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Abstract

We use the time±stress correspondence (TSC) principle and consider creep compliance D data for a polymer liquid crystal (PLC). A

master compliance plot is created from two stress s levels only; the lower stress level is the reference while the other set is shifted on the

logarithmic time axis. The master plot so created is quite close to that constructed after a signi®cant amount of experimentation at several s
levels. A formula for stress shift factor as obtained by one of us is applied for the prediction of as values for the other s levels. Again, a low

s level is used as the reference while D values for two higher s levels are used in calculations. The predicted as values agree with the

experimental ones within the limits of the experimental accuracy. Very close values of the Doolittle constant B are obtained from different

subsets of minimum amounts of results and also from the full set of experiments for nine stress levels. The accuracy of the results is affected

by the stress range covered (a wider range gives better results) but not by the amount of data used. q 2001 Published by Elsevier Science Ltd.
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1. Introduction

We consider viscoelasticity, which is the time depen-

dence of mechanical properties of polymers, as an opportu-

nity for life and long-term service performance prediction

[1±4]. In this paper, we aim to prove that we can predict

long-term properties accurately from a small number of

results Ð instead of the usual quite extensive experimenta-

tion involving a number of variables. Starting with the clas-

sical work of Ferry [5,6] there have been numerous studies

involving the time±temperature correspondence (TTC) and

also the frequency±temperature correspondence related to

TTC [1,2,4,7±9]. Tschoegl and co-workers have extended

the TTC principle by inclusion of hydrostatic pressure [10±

15]. In 1948, O'Shaughnessy demonstrated experimentally

the existence of time±stress correspondence (TSC) [16]. In

the next half a century, however, much less attention was

paid to TSC than to TTC. A small number of attempts to

apply TSC were described by Goldman [8].

Thus, our primary objective is to reduce the amount of

experimental data from short-term experiments needed for

the long-term prediction of performance of viscoelastic

materials. Our secondary objective is to draw attention to

the usefulness of TSC. To achieve our aims, in the next

section we discuss the foundations of the correspondence

principles. In Section 3, we discuss general formulae which

make possible quantitative calculations based on the princi-

ples. It is on this basis that we then discuss ways of signi®-

cantly cutting down on the experimentation and yet making

reliable predictions.

2. Foundations of the correspondence principles

To arrive at the basis for the principles, we make two

important assumptions. First, the response of the material

to an external mechanical force is treated as a collective

rather than individual reaction of polymer chain segments.

This has been assumed by Kubat and co-workers [17±19] to

explain experimental stress relaxation curves. Indeed, his

model based on this assumption predicts the experimental

results well [17±20]. Moreover, a direct conformation of the

collective behavior has been provided by molecular

dynamics computer simulations [21,22]. The other assump-

tion we make consists of adopting the concept of the chain

relaxation capability (CRC) [1±4]. CRC can be de®ned as

the amount of external energy dissipated by relaxation in a

unit of time per unit weight of the polymer.

We are concerned with the basic types of response of a

polymeric material to deformation. Therefore, we need to

list important processes which take place in such a material

Polymer 42 (2001) 4527±4532

0032-3861/01/$ - see front matter q 2001 Published by Elsevier Science Ltd.

PII: S0032-3861(00)00835-1

www.elsevier.nl/locate/polymer

* Corresponding author.

E-mail address: brostow@unt.edu (W. Brostow).



when a mechanical force is applied to it: transmission of

energy across the chain; transmission of energy to the neigh-

boring chains where segmental motions as well as entangle-

ments play a role; conformational rearrangements of the

chains; elastic energy storage resulting from bond stretching

and angle changes; and phase transformation toughening

®rst observed for polymers by Kim and Robertson [23]

and later analyzed by Karger-Kocsis [24]. All these

processes inside the polymeric material require free volume

vf. The larger vf creates a larger maneuvering ability of the

chains and thus higher CRC.

