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The polymer liquid crystal PLC is the PET/0.6PHB copolymer; Rpbly(ethylene terephthalate
PHB=p-hydroxybenzoic acidLC): 0.6=the 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 phase

=62 °C. Experimental values of the temperature shift faetpras a function of temperaturé

agree in the entird range with those from Eq(7) relating a; to the reduced volum& and

the Hartmann equation of state Q). Values ofa;(T) calculated from the Williams—Landel—
Ferry (WLF) formula give very large errors beloWy. A control 14 months creep experiment
agrees with the theoretical predictions from Efj. 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 forT4perandar(T) values calculated. The stress relaxatigT) results agree with

those from creep and with those from E¢7). © 1999 American Institute of Physics.
[S0021-960609)51218-X]

I. INTRODUCTION AND SCOPE evaluated the aftereffect at a later tihenamely that an

associated stress is proportional to the original strain and is a
ecreasing function of the time lapse. He then further postu-
ted that the stress at timelue to a straire is not affected

Prediction of long term behavior from short term tests is
possibly the most important area of polymer engineering an

ience. Except for the phenomena of fati nd therm : : : ;
science cept for the phenomena of fatigue and the %y other deformations that occurred in the intervening pe-

fatigue (see for instance, Ref.)lproperties of metals and riod. Thus, although the application of a driving ford it

ceramics can largely be assumed time-independent. Wh"gtress temperature, etcauses time-dependent deformation
we have a different situation with polymers, and viscoelas- ' P ’ P ’

ticity is a challenge, we also have here an opportunity. it can still be assumed that each increment in the driving

In this paper we analyze the foundations as well as Contorce makes its independent contribution. We can investigate

sequences of the time—temperature correspondence prihﬁrﬁzielef;sejegarf‘;ﬁ:ye‘?;fu“rghacnhdag%;gf :Eg rti?r:meegt\llj?le-
ciple. Since the principle has its limitations, we provide ex- v y b ' P

) . ffects are considered in this paper.
erimental creep and stress relaxation data for a pol me‘? . . .
P P POy Following the classical Boltzmann approach, the strain

liquid crystal (PLC). The PLC in its service temperature ¢ lied load is gi b
range contains four phaséshence conventional wisdom response to an applied foad Is given by

says that the equivalence principle does not apply. We intend o t do(7)
to prove the contrary. e(t)= B +f D(t—17) ar dt, (1)
u — o0
Il. THEORY while the stress response to an applied strain is
A. Time—temperature superposition t de(7)
. t)=[E €]+ E(t— dt. 2
In 1874 Boltzmann presented the fundamental equation o(O)=[Ee] ffoo (=7 dr @

of linear viscoelasticity:* By considering an elastic “after-

effect” under a straind, for a short timedt, Boltzmann HereD(t) is the creep complianc&,, is the unrelaxed stor-

age modulusE, is the relaxed storage modulug/dt and
de/dt represents the incremental stress and strain corre-

2 ic mail: . > ) .
b,Ellz‘égg’;'ig mg‘i'l; ?\:;S;S‘Z"’a%}gs:i‘is untedu sponding to the time incremedt. The integral is a result of
9Electronic mail: josef@polymm.chalmers.se the stress being analyzed at times other thai®, i.e., a
9Electronic mail: maksimov@edi.lv history dependence called the hereditary integral.
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As discussed in some detail by Markovita, broad look an example, and considering it as a function of time, the
at the Boltzmann results can lead us to the timechanging of temperature is seen to be equivalent to applying
t—temperaturdl’ correspondencél TC) principle: from me-  the shift factora; to the time scale
chanical measurements made at several temperatures one can
create a master curve for a chosen temperafprextending E(Ti ) =E(Trer, Uar). ®)

