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Creep and stress relaxation in a longitudinal polymer liquid crystal:
Prediction of the temperature shift factor
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The polymer liquid crystal PLC is the PET/0.6PHB copolymer; PET5poly~ethylene terephthalate!,
PHB5r-hydroxybenzoic acid~LC!: 0.65the mole fraction of PHB. This is a multiphase system
with PHB-rich islands in a PET-rich matrix. Tensile creep compliance was measured isothermally
from 20 °C to 160 °C in 10 °C intervals. Master curves were determined using the time–temperature
superposition for 20 °C and for the glass transition temperature of the PET-rich phaseTgPET

562 °C. Experimental values of the temperature shift factoraT as a function of temperatureT
agree in the entireT range with those from Eq.~7! relating aT to the reduced volumeṽ and
the Hartmann equation of state Eq.~10!. Values ofaT(T) calculated from the Williams–Landel–
Ferry ~WLF! formula give very large errors belowTg . A control 14 months creep experiment
agrees with the theoretical predictions from Eq.~7!. Stress relaxation experiments were performed
under the constant strain of 0.5% from 20 °C to 120 °C, again master curves were determined
for 20 °C and forTgPET andaT(T) values calculated. The stress relaxationaT(T) results agree with
those from creep and with those from Eq.~7!. © 1999 American Institute of Physics.
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I. INTRODUCTION AND SCOPE

Prediction of long term behavior from short term tests
possibly the most important area of polymer engineering
science. Except for the phenomena of fatigue and ther
fatigue ~see for instance, Ref. 1!, properties of metals and
ceramics can largely be assumed time-independent. W
we have a different situation with polymers, and viscoel
ticity is a challenge, we also have here an opportunity.

In this paper we analyze the foundations as well as c
sequences of the time–temperature correspondence
ciple. Since the principle has its limitations, we provide e
perimental creep and stress relaxation data for a poly
liquid crystal ~PLC!. The PLC in its service temperatur
range contains four phases,2 hence conventional wisdom
says that the equivalence principle does not apply. We int
to prove the contrary.

II. THEORY

A. Time–temperature superposition

In 1874 Boltzmann presented the fundamental equa
of linear viscoelasticity.3,4 By considering an elastic ‘‘after
effect’’ under a strainde for a short timedt, Boltzmann
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b!Electronic mail: ndsouza@jove.acs.unt.edu
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d!Electronic mail: maksimov@edi.lv
9700021-9606/99/110(19)/9706/7/$15.00

Downloaded 11 Jul 2007 to 129.120.94.172. Redistribution subject to AIP
d
al

ile
-

-
in-
-
er

d

n

evaluated the aftereffect at a later timet, namely that an
associated stress is proportional to the original strain and
decreasing function of the time lapse. He then further pos
lated that the stress at timet due to a straine is not affected
by other deformations that occurred in the intervening
riod. Thus, although the application of a driving force~be it
stress, temperature, etc.! causes time-dependent deformatio
it can still be assumed that each increment in the driv
force makes its independent contribution. We can investig
these effects separately through changes of the reduced
ume ṽ caused by temperature and stress; the tempera
effects are considered in this paper.

Following the classical Boltzmann approach, the str
response to an applied load is given by

e~ t !5F s

Eu
G1E

2`

t

D~ t2t!
ds~t!

dt
dt, ~1!

while the stress response to an applied strain is

s~ t !5@Er e#1E
2`

t

E~ t2t!
de~t!

dt
dt. ~2!

