f )
dependence of this coefficient (pL/k). It is seen
from the figure that a good linear correlation was
obtained with each variable. Moreover, as noted
earlier, the correlation with the ambient temper-
ature divides into two approximated straight
lines in the vicinity of the glass transition tem-
perature (330 K) of polyamide 66. The results in
Figure 14 thus indicate that temperature depen-
dence in the region below the glass transition
temperature can be expressed experimentally by
eq. (17), and frequency dependence by eq. (18).

~pL/k! 5 10.72 ~T/f ! 2 116.7 (17)

~pL/k! 5 0.8163 ~T/f ! 1 32.16 (18)

Similarly, temperature dependence in the region
above the glass transition temperature can be
expressed experimentally by eq. (19), and fre-
quency dependence by eq. (20).

Figure 12 Effect of ambient temperature (T) on the
parameter (Pfat) vs. temperature rise (DT) during fa-
tigue tests.

Figure 13 Effect of cyclic frequency ( f ) on the pa-
rameter (Pfat) vs. temperature rise (DT) during fatigue
tests.
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~pL/k! 5 3.800 ~T/f ! 2 55.40 (19)

~pL/k! 5 0.3721 ~T/f ! 1 5.233 (20)

The foregoing procedure has shown that the coef-
ficient (pL/k) in eq. (14) can be calculated from
the fatigue test conditions (ambient temperature
and frequency), and that the temperature rise DT
can be found from the relationship between the
calculated result and Pfat. Although not shown
here, a comparison of the calculated and experi-
mental results revealed that they were in good
agreement.

Temperature/Frequency Superposition Method for
S-N Curves

By analogy with the theory of viscoelasticity, it is
thought that temperature and frequency superpo-
sition can be applied to S-N curves in order to
take into account the fatigue test conditions un-
der the same fatigue mechanism. The procedure
used here for temperature and frequency super-
position allows temperature superposition and
frequency superposition to be applied alternately
to any arbitrarily chosen S-N curves. The follow-
ing discussion presents the results obtained when
this temperature- and frequency-superposition
procedure was applied to S-N curves in the low-

temperature region below the glass transition
temperature of polyamide 66.

Temperature Superposition Procedure

The S-N curves at ambient temperatures T1 and
T2 are expressed by Eqs. (21) and (22):

s1 5 2A1 5 log N1 1 B1 (21)

s2 5 2A2 log N2 1 B2 (22)

In the case of temperature superposition, the
slopes A of the curves given by eqs. (21) and (22)
must be equal. To accomplish this, a shift factor
ST is introduced to correct the slope of the curve
given by eq. (22), and the expression is rewritten
as eq. (23):

ST s2 5 2ST A2 log N2 1 ST B2 (23)

where ST is defined as ST 5 A1/A2.
In order for eq. (23) to be superposed on eq.

(21), STs2 must equal s1.

2A1 log N1 1 B1 5 2ST A2 log N2 1 ST B2 log N1

2 log N2 5 ~B1 /A1! 2 ~B2 /A2! (24)

where the fatigue life shift factor STN is defined
as indicated in eq. (25).

STN 5 ~B1/A1! 2 ~B2 /A2! (25)

Hence, the general equation for temperature su-
perposition can be expressed as:

sTR 5 2ST A~log N 1 STN! 1 ST B

5 2ST A log NTR 1 ST B (26)

where sTR represents the stress calculated at a
given temperature and log NTR represents fa-
tigue life calculated at that temperature and is
expressed as log NTR 5 log N 1 STN.

Figure 15 shows that the S-N curves in Figure
2 can be superposed on a standard S-N curve (20
Hz, 296 K) by using eq. (26). It should be noted
that ST and STN are dependent on DT( f, T).

Frequency Superposition Procedure

Although frequency superposition can also be ac-
complished in the same manner as for tempera-
ture, the simple superposition of the number of

Figure 14 Relationship between the variables (T/f )
and (pL/k) Low-temperature region (Tg ^ T) E De-
pendence on T ‚ Dependence on f High-temperature
region (Tg , T) F Dependence on T Œ Dependence on f.

1790 HANDA, KATO, AND NARISAWA



cycles to fatigue failure N would result in differ-
ent fatigue life figures owing to the frequency
differences. Therefore, it is necessary to perform
the following correction. The S-N curves are first
expressed by eqs. (21) and (22) similar to the
procedure for temperature, and the life time dif-
ferences are then corrected according to the fre-
quency differences.

The relationship between the number of cycles
to fatigue failure N and the frequency f and fa-
tigue life t at the frequencies f1 and f2 can be
expressed by eqs. (27) and (28), respectively.

N1 /f1 5 t1 (27)

N2 /f2 5 t2 (28)

Equations (27) and (28) are introduced here to
rearrange the basic S-N curve expressions, eqs.
(21) and (22), in terms of fatigue life, resulting in
eqs. (29) and (30):

s1 5 2A1 log~N1 /f1! 1 B1 (29)

s2 5 2A2 log~N2 /f2! 1 B2 (30)

Just as in the case of temperature superposition,
frequency superposition requires that the slopes
A of the curves given by eqs. (29) and (30) be
equal. To achieve that equality, the shift factor Sf
is introduced to correct the slope of the curve

given by eq. (30), and the expression is rewritten
as

Sf s2 5 2Sf A2 log~N2 /f2! 1 B2 (31)

where Sf is defined as Sf 5 A1/A2.
In order for eq. (31) to be superposed on eq.