over several decades of t|rﬁ_eg Shlftlng of individual curves The reasoning of Schwarzl and Staverman can be related
to produce the master curve is performed using the tempergo the well-known theory of reaction rates of Glasstone,
ture shift factorar, or logar. To make as extensive use as | ajdler, and Eyring which assumes that there is an energy
possible of the principle, we now need to discuss it in relaharrier called the activation energy which needs to be over-
tion to free volume, an aspect Markovitz did not cover.  come for a process to occur. The activation energy concept
Consider a conformational change in the chain at theyas to be taken with some caution; it is supposedly universal,
room temperature, so fast that we cannot follow it experi-sg that it deals with physical processes such as chain relax-
mentally. Processes inside polymeric materials require fregtion in an analogous way as with chemical reactions. Ap-
volumev'—a fact discussed repeatedly for thermo-physicallying this concept here, one finds that the apparent activa-
properties by Flory**for mechanical by Ferr§and which  tjon energy for all molecular rate processes must be identical.
also forms the basis of the chain relaxation capabil@RC)  The microrheological condition for thermorheological sim-
approachi?**#9By lowering the temperature, we decreasepyjicity of Schwarzl and Stavermaftheir class A can be
the amount of free volume; eventually the process under informulated as follows: in similar deformations at different
vestigation will be slowed down to such an extent that Wetemperatures always the same sequence of molecular events
shall be able to measure it. Often more important for oukakes place. In materials of class B not only the velocity but
predictive capabilities is the opposite direction. Instead ofziso the sequence of molecular processes changes when the
performing experiments for a long time at room temperaturetemperature of the experiment changes. This implies that a
we can heat the specimen, thus produce highemnd cap-  heat treatment of materials of class A cannot form a special
ture in, say, 10 hours a series of events which otherwisgtrycture which would not be obtained at a single tempera-
would take 50 years. ture. This statement does not apply to class B. The approach
The applicability of the TTC toamorphousmaterials  of Schwarzl and Staverman leads to the conclusion that ther-
was proven in numerous experiments. However, there argorheologically simple materials do not contain crystallites
semicrystallineviscoelastic materials to which TTC suppos- gor pronounced polar groups. For the time being we note that
edly does not apply. Relation between morphology and TTGhijs conclusion deserves further scrutiny.
principle applicability was studied already decades ago by  Gijven a material to which TTC applies, we can perform
Schwarzl and Stavermafi.They postulated that two classes experiments isothermally at a number of temperatures. There
of material be defined: class A where a change of tempergs one temperature of particular interest, 3ay. There is at
ture is equivalent to a shift on the logarithmic time scale andeast one parameter of particular interest, say the tensile com-
class B where equivalence was seen not to exist. They callegliance D(t) = e(t)/c=E ~(t), wheree is the engineering
the class A materials thermorheologically simple, and classtrain, o the engineering stress, arffithe tensile modulus
B, thermorheologically complex. already featured in Eq5). We create a large diagram bf
Ignoring the effects of temperature on the forces, accord— D(t), or more often of lo@=logD(logt). In the present
ing to Schwarzl and Staverman, in a thermorheologicallycase we start with the results at 20 °C, and then put results at
simple material, the characteristic times are mutually propory|| other temperatures so that they would build a single
tional if all the viscosities show the same dependence ogyrve; the result is thenaster curvdor 20 °C. The respective
temperature. Thus for any molecular rate prodesse pro-  shifting distance, that is the shift factar, is different for
cess will be accelerated to the same extent by a specifiegach temperature while hem(20°C)=1 by definition.

change of temperature: Thus
D(t,T;o=consy=D(t/ar,T,s; o=cons). (6)
7i(T1) . . .
T f(T1,T,), independent of.i 3 Formulas of the type of5) and (6) can also be written
I

for other mechanical properties of viscoelastic materials.
However, apart from the applicability range of such rela-
Here 7;(T;) is the viscosity at a temperatufig. Thus, in  tions, another important issue is involved. Unlessag(il)
thermorheologically simple materials the master curve reequation is available, quite extensive experimentation at a
flects the fact that all retardation timeg T) at a temperature number of temperatures is necessary. Since TTC has been
T bear a constant ratiar to the corresponding retardation known for decades, already in 1955 Williams, Landel, and
times 7;(T,e) at the temperatureé Ferry (WLF)™® developed a pioneering(T) formula. Un-
fortunately, the WLF equation is usable only in a limited
temperature range above the glass transition temperggyre
namely up toT4+50K or so; this warning comes from
Ferry® Under these circumstances, van Krevéferecom-
wherep=v "1 represents the mass density anis the spe- mended forT<Tg4 an Arrhenius type equation, reminiscent
cific volume. In other words, using the elastic moduluas  also of the theory of rate processes. However, calculations,