HereD(t) is the creep compliance,Eu is the unrelaxed stor-
age modulus,Er is the relaxed storage modulus,ds/dt and
de/dt represents the incremental stress and strain co
sponding to the time incrementdt. The integral is a result of
the stress being analyzed at times other thant50, i.e., a
history dependence called the hereditary integral.
6 © 1999 American Institute of Physics
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9707J. Chem. Phys., Vol. 110, No. 19, 15 May 1999 Brostow et al.
As discussed in some detail by Markovitz,5 a broad look
at the Boltzmann results can lead us to the ti
t–temperatureT correspondence~TTC! principle: from me-
chanical measurements made at several temperatures on
create a master curve for a chosen temperatureTref extending
over several decades of time.6–9 Shifting of individual curves
to produce the master curve is performed using the temp
ture shift factoraT , or logaT . To make as extensive use a
possible of the principle, we now need to discuss it in re
tion to free volume, an aspect Markovitz did not cover.

Consider a conformational change in the chain at
room temperature, so fast that we cannot follow it expe
mentally. Processes inside polymeric materials require
volumev f—a fact discussed repeatedly for thermo-physi
properties by Flory,10,11 for mechanical by Ferry,6 and which
also forms the basis of the chain relaxation capability~CRC!
approach.12,13,8,9 By lowering the temperature, we decrea
the amount of free volume; eventually the process under
vestigation will be slowed down to such an extent that
shall be able to measure it. Often more important for o
predictive capabilities is the opposite direction. Instead
performing experiments for a long time at room temperatu
we can heat the specimen, thus produce higherv f , and cap-
ture in, say, 10 hours a series of events which otherw
would take 50 years.

The applicability of the TTC toamorphousmaterials
was proven in numerous experiments. However, there
semicrystallineviscoelastic materials to which TTC suppo
edly does not apply. Relation between morphology and T
principle applicability was studied already decades ago
Schwarzl and Staverman.14 They postulated that two classe
of material be defined: class A where a change of temp
ture is equivalent to a shift on the logarithmic time scale a
class B where equivalence was seen not to exist. They ca
the class A materials thermorheologically simple, and cl
B, thermorheologically complex.

Ignoring the effects of temperature on the forces, acco
ing to Schwarzl and Staverman, in a thermorheologica
simple material, the characteristic times are mutually prop
tional if all the viscosities show the same dependence
temperature. Thus for any molecular rate processi, the pro-
cess will be accelerated to the same extent by a spec
change of temperature:

h i~T1!

h i~T2!
5 f ~T1 ,T2!, independent of i. ~3!

Here h i(Tj ) is the viscosity at a temperatureTj . Thus, in
thermorheologically simple materials the master curve
flects the fact that all retardation timest i(T) at a temperature
T bear a constant ratioaT to the corresponding retardatio
timest i(Tref) at the temperatureTref

t i~T!/t i~Tref!5aT5hsTrefr ref /hsrefTr, ~4!

wherer5v21 represents the mass density andv is the spe-
cific volume. In other words, using the elastic modulusE as
Downloaded 11 Jul 2007 to 129.120.94.172. Redistribution subject to AIP
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an example, and considering it as a function of time,
changing of temperature is seen to be equivalent to apply
the shift factoraT to the time scale

E~Ti ,t !5E~Tref ,t/aT!. ~5!

The reasoning of Schwarzl and Staverman can be rel
to the well-known theory of reaction rates of Glasston
Laidler, and Eyring which assumes that there is an ene
barrier called the activation energy which needs to be ov
come for a process to occur. The activation energy conc
has to be taken with some caution; it is supposedly univer
so that it deals with physical processes such as chain re
ation in an analogous way as with chemical reactions. A
plying this concept here, one finds that the apparent act
tion energy for all molecular rate processes must be identi
The microrheological condition for thermorheological sim
plicity of Schwarzl and Staverman~their class A! can be
formulated as follows: in similar deformations at differe
temperatures always the same sequence of molecular e
takes place. In materials of class B not only the velocity b
also the sequence of molecular processes changes whe
temperature of the experiment changes. This implies th
heat treatment of materials of class A cannot form a spe
structure which would not be obtained at a single tempe
ture. This statement does not apply to class B. The appro
of Schwarzl and Staverman leads to the conclusion that t
morheologically simple materials do not contain crystallit
or pronounced polar groups. For the time being we note
this conclusion deserves further scrutiny.