The effects of vf on thermo-physical and mechanical

properties have been studied extensively, respectively, by

Flory [25,26] and Ferry [6]. Free volume can be de®ned as

v f � v 2 vp �1�

where v is the total speci®c volume (for instance in cm3 g21)

and vp the characteristic (incompressible or hard-core)

volume corresponding to a very high pressure and zero

thermodynamic temperature. The reduced volume ~v and

the other reduced parameters are de®ned as follows:

~v � v=vp; ~T � T =Tp; ~P � P=Pp �2�

where T and P are the thermodynamic temperature and

pressure; Tp and Pp the characteristic (hard-core) parameters

for a given material. The former is related to the strength

of interactions in the material. Pp is a complicated function

of the intermolecular interactions and of the material

structure represented by the binary radial distribution func-

tion g(R) [27].

The connection between vf and the correspondence

principles has been discussed extensively, notably by

Ferry [6] and Goldman [8]. High vf at elevated temperatures

enables the processes listed above Ð the constituents of

CRC Ð to occur faster than at low temperatures. This is

how we can determine long-term behavior at low tempera-

tures from short-term tests at high temperatures. Morphol-

ogy of the polymer is re¯ected in vf, and Schwarzl and

Staverman argued in 1952 that there is a connection

between TTC and morphology [28]. More importantly, as

argued in particular by one of us [29], any method of vary-

ing vf provides a potential for long-term prediction.

Temperature variation just happens to be the method used

most often.

The use of Eq. (1) requires the knowledge of vp. The

relation between (T/Tp)3/2 and vf has been derived and tested

for several polymer liquids by Litt [30±32]. Similarly, Tp

and Pp can only be evaluated by the application of a speci®c

equation of state. Good results have been obtained

repeatedly [4,9,19,31,33,35] by using the Hartmann equa-

tion [36,37], which is valid for both polymer melts and

solids:

~P ~v5 � ~T3=2 2 ln ~v �3�

3. Time±temperature and time±stress correspondence
principles

TTC can be used as the basis of determination of a

mechanical property of interest as a function of time at

several temperatures. One can then create a master curve

extending over several decades of time for a chosen

temperature Tref. To give just one example, the master

curve of tensile creep compliance for a polymer liquid crys-

tal (PLC) extends over 16 decades of time [4]. Temperature

shift factor aT (or ln aT) is used to shift individual curves

until they coalesce into the master curve.

Predictions based on TTC require a formula for the

temperature dependence of the shift factor, aT(T ). Starting

from the Doolittle equation connecting the viscosity h to vf

[38], one of us has derived such a general formula [1,2]

ln aT � A 1 B=� ~v 2 1� �4�
Here A and B are material constants and B appears in the

Doolittle equation. The reduced volume ~v is related to

temperature T via an equation of state. The pioneering

Williams±Landel±Ferry (WLF) equation for aT of 1955

[5] is a special case of Eq. (4). As stressed by Ferry [6],

the WLF equation is usable only between the glass transi-

tion temperature Tg and Tg 1 50 K. Cases are known when

the WLF equation was applied outside of the range

prescribed by Ferry, and then bad results erroneously

blamed on inapplicability of the TTC principle. Eq. (4)

does not have such limitations since any changes in the

volumetric behavior of the material are re¯ected in the

equation of state (EOS) Ð provided that the EOS is accu-

rate. This is why we use the Hartmann Equation (3) as the

EOS. Good results have been obtained using Eqs. (3) and (4)

together for several kinds of polymers, including polyethy-

lenes, polyurethanes and also a PLC [4] which forms four

phases in its service temperature range [39]. We note that

two distinct sets of vp, Tp and Pp have been created in Ref.

[39] for our material, one set for the solid and the other for

the liquid state. The ®rst-order phase change affects the

characteristic parameters signi®cantly. As expected, Tp is

lower in the molten state since intersegmental distances

are larger. However, the characteristic parameters for the

liquid state cover the range from the melting to the clearing

temperatures including the transition from the smectic E to

the smectic B phase. Thus, in such a range, approaches such

as ours are expected to work.