7T/ 7i(Tre) =a1= 75 T reiPret! Norefl P (4)
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including ourst?1” show that the other equation is not reli- nates. Also experiments sh&that the maximum value of
able either. It appears that this situation resulted in the beliethe slope of the central region obeys the formula

that TTC itself is not applicable. Bicerand,whose book

provides a fairly detailed account of current methods of pre-  F=[dg/d(Int)] 0= C(oo— 1), (12)
diction of properties of polymeric materials, notes that TTC

has a limited quantitative application range. wherec is a proportionality factor approximately equal to 0.1

TTCThI'S S!t'“llat!?n I?ugr?_eat? t_lhe follof\t/vmg que;’ilon: Is it tr?eat ambient temperatures for metals, polymers, as well as for
principle itself which fails so often, or rather are vari- ;.\ ber of other solids.

i i ? .
ous computational procedures based on TTC inaccurate® A number of theoretical models has been developed for

ng,rleg rlls a(\;vay todp[]ov:cd(i an an?V\_lelr to this C:LlieStIOI?; one ofe prediction and explanation of stress relaxation. Such
u as derived the following fairly general formula models have been reviewddand their various deficiencies

pointed out. Briefly, models which can explain the behavior
of metals serve poorly for polymers, and vice versa. In this
situation acooperativemodel which seems to possess suffi-
cient generality was developéd?4262'The model assumes
a two-level system, with unrelaxed flow units in the upper
level. Thus, the numben of such units at any given time

. : ; rv the m re of str r mor rately of th
WLF equation can be derived from E() as a special case SEIVes as the measure of Stresr more accurately of tne
differenceo— ;. The flow process consists of elementary

if one makes a simplébut unfoundeglassumptiort” Eq. (7) events (transitiong of varying multiplicity; that is, each

has to be used in conjunction with an equation of state, A ontaneous event mav produce a certain nurtdbelustey
topic to be covered below. For predrawn materials there ex-p yp

ists a further generalization of Eq7) which includes the of mduczq orbsgcondacrjy ?VeTtS'dThe theory provides a clus-
draw ratio\.” ter size distribution and also leads to our Efyl). A some-

what more generalized model which allows transitions in
B. The equation of state both directions, that is, to lower as well as to higher energy
, state’® leads to essentially the same resullts.

The method of reduced variables has been known for Assumptions of the cooperative theory can be neither
more than a century, recommended by Johannes D. van dgpnfirmed nor denied by experiments. Therefore, we have
Waals. We write performed computer simulations of two kinds. We have

_ _ simulated cluster relaxation recording cluster sfdsturns
v=vlv*, T=TIT*; P=P/P*, (8  out that the competition for particles not yet relaxed in-
creases somewhat the number of smaller clusters at the ex-
wherev*, T*, andP* are the characteristi¢hard-core”)  pense of clusters with six or more members, but the devia-
parameters for a given material. The free voluniecan be  tions from the predicted distribution are not large. More
then calculated as importantly, we have simulated stress relaxation as well as
- . stresso vs. straine curves using the method of molecular
vorTu ©) dynamics(MD) for metals as well as for polymef$° The

We now need an equation of state to be used in conjuncStress vs. strain curves for metals were quite different than

tion with Eq. (7). Good results have been obtained those for polymers, and both kinds agree with the curves

Ina;r=A+B/(T—1), (7

applicablebelow and above J. Herev is the reduced free
volume (see the next subsectiprand A andB are materials
constantsB is called the Doolittle constant since it comes
from the Doolittle equation relating viscosity to vf. The

repetitively*®!® with the Hartmann equatiéfi2? known from the experiments. By contrast, the stress relax-
ation curves for both classes of materials were quite similar.
P35=T%2—In7%. (10 We have found consistently that stress relaxation is mainly

caused by plastic deformations which occur in the vicinity of

We shall apply Eq(10) together with(7) to our experimental  defects. There is a certain similarity here between crystal
results reported below. nucleation from a melt and “nucleation” of cracks. In the
ideal lattice, relatively large forces were needed to create a
crack but then the same forces were sufficient for quick