Given a material to which TTC applies, we can perfor
experiments isothermally at a number of temperatures. Th
is one temperature of particular interest, sayTref . There is at
least one parameter of particular interest, say the tensile c
plianceD(t)5e(t)/s5E21(t), wheree is the engineering
strain, s the engineering stress, andE the tensile modulus
already featured in Eq.~5!. We create a large diagram ofD
5D(t), or more often of logD5logD(log t). In the present
case we start with the results at 20 °C, and then put resul
all other temperatures so that they would build a sin
curve; the result is themaster curvefor 20 °C. The respective
shifting distance, that is the shift factoraT , is different for
each temperature while hereaT(20 °C)51 by definition.
Thus

D~ t,T;s5const!5D~ t/aT ,Tref ; s5const!. ~6!

Formulas of the type of~5! and ~6! can also be written
for other mechanical properties of viscoelastic materia
However, apart from the applicability range of such re
tions, another important issue is involved. Unless anaT(T)
equation is available, quite extensive experimentation a
number of temperatures is necessary. Since TTC has b
known for decades, already in 1955 Williams, Landel, a
Ferry ~WLF!15 developed a pioneeringaT(T) formula. Un-
fortunately, the WLF equation is usable only in a limite
temperature range above the glass transition temperatureTg ,
namely up toTg150 K or so; this warning comes from
Ferry.6 Under these circumstances, van Krevelen16 recom-
mended forT<Tg an Arrhenius type equation, reminisce
also of the theory of rate processes. However, calculatio
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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including ours,12,17 show that the other equation is not re
able either. It appears that this situation resulted in the be
that TTC itself is not applicable. Bicerano,18 whose book
provides a fairly detailed account of current methods of p
diction of properties of polymeric materials, notes that TT
has a limited quantitative application range.

This situation suggests the following question: Is it t
TTC principle itself which fails so often, or rather are va
ous computational procedures based on TTC inaccur
There is a way to provide an answer to this question; one
us12,13 has derived the following fairly general formula

ln aT5A1B/~ ṽ21!, ~7!

applicablebelow and above Tg . Here ṽ is the reduced free
volume ~see the next subsection!, andA andB are materials
constants;B is called the Doolittle constant since it com
from the Doolittle equation relating viscosityh to v f . The
WLF equation can be derived from Eq.~7! as a special cas
if one makes a simple~but unfounded! assumption.13 Eq. ~7!
has to be used in conjunction with an equation of state
topic to be covered below. For predrawn materials there
ists a further generalization of Eq.~7! which includes the
draw ratiol.17

B. The equation of state

The method of reduced variables has been known
more than a century, recommended by Johannes D. van
Waals. We write

ñ5n/n* ; T̃5T/T* ; P̃5P/P* , ~8!

wherev* , T* , andP* are the characteristic~‘‘hard-core’’!
parameters for a given material. The free volumev f can be
then calculated as

v f5v2v* . ~9!

We now need an equation of state to be used in conju
tion with Eq. ~7!. Good results have been obtaine
repetitively19,18 with the Hartmann equation20–22

P̃ṽ55T̃3/22 ln ṽ. ~10!

We shall apply Eq.~10! together with~7! to our experimental
results reported below.

C. Cooperative theory of stress relaxation

Already in 1965 one of us23 suggested a representatio
of the stress relaxation curves in the coordinatess
2s i)/(s02s i) versust; heres is the effective stress,s i the
so-called internal stress which corresponds to the timt
5`, while s0 pertains tot50. A comparison was made fo
a variety of materials, including metals and polymers.
turned out23 that the curves for so vastly different materia
look similar, and all exhibit three regions: initial, nearly ho
zontal ~a long central region, descending approximately l
early!, and final~again approximately horizontal!, which pro-
vides us with the value ofs i . Curves for one material a
several temperatures also look quite similar in these coo
Downloaded 11 Jul 2007 to 129.120.94.172. Redistribution subject to AIP
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nates. Also experiments show23 that the maximum value o
the slope of the central region obeys the formula

F5@ds/d~ ln t !#max5C~s02s1!, ~11!

wherec is a proportionality factor approximately equal to 0
at ambient temperatures for metals, polymers, as well as
a number of other solids.