Given the natural connection between time t and

frequency v in dynamic oscillatory (e.g. sinusoidal) experi-

ments, we have temperature±frequency correspondence as a

subsidiary to TTC [8]. Thus, master curves in terms of

frequency have been created for instance for tan d of high

density polyethylene (HDPE) pre-drawn to various values

of the draw ratio l [9]. To provide predictive capabilities in

this case also, Eq. (4) was generalized to the form

ln aT � 1=�a 1 cl�1 B=� ~v 2 1� �5�
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where clearly 1/A in Eq. (4) is now replaced by a 1 cl: Here

a and c are material constants independent of the degree of

orientation and of temperature. The denominator of the ®rst

term in Eq. (5) represents a measure of the orientation

caused by drawing. Eq. (5) also predicts the values within

the limits of the experimental accuracy.

It is clear that the stress level s affects free volume and

thus CRC. We have already brie¯y noted the work of

O'Shaughnessy [16]; he reported that compliance values

of rayon from creep experiments for different stress levels

will coalesce into a single master curve when plotted against

time or a function of time. However, a reliable formula for

the stress shift factor as as a function of stress s to predict

long-term behavior of polymers was not available. Now one

of us has derived such a formula using the CRC concept;

details of the derivation are provided elsewhere [29]. The

resulting equation is

ln as � ln�v�s�=vref�1 B�� ~v 2 1�21 2 � ~vref 2 1�21�
1 C�s 2 sref� �6�

where vref � v�sref ; Tref�; B is the Doolittle constant as

before, while C is a constant representing the effects of

varying stress on the chain conformations and structure of

the material. Positive values of C mean that the viscosity h
increases under stress. Thus, experiments at several stress

levels can be used for prediction of long-term behavior in a

similar way as experiments at several temperatures are used.

In Sections 4 and 5, respectively, we explain the criteria

for the material selection for our calculations and discuss the

validity of Eq. (6).

4. Material selection

As already mentioned above, there is a PLC which forms

four phases in its service temperature range [39]. It is long-

itudinal, that is it has the LC sequences in the main chain

and oriented along the backbone [40,41]. The PLC has been

thoroughly characterized before [39,42,43]. The chemical

formula is PET/0.6PHB; PET, poly(ethylene terephthalate);

PHB, p-hydroxybenzoic acid (LC); 0.6, the mole fraction of

PHB. In another paper [44] we report extensive creep

compliance data for this material. We shall see whether a

small subset of these data will be suf®cient for predictive

purposes.

5. Application of the TSC principle and of Eq. (6) to a
large set of data

The time dependence of creep compliance D as a function

of logarithmic time at the room temperature of 208C has

been investigated at several stress s values [44]. Fig. 1

shows D versus log time t curves at different s levels in

the range from 10 to 50 J cm23. As reported by Kubat and

Maksimov [19], the s level range for our polymer covers

non-linear viscoelasticity.

We quote brie¯y the results reported in Ref. [44] for a

large set of experimental data since they will serve as the

standard for comparison with results obtained from our new

procedure. We have applied the TSC to the results shown in

Fig. 1. We have chosen sref � 10 J cm23 as the reference

stress level for which as � 1 by de®nition. Then, we have

shifted the results for all other stress levels building a single

master curve shown in Fig. 2. The respective shifting

distance is the stress shift factor as de®ned as follows:

D�t;Tref ;s� � D�tas;T ;s� �7�
The validity of Eq. (6) has also been investigated. The char-

acteristic parameters vp� 0.682 cm3 g21, Tp� 1400 K and

Pp� 3850 J cm23 for our PLC have been determined using

the Hartmann Equation (3) from the experimental PVT data

[34]. These parameters and Eq. (5) have been used to

compute ~v and v values for the corresponding stress levels.

The results have then been used in Eq. (6). B and C values

obtained by ®tting the data in Fig. 2 are equal to 5.10 and

20.52, respectively. A good agreement between the experi-

mental and calculated as has been achieved and is shown in

Fig. 3. The continuous line in that ®gure has been obtained

using Eq. (6) and can be compared with all the experimental

results (asterisks). The dotted line will be discussed later.