Already in 1965 one of S suggested a representation brittle crack propagation. In lattices with defects such as
of the stress relaxation curves in the coordinates ( holes, relatively small forces cause atomic diaem, poly-
—ay)l (09— o;) versust; hereo is the effective stresg;; the  mer chain segmehtmovements, but the movements are
so-called internal stress which corresponds to the ttme mainly of the ductile or flow type and take much longer time.
=oo, while o pertains ta=0. A comparison was made for Thus, the structural defects determine the time span of the
a variety of materials, including metals and polymers. ltrelaxation in these two series of simulations. Since real ma-
turned out® that the curves for so vastly different materials terials invariably contain defects, experimental stress relax-
look similar, and all exhibit three regions: initial, nearly hori- ation curves for different kinds of materials at comparable
zontal (a long central region, descending approximately lin-temperatures have comparable linear descending parts,
early), and final(again approximately horizondawhich pro-  which confirms Eq(11). Details of each curve depend on the
vides us with the value of,. Curves for one material at free volumev’ present in the systerfas imposed by the
several temperatures also look quite similar in these coorditemperaturg and on the initial effective stresey = (o

C. Cooperative theory of stress relaxation
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—o;). Thus, MD simulations provida posteriorithe neces- tervals. Each time the load was removed, the inverse creep
sary justificatiod®3° for the assumptions of the cooperative (Créep recoverycurve was also determined. At a given tem-

theory?5:242627 perature and stress level at least three but usually five iden-
tical specimens were studied; the results below constitute the
lIl. CHOICE OF THE MATERIAL averages calculated for a given testing condition.

Stress relaxation experiments were conducted under the

Given the conventional wisdom quoted above that TTCconstant strain of 0.5% in the temperature range from 20 °C
does not apply to polymers with polar groups nor to thoseo 120°C. A first value of stress was measured 10 s after
containing crystalline regions, we have decided to study doading. To minimize scattering, here also at least three but

polymer |IQU|d crystaI(PLC) which doesnot fulfill either of usua”y five Specimens were investigated_
these conditions.

Properties of PLCs are strongly dependent on their moy. CREEP RESULTS
lecular structures; we have chosen a longitudinal PLC so . . o
that the LC sequences are in the main chain and oriented Isothgrmal tensile creep comphanDareosults at 2? C
along the polymer backbori&:3 Among this class, we have 2nd then in the temperature range from 40°C to 160°C in 10
chosen the PET/0.6PHB copolymer; PEfoly(ethy- K intervals in the linear viscoelastic region are shown in Fig.
lene terephthalale PHB=p-hydroxybenzoic acid, the LC 1._ It was necessary t(_) gradually reduce the _strgss level alpng
component; 0.6 the mole fraction of PHB sequences in the with the temperature increase so as to s}gy inside that region.
copolymer. It has been studied before by us and others by hus, the stresses Va“,egd from 20_.0:n] (at the lowest
variety of techniques, including differential scanning Calo_temperatur)eto 0.2 qu (at the highest tem_peratl)rdn .
fimetry (DSC), thermomechanical analysi€TMA), ther- all cases, total strains at the moment of specimen unloading

mally stimulated depolarizatioff SD), internal friction(IF), d:dt nlot eTcesddO.Sgn. Afterwards the sampleds tvverg C(d)mlt
scanning electron microscog$EM), diffractometry includ- pIEtely unicaded and Creep reécovery curves determined.

ing wide-angle x-ray SpectroscoWAXS), in tensile, flex- should be noted that 24 h after unloading, the residual strain

ural, and notched Izod impact testifgee Ref. 2 and refer- were negligibly small; in other words, the materials exhibit
encés to Fig. 10 thereinDielectric spectroséopy has been reversible viscoelastic deformation or time-recoverable
investigated over eight decades of frequenéfeBressure— creeAp. d b d eff ‘ h
volume—temperaturgPVT) relationships are availabf@. S could be expected, efiects of temperature on the