A number of theoretical models has been developed
the prediction and explanation of stress relaxation. S
models have been reviewed24 and their various deficiencie
pointed out. Briefly, models which can explain the behav
of metals serve poorly for polymers, and vice versa. In t
situation acooperativemodel which seems to possess suf
cient generality was developed.25,24,26,27The model assume
a two-level system, with unrelaxed flow units in the upp
level. Thus, the numbern of such units at any given time
serves as the measure of stresss, or more accurately of the
differences2s i . The flow process consists of elementa
events ~transitions! of varying multiplicity; that is, each
spontaneous event may produce a certain number~a cluster!
of induced or secondary events. The theory provides a c
ter size distribution and also leads to our Eq.~11!. A some-
what more generalized model which allows transitions
both directions, that is, to lower as well as to higher ene
states,26 leads to essentially the same results.

Assumptions of the cooperative theory can be neit
confirmed nor denied by experiments. Therefore, we h
performed computer simulations of two kinds. We ha
simulated cluster relaxation recording cluster sizes.28 It turns
out that the competition for particles not yet relaxed
creases somewhat the number of smaller clusters at the
pense of clusters with six or more members, but the de
tions from the predicted distribution are not large. Mo
importantly, we have simulated stress relaxation as wel
stresss vs. straine curves using the method of molecula
dynamics~MD! for metals as well as for polymers.29,30 The
stress vs. strain curves for metals were quite different t
those for polymers, and both kinds agree with the cur
known from the experiments. By contrast, the stress re
ation curves for both classes of materials were quite simi
We have found consistently that stress relaxation is ma
caused by plastic deformations which occur in the vicinity
defects. There is a certain similarity here between cry
nucleation from a melt and ‘‘nucleation’’ of cracks. In th
ideal lattice, relatively large forces were needed to crea
crack but then the same forces were sufficient for qu
brittle crack propagation. In lattices with defects such
holes, relatively small forces cause atomic size~atom, poly-
mer chain segment! movements, but the movements a
mainly of the ductile or flow type and take much longer tim
Thus, the structural defects determine the time span of
relaxation in these two series of simulations. Since real m
terials invariably contain defects, experimental stress re
ation curves for different kinds of materials at compara
temperatures have comparable linear descending p
which confirms Eq.~11!. Details of each curve depend on th
free volumev f present in the system~as imposed by the
temperature! and on the initial effective stresss0* 5(s0
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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9709J. Chem. Phys., Vol. 110, No. 19, 15 May 1999 Brostow et al.
2si). Thus, MD simulations providea posteriori the neces-
sary justification29,30 for the assumptions of the cooperativ
theory.25,24,26,27

III. CHOICE OF THE MATERIAL

Given the conventional wisdom quoted above that T
does not apply to polymers with polar groups nor to tho
containing crystalline regions, we have decided to stud
polymer liquid crystal~PLC! which doesnot fulfill either of
these conditions.

Properties of PLCs are strongly dependent on their m
lecular structures; we have chosen a longitudinal PLC
that the LC sequences are in the main chain and orie
along the polymer backbone.31–33Among this class, we have
chosen the PET/0.6PHB copolymer; PET5poly~ethy-
lene terephthalate!, PHB5r-hydroxybenzoic acid, the LC
component; 0.65the mole fraction of PHB sequences in th
copolymer. It has been studied before by us and others
variety of techniques, including differential scanning ca
rimetry ~DSC!, thermomechanical analysis~TMA !, ther-
mally stimulated depolarization~TSD!, internal friction~IF!,
scanning electron microscopy~SEM!, diffractometry includ-
ing wide-angle x-ray spectroscopy~WAXS!, in tensile, flex-
ural, and notched lzod impact testing~see Ref. 2 and refer
ences to Fig. 10 therein!. Dielectric spectroscopy has bee
investigated over eight decades of frequencies.34 Pressure–
volume–temperature~PVT! relationships are available.35