(29), Sfs2 must equal s1.

2A1 log~N1/f1! 1 B1 5 2ST A2 log~N2 /f2!

1 ST B2 log N1 2 log N2 5 ~B1 /A1!

2 ~B2 /A2! 1 log~f2 /f1! (32)

where the fatigue life shift factor SfN at the fre-
quency of interest is defined as indicated in eq. (33).

Sf N 5 ~B1 /A1! 2 ~B2 /A2! 1 log~f2 /f1! (33)

where log ( f2/f1) is the term for correcting fatigue
life differences due to frequency differences.
Hence, the general equation for frequency super-
position can be expressed as:

sfR 5 Sf A~log N 1 Sf N! 1 Sf B

5 2Sf A log Nf R 1 Sf B (34)

where sfR represents the stress calculated at a
given frequency and log NfR denotes the fatigue
life calculated at that frequency and is expressed
as log NfR 5 log N 1 SfN.

Figure 16 indicates that the S-N curves in Fig-
ure 5 can be superposed on a standard S-N curve
(20 Hz, 296 K) by using eq. (34). It should be noted
that Sf and SfN are dependent on DT( f, T).

Temperature and Frequency Superposition
Procedure

As shown in Figure 17, two approaches can be
considered for accomplishing the superposition of
both temperature and frequency in which the
temperature superposition procedure and the fre-
quency superposition procedure are applied alter-
nately. Assuming that the procedure is not depen-
dent on the order of superposition, it can be ex-
pressed by eq. (35):

sR 5 2ST Sf A~log N 1 STN 1 Sf N! 1 ST Sf B

5 2ST fA~log N 1 STf N! 1 STf B

5 2STf A log NfR 1 STf B (35)

Figure 15 Temperature Superposition of S-N Curve.
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where sR represents the stress calculated at a
given temperature and frequency, A and B are
the slope and the intercept of any arbitrarily se-
lected S-N curve, and log NfR denotes the fatigue
life calculated at the given temperature and fre-
quency and is expressed by eq. (36):

log NfR 5 log N 1 STfN (36)

where STf and STfN are shift factors for temper-
ature and frequency superposition and are given
by eqs. (37) and (38), respectively:

STf 5 STSf (37)

STfN 5 STN 1 SfN (38)

It should be noted that their values are dependent
on DT( f, T).

Figure 18 shows that the S-N curves in Figures
2 and 5 can be superpositioned on a standard S-N
curve (20 Hz, 296 K) by using eq. (35).

The foregoing discussion has shown that the
temperature and frequency superposition proce-
dure can be applied to the S-N curves of glass
fiber reinforced polyamide 66.

CONCLUSIONS

Trying to predict the temperature rise that occurs
in the fatigue process of polymer composite mate-
rials and the associated S-N curves by experimen-
tation is a time-consuming task. This research
examined a method of predicting the temperature
rise for a glass-fiber-reinforced polyamide and the
possible application of a temperature and fre-
quency superposition procedure to its S-N curve.

The temperature rise (DT) can be expressed as
a product of a coefficient term F(L, k) concerning
heat radiation and the test specimen shape and a
function term Pfat concerning the viscoelastic
properties and fatigue test conditions. The coeffi-
cient term F(L, k) was found experimentally to
derive the equation for predicting the tempera-

Figure 16 Frequency Superposition of S-N Curve.

Figure 17 Procedure for Temperature- and Freq-
uency-Superposition.

Figure 18 Universal S-N Curve in Low Temperature
Region (T % Tg).
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ture rise. One equation is used in the low-temper-
ature region below the glass transition tempera-
ture (Tg) of the material and a separate equation
in the high-temperature region above that point.
The values calculated for each temperature re-
gion showed good agreement with the experimen-
tal data.

The equation sR 5 2STf A log NfR 1 STf B
was obtained as a procedure for applying temper-
ature and frequency superposition to S-N curves
in consideration of DT. This procedure was ob-
tained by combining both temperature and fre-
quency superposition techniques.

It was shown that the use of the proposed
methods allows the temperature rise of a test
specimen at any arbitrarily chosen ambient tem-
perature and frequency, as well as its S-N curve,
to be predicted quickly from the measured vis-
coelastic properties of the material and the fa-
tigue test conditions. As a result, it is expected
that the practical application of these methods
will lead to a substantial reduction in develop-
ment lead time for applying polymer composite
materials to structural components with high-
strength requirements.

This paper has presented some of the results obtained
in research conducted by the Study Group on Resin
Fatigue, which consists of members from Yamagata
University, Asahi Chemical Industry Co., Ltd., Ube
Industries, Ltd., DuPont Corp., Toray Industries, Inc.,
Polyplastics Co., Ltd., Mitsui Petrochemical Industries,

Ltd., Mitsui Toatsu Chemicals, Inc. and Nissan Motor
Co., Ltd. The authors thank the individuals at the
companies concerned for their helpful discussions in
connection with this research.
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