Rheology of melts of this PLC, pure as well as in blends withCr€€P. of the_ l.DLC are fairly large. At the same time, the
some flexible polymeréEPs, was studied as weif-38 material exhibits considerable creep even at room tempera-

PET/0.6 PHB is a multiphase system with PHB-rich is- tﬁre. Lhe_cprnlp)tl)lant:le after r?n(el hodqr creep Ei)t 20 ofc 'S Iar?er
lands in a PET-rich matrix. The relatively rigid LC se- than the initialD value at the loading time by a factor o

guences aggregate to form the islands with diameters be26- _ _ .
tween 1.0 and 1.4m, as determined by SERA.In turn, the Using the t|me—temperature correspondence pr|nc_|ple,
islands contain PHB crystallites with the diameters of aboufh® master cu;veh Ofptg?l_ C_Oﬁpl'r?n;e fo: ghzeoglass trsnsmon
12 nm determined by WAX$’ The semiridigidity or semi- temperature of the “neh phasgeer— as been

flexibility has consequences also for mechanical propertiesc,reated fromhthe gxper:jmental_ re(:jsugts. That glglassaqt%%nsmon
the linear viscoelastic region is limited to relatively small temperature has been determined by several me 8.

aster curve is shown in Fig. 2 and covers approximately 16

strains. Under these circumstances, we have studied line q f A simil ‘ has b Juced
viscoelastic creep and stress relaxation along a number ca S'S ot ime. A similar master curve has been produce
or 20 °C but it is not shown here for brevity.

isotherms, covering a fairly large temperature range. The experimental logarithmic temperature shift factors
ar(T) used to create Fig. 2 are plotted as a function of tem-
perature in Fig. 3. The translation of the master curves using
Since the PLC used in this study was the same as thotthe variance of temperature only establishes the thermorheo-
oughly characterized in earlier papé?$®23435we are not logical simplicity.
going to repeat the respective data here. To minimize mois- We have then tested the WLF equation and also the gen-
ture effects, the material was vacuum-dried at 120 °C for 6 heralized Eq.7) in conjunction with the Hartmann equation
Plates with the dimensions 140.6X2 mm were used for of state(10). Calculations were made for the full interval
specimen preparation by casting. The polymer melt temperdnvestigated, and also separately fo=Tgper and above
ture was 260 °C while that of the casting mold, 160 °C. TheTgper. The calculations for limitedr intervals give good
specimens used had dimensions<70< 2 mm. results for both equations and in both intervals. However,
Creep and stress relaxation measurements were consing two totally different sets of parameters in the WLF
ducted on an MTS universal testing machine; the elongationsquation can hardly be justified; three out of four phases in
were determined with the Model 632.11 c-20 MTS strainour PLC are the same above and beldyser (Ref. 2; see
gauge attached directly to the specimens. Tensile creep testlso the next sectign Calculations for the entird range
ing was carried out using a specially built apparatus providedvith the WLF equation give good agreement with experi-
with a thermal chamber. The loading time was approxi-ment aboveTy, but large errors below (the dotted line in
mately 1 s. Then the creep curves were obtained during 1 Rig. 3). Other problems related to the WLF formula have
at each temperature between 40 °C and 160 °C, in 10 K inbeen discussel. Using a different type of equation below

IV. EXPERIMENT
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FIG. 1. Experimental tensile creep compliance for PET/0.6PHB in logarithmic coordinates at(&@°Bottom curvg 40 °C (the second curve from the
bottom), and then in 10 K intervals up to 120 %Ehe top curve

T4 advocated by van Kreveléhis unfounded for the same with (10) gives satisfactoryar(T) values for all tempera-
reason; we are not dealing with two distinct polymers. For-tures. We recall that the use of E(f) when it was first
tunately, these different sets of parameters or different equalerived? has already shown its applicability to a polymeric
tions are not needed; as seen in Fig. 3, Eyin conjunction  adhesive both below and above its glass transition. More-
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FIG. 2. Logarithmic tensile creep compliance for the PLC as the master curve fdfthel per=62 °C.
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FIG. 3. The temperature shift facter(T) for the PLC forT,,=62°C:
circles are experimental values from creep measurentfnota Fig. 2, the
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FIG. 5. Master curve of stress relaxation for the PLC in the coordinates

dotted line represents values calculated from the WLF equation, the continiefined in Ref. 23 and explained in Sec. 11 C; symbols the same as in Fig. 4.

ous line those calculated from E() in conjunction with Eq(10).

over, we have performed a control long-tefid months,

that is, three decades of tilmereep experiment for our PLC.