Rheology of melts of this PLC, pure as well as in blends w
some flexible polymers~FPs!, was studied as well.36–38

PET/0.6 PHB is a multiphase system with PHB-rich
lands in a PET-rich matrix. The relatively rigid LC se
quences aggregate to form the islands with diameters
tween 1.0 and 1.4mm, as determined by SEM.39 In turn, the
islands contain PHB crystallites with the diameters of ab
12 nm determined by WAXS.40 The semiridigidity or semi-
flexibility has consequences also for mechanical propert
the linear viscoelastic region is limited to relatively sm
strains. Under these circumstances, we have studied li
viscoelastic creep and stress relaxation along a numbe
isotherms, covering a fairly large temperature range.

IV. EXPERIMENT

Since the PLC used in this study was the same as t
oughly characterized in earlier papers,39,40,2,34,35we are not
going to repeat the respective data here. To minimize m
ture effects, the material was vacuum-dried at 120 °C for 6
Plates with the dimensions 14031632 mm were used for
specimen preparation by casting. The polymer melt temp
ture was 260 °C while that of the casting mold, 160 °C. T
specimens used had dimensions 703732 mm.

Creep and stress relaxation measurements were
ducted on an MTS universal testing machine; the elongat
were determined with the Model 632.11 c-20 MTS stra
gauge attached directly to the specimens. Tensile creep
ing was carried out using a specially built apparatus provi
with a thermal chamber. The loading time was appro
mately 1 s. Then the creep curves were obtained during
at each temperature between 40 °C and 160 °C, in 10 K
Downloaded 11 Jul 2007 to 129.120.94.172. Redistribution subject to AIP
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tervals. Each time the load was removed, the inverse cr
~creep recovery! curve was also determined. At a given tem
perature and stress level at least three but usually five id
tical specimens were studied; the results below constitute
averages calculated for a given testing condition.

Stress relaxation experiments were conducted under
constant strain of 0.5% in the temperature range from 20
to 120 °C. A first value of stress was measured 10 s a
loading. To minimize scattering, here also at least three
usually five specimens were investigated.

V. CREEP RESULTS

Isothermal tensile creep complianceD results at 20 °C
and then in the temperature range from 40 °C to 160 °C in
K intervals in the linear viscoelastic region are shown in F
1. It was necessary to gradually reduce the stress level a
with the temperature increase so as to stay inside that reg
Thus, the stresses varied from 20.0 J•cm23 ~at the lowest
temperature! to 0.2 J•cm23 ~at the highest temperature!. In
all cases, total strains at the moment of specimen unload
did not exceed 0.5%. Afterwards the samples were co
pletely unloaded and creep recovery curves determined
should be noted that 24 h after unloading, the residual st
were negligibly small; in other words, the materials exhi
reversible viscoelastic deformation or time-recovera
creep.

As could be expected, effects of temperature on
creep of the PLC are fairly large. At the same time, t
material exhibits considerable creep even at room temp
ture. The compliance after one hour creep at 20 °C is lar
than the initialD value at the loading time by a factor o
1.26.

Using the time–temperature correspondence princi
the master curve of the compliance for the glass transi
temperature of the PET-rich phaseTgPET562 °C has been
created from the experimental results. That glass transi
temperature has been determined by several methods.2 The
master curve is shown in Fig. 2 and covers approximately
decades of time. A similar master curve has been produ
for 20 °C but it is not shown here for brevity.

The experimental logarithmic temperature shift facto
aT(T) used to create Fig. 2 are plotted as a function of te
perature in Fig. 3. The translation of the master curves us
the variance of temperature only establishes the thermor
logical simplicity.

We have then tested the WLF equation and also the g
eralized Eq.~7! in conjunction with the Hartmann equatio
of state~10!. Calculations were made for the fullT interval
investigated, and also separately forT<TgPET and above
TgPET. The calculations for limitedT intervals give good
results for both equations and in both intervals. Howev
using two totally different sets of parameters in the WL
equation can hardly be justified; three out of four phases
our PLC are the same above and belowTgPET ~Ref. 2; see
also the next section!. Calculations for the entireT range
with the WLF equation give good agreement with expe
ment aboveTg , but large errors belowTg ~the dotted line in
Fig. 3!. Other problems related to the WLF formula ha
been discussed.13 Using a different type of equation below
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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FIG. 1. Experimental tensile creep compliance for PET/0.6PHB in logarithmic coordinates at 20 °C~the bottom curve!, 40 °C ~the second curve from the
bottom!, and then in 10 K intervals up to 120 °C~the top curve!.
e
or
u ic

re-
Tg advocated by van Krevelen16 is unfounded for the sam
reason; we are not dealing with two distinct polymers. F
tunately, these different sets of parameters or different eq
tions are not needed; as seen in Fig. 3, Eq.~7! in conjunction
Downloaded 11 Jul 2007 to 129.120.94.172. Redistribution subject to AIP
-
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with ~10! gives satisfactoryaT(T) values for all tempera-
tures. We recall that the use of Eq.~7! when it was first
derived12 has already shown its applicability to a polymer
adhesive both below and above its glass transition. Mo
FIG. 2. Logarithmic tensile creep compliance for the PLC as the master curve for theTref5TgPET562 °C.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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over, we have performed a control long-term~14 months,
that is, three decades of time! creep experiment for our PLC
The results are in agreement with predictions from Eq.~7!.

The characteristic parameters for Eq.~10! have been ob-
tained from the experimental PVT data35 and are: v*
50.682 cm3 g21; T* 51400 K; and P* 53850 J•cm23 ~re-
call that 1 J•cm2351 MPa exactly!. The best fit to the experi
mental logaT values has been obtained from Eq.~6! with A
5253.18 andB55.093.

VI. STRESS RELAXATION RESULTS

Experimental isothermal stress relaxation curves un
the constant strain of 0.5% in the temperature range fr
20 °C to 120 °C are shown in Fig. 4. The corresponding m
ter curve for 20 °C derived from experimental results
shown in Fig. 5, plotted in the coordinates used first by o
of us23 and discussed above in Sec. II C. This brings
common features of our PLC with the materials studied
fore. We further note that PLCs are semiflexible~or semi-
rigid!, while highly rigid aramid fibers including Kevlar™
were studied by Wortmann and Schulz41 and also similar
curves have been obtained. The cooperative theory of s
relaxation as well as the MD simulations, both also discus

FIG. 3. The temperature shift factoraT(T) for the PLC for Tref562 °C:
circles are experimental values from creep measurements~from Fig. 2!, the
dotted line represents values calculated from the WLF equation, the con
ous line those calculated from Eq.~7! in conjunction with Eq.~10!.

FIG. 4. Experimental stress relaxation results for the PLC under the con
strain of 0.5% at 20 °C~top curve!, 40 °C ~the second curve from the top!,
and then in 10 K intervals up to 120 °C~the bottom curve!.
Downloaded 11 Jul 2007 to 129.120.94.172. Redistribution subject to AIP
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above in Sec. II C, explain why this is so. Thus, our expe
mental results in conjunction with those of Wortmann a
Schulz show that also in semirigid or virtually rigid poly
meric materials, stress relaxation occurs via cooperative p
tic deformations of clusters of chains segments. Further,
recall here the MD simulations of an isolated polyisopre
chain by Moe and Ediger.42 They have found that C–H vec
tor relaxation results largely from coupled small amplitu
motions of groups~apparently our clusters! of adjacent tor-
sions rather than via conformational transitions. Thus, res
of experiments on an even larger variety of materials, theo
and computer simulations all converge to a joint picture.