The results are in agreement with predictions from &g.

The characteristic parameters for Efj0) have been ob-
tained from the experimental PVT d&taand are:v*
=0.682cnig Y, T*=1400K; andP*=3850Jcm 3 (re-
call that 1 Jem 3=1 MPa exactly. The best fit to the experi-
mental loga; values has been obtained from Ef) with A
=—53.18 andB=5.093.

VI. STRESS RELAXATION RESULTS

above in Sec. Il C, explain why this is so. Thus, our experi-
mental results in conjunction with those of Wortmann and
Schulz show that also in semirigid or virtually rigid poly-
meric materials, stress relaxation occurs via cooperative plas-
tic deformations of clusters of chains segments. Further, we
recall here the MD simulations of an isolated polyisoprene
chain by Moe and Edigé¥. They have found that C—H vec-
tor relaxation results largely from coupled small amplitude
motions of groupgapparently our clustersf adjacent tor-
sions rather than via conformational transitions. Thus, results
of experiments on an even larger variety of materials, theory,
and computer simulations all converge to a joint picture.
Given the results shown in Fig. 5 and also Fig. 2, we

Experimental isothermal stress relaxation curves undelr]OW consult the phase diagram of PEPHB copolymerg

the constant strain of 0.5% in the temperature range fro”Below T
20°C to 120 °C are shown in Fig. 4. The corresponding Masy hich c
ter curve for 20°C derived from experimental results is
shown in Fig. 5, plotted in the coordinates used first by oner
of us®® and discussed above in Sec. IIC. This brings outy

gper=62°C we are in region IV in the diagram,

ontains PET crystals, PHB-rich islands, approxi-
mately isotropic PET-rich glass, and PHB-rich glass. Above
gpeT WeE are in region VII, where because of crossing the
lass transition we have the quasiliquid instead of the PET-

common features of our PLC with the materials studied beicp gjass, while the other three phases are the same. We find

fore. We further note that PLCs are semiflexiljte semi-
rigid), while highly rigid aramid fibers including Kevlar™
were studied by Wortmann and ScHtizand also similar

that in spite of the fact that our window of experiments cov-
ers two regions in the phase diagram, with each region con-
taining four phases, the time—temperature correspondence is

curves have been obtained. The cooperative theory of Streﬁ?)plicable.

relaxation as well as the MD simulations, both also discussed

30 | e ——rr

ol(J.om™)

0.1 1 10 100
time /minutes

FIG. 4. Experimental stress relaxation results for the PLC under the constant

strain of 0.5% at 20 °Gtop curve, 40 °C (the second curve from the thp
and then in 10 K intervals up to 120 °@he bottom curve

In Fig. 3 we have showra{(T) results for theT,
=Tgper=62°C. We also have master curves fdie
=20°C, in the same coordinates as in Fig. 2 as well as in
those shown in Fig. 5. Thus, we haag(T) values for 20 °C
from stress relaxation experiments represented in the coordi-
nates of Fig. 2. Now Fig. 6 shows the equivalence between
the shift factors fofT =20 °C from the creep compliance,
from the stress relaxation, and those calculated from(Bq.

in conjunction with the Hartmann equation of stéi®). We

see that Fig. 6 establishes the veracity of the TTC for our
multiphase PLC. As stated by Markovitalready in 1975:
“much less stringent conditions are needed in some cases to
prove, without approximation, that temperature superposition
for one of the functions implies the same for the other.”

VIl. CONCLUDING REMARKS

Thermorheological simplicity and validity of the time—
temperature superposition has been established for a longitu-
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N A R B

80
T°c

20 40 60

FIG. 6. Overlay ofa(T) shift factors forT,,=20 °C from creed®) and
stress relaxatiofO) for the PLC showing equivalence. The continuous line
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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