Given the results shown in Fig. 5 and also Fig. 2, w
now consult the phase diagram of PET/xPHB copolymers.2

Below TgPET562 °C we are in region IV in the diagram
which contains PET crystals, PHB-rich islands, appro
mately isotropic PET-rich glass, and PHB-rich glass. Abo
TgPET we are in region VII, where because of crossing t
glass transition we have the quasiliquid instead of the P
rich glass, while the other three phases are the same. We
that in spite of the fact that our window of experiments co
ers two regions in the phase diagram, with each region c
taining four phases, the time–temperature corresponden
applicable.

In Fig. 3 we have shownaT(T) results for theTref

5TgPET562 °C. We also have master curves forTref

520 °C, in the same coordinates as in Fig. 2 as well as
those shown in Fig. 5. Thus, we haveaT(T) values for 20 °C
from stress relaxation experiments represented in the coo
nates of Fig. 2. Now Fig. 6 shows the equivalence betw
the shift factors forTref520 °C from the creep compliance
from the stress relaxation, and those calculated from Eq.~7!
in conjunction with the Hartmann equation of state~10!. We
see that Fig. 6 establishes the veracity of the TTC for
multiphase PLC. As stated by Markovitz5 already in 1975:
‘‘much less stringent conditions are needed in some case
prove, without approximation, that temperature superposi
for one of the functions implies the same for the other.’’

VII. CONCLUDING REMARKS

Thermorheological simplicity and validity of the time
temperature superposition has been established for a lon

u-

nt

FIG. 5. Master curve of stress relaxation for the PLC in the coordina
defined in Ref. 23 and explained in Sec. II C; symbols the same as in Fi
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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dinal polymer liquid crystal. In contrast to the limited tem
perature region over which the WLF relation is valid, w
have successfully applied relation~7! between the tempera
ture shift factor and reduced volume, this below, at, a
above the glass transition region of the flexible constituen
the PLC. The equation is confirmed by creep data includ
a 14 month experiment and by stress relaxation results.
Hartmann equation of state~10! provides reliable results fo
PVT dataper se35 as well as in conjunction with Eq.~7!. The
last conclusion for our PLC reinforces similar conclusio
reached before for a number of polyurethanes19 and for poly-
ethylenes subjected to predrawing to a various degree.17

More pessimistic than us and Markovitz, Fesko a
Tschoegl43 said that ‘‘the nature of retardation processes
two-phase systems makes it unlikely that valid master cur
should result from simple translation of the measured v
coelastic responses along the logarithmic time or freque
axis.’’ We have valid master curves for four-phase syste
However, Fesko and Tschoegl say also that ‘‘a two-ph
system would fulfill this requirement over the entire tim
scale only if the responses of both phases would be ide
cal.’’ There is an interesting issue here which we would li
to address in our future papers.

ACKNOWLEDGMENTS

Financial support was provided by the North Atlan
Treaty Organization, Brussels~Award No. 931044!, the State
of Texas Advanced Technology Program, Austin~Award
No. 003594-077!, the Science Council of Latvia, Riga~Grant
96.0459!, and the Royal Swedish Academy of Scienc
Stockholm. Discussions with Dr. Anatoly Y. Goldman, A
coa CSI, Crafwordsville, Indiana, Dr. Bruce Hartmann, N
val Surface Warfare Center, West Bethesda, Maryland,
Markku Heino, Nokia OY, Helsinki, and with Professo
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FIG. 6. Overlay ofaT(T) shift factors forTref520 °C from creep~d! and
stress relaxation~s! for the PLC showing equivalence. The continuous li
is calculated from Eq.~7! in conjunction with Eq.~10! and the characteristic
parameters listed at the end of Sec. V.
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