Therefore, we conclude that varying stress can serve equally

well for the prediction of long-term behavior from short-

term tests as varying the temperature. As brie¯y noted
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above, TTC is used much more often than TSC, but there is

no fundamental reason for choosing one over the other.

6. A new approach for creating master curves from data
for two stress levels only

We shall now develop a way to evaluate long-term prop-

erties accurately on the basis of a small amount of experi-

mental data Ð instead of the usual basis of extensive

experimentation.

We have taken from Fig. 2 the entire set of master plot

data and represented this set by a simple two-term equation

in which y � D and x � log�tas=s�: We have evaluated the

parameters in the equation by a least-squares procedure with

the result y � 0:0231x2 1 1:89: The discontinuous line in

Fig. 2 represents this equation.

We have then performed a similar operation for the set of

compliance data including only two stress levels. Thus, Fig.

4 has been obtained by using the set of data for the lowest

�s � 10 J cm 23� and the highest �s � 50 J cm 23� stress

levels. The resulting equation reads y � 0:0235x2 1 1:89

and is represented by the discontinuous line in Fig. 4. We

see that the equation of this form serves well both for the full

set and the small subset, one parameter has not changed at

all, while the change in the value of the other parameter is

not large.

Given these results for the extreme stress levels, one

expects that using intermediate stress levels should render

similar results. Calculations of the same kind have also been

performed using other pairs of stress levels. Thus, compli-

ance D values for 15, 20 or 25 J cm23 were used as the lower

data set while 45, 50 or 35 J cm23 results were taken for the

higher D set. Indeed, the parameters of the two-term equa-

tion for each such pair are close to those obtained for the full

set of experimental data. This proves the feasibility of

performing predictions from results for two stress levels

only. Thus, we now need an algorithm for calculating the

stress shift factor as with suf®cient accuracy.

We have de®ned the necessary algorithm as follows. We

take two sets of experimental data for two stress levels only

from Fig. 1. Label the lower stress level 1 and the higher

level 2. By using a least-squares procedure we calculate the

parameters b and c of the two-term equation for each set.

Thus, we get

y1 � b1x2 1 c1 �8a�

y2 � b2x2 1 c2 �8b�
As before, y is a value of the creep compliance D corre-

sponding to a speci®c value of x � log t:

As can be seen in Fig. 1, the data sets for low stress values

have low slopes and an increase in s produces an increase

of the average slope of the set of data. Given the parameters

in Eq. (8a), we shift set 2 towards higher logarithmic time

values so that the lowest experimental point of that set lies

on the extrapolated curve of set 1. We call this process s 1

extrapolation and the intersection point x1.

A similar procedure is performed by using set 2 repre-

sented by Eq. (8b). This time, however, the shifting is done

so that the lowest point of set 1 appears on the downwards

A.E. Akinay, W. Brostow / Polymer 42 (2001) 4527±45324530

Fig. 3. The logarithmic stress shift factor as(s) for the PET/0.6PHB.

Continuous line is ®tted to experimental values (asterisks) by using Eq.

(6) in conjunction with Eq. (3); the resulting values are B � 5:10 and C �
20:52: Open circles are those calculated from three stress level results:

sref � 10 J cm23
; and two other higher stress (45 and 50 J cm23) levels.

The discontinuous line is ®tted to the open circles; in this case the constants

of Eq. (6) are B � 5:15 and C � 20:54:

Fig. 4. The master curve for PET/0.6PHB created by using only 10 and

50 J cm23 stress levels creep compliance results as explained in the text.

The discontinuous curve is ®tted to equation y � 0:0235x2 1 1:89:

Fig. 2. The master curve for PET/0.6PHB of creep compliance as a function

of log tas=s for sref � 10 J cm23
: Points are experimental values and

symbols are the same as in Fig. 1. The discontinuous curve is ®tted to

the equation y � 0:0231x2 1 1:89:



extrapolation of set 2 performed with Eq. (8b). The location

of the point so de®ned is called x2; since set 2 has the higher

slope, x2 , x1:

The average D�log t� slope increases gradually between

the low stress level set 1 and the high stress level set 2. We

need to capture that increase. We use the simple arithmetic

mean to calculate the location at which set 2 should begin

after shifting:

as112 � �x1 1 x2�=2 �9�
We shall verify below whether such a simple assumption

will be suf®cient for obtaining accurate results. At this point

the assumption is at least plausible; we have already seen

from numerical values of the parameters bi and ci for the

extreme values s � 10 J cm 23 and s � 50 J cm 23 that the

slope changes are not dramatic.

We are now ready to create a master curve from compli-

ance results from two stress levels only. We take the lower

stress level as s ref. We shift the higher stress level results by

as 112 calculated from Eq. (9). The master curve so obtained

is that represented by the dotted line in Fig. 4. Comparing it

with Fig. 2, we ®nd that it corresponds well to the master

curve obtained from the total set of results.

Needless to say, we do not rely on visual comparisons.

We have applied the same algorithm to other pairs of stress

levels. Each time the lower s level was used as the refer-

ence while the higher set was shifted on the logarithmic time

axis so as to create a new master curve according to Eq. (7).

The resulting values of the stress shift factors as 112 calcu-

lated from Eq. (9) are listed in Table 1 for 11 pairs of sets of

data.

Assuming the experimental values of as 112 at which the

higher level points begin to be correct, we have computed

the error for each calculated value. The results are listed in

the last column of Table 1. As expected, the larger the

distance s 2 2 s 1, the smaller the error. Thus the accuracy

of our procedure increases with the size of the stress interval

between set 1 and set 2; experiments should be conducted

accordingly. Much more importantly, we have succeeded in

our main objective of creating the master curve on the basis

of the results for the two stress levels only.

7. Prediction of as from three stress levels

Clearly, two sets of experimental data constitute the mini-

mum. Consider now a case when we have avoided extensive

experimentation but have at our disposal results for three

stress levels. It is possible to calculate as values for all s
levels by using Eq. (6) with three constant stress D test

results. Again, we ®nd it convenient to de®ne the lowest

s level as the reference. Then, B and C constants of Eq.

(6) are calculated by using the middle and highest stress

level sets. By taking 10, 45 and 50 J cm23 levels, we obtain

B� 5.15 and C�20.54. We see that these values are quite

close to those quoted in Section 5 obtained from nine stress

levels. Open circles in Fig. 3 represent as values obtained

using these constants. Thus, using compliance values for

three stress levels, nearly the same results are achieved as

those for the set of nine levels. We recall that the experi-

mental results are represented by asterisks while the contin-

uous curve has been obtained from Eq. (6).

Similar stress shift factors and master curves are also

obtained by using other sets of constant stress level D

results. For brevity we include here one more case. We

now take the data for 25 J cm23 as s ref. Then, the same

types of calculation as before are performed, taking again

as the two upper levels 45 and 50 J cm23. Eq. (6) now gives

us B� 4.58 and C�20.50. We see that the C value is still

quite close to that obtained from the full set of data while the

Doolittle constant B is now lower than that from the full set

and from the previous calculation. However, in that earlier

calculation we had the stress interval from 10 to 50 J cm23

while we now have only the range from 25 to 50 J cm23.

Once again we ®nd that the amount of data used is not

crucial but the stress range covered does affect the quality

of results. Fig. 5 is the analog of Fig. 3 for the 25±50 J cm23

range. The circles and the dotted line going through them

are further from the experiment (asterisks) and from Eq. (6)

continuous line than was the case in Fig. 3. However, the

outcome for even this narrow range provides satisfactory

results for most purposes.

In conclusion, a reliable prediction of service perfor-

mance of polymers can be achieved on the basis of a
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Table 1

The comparisons between some of the experimental and calculated as 112 values from using two stress levels D results

s 1 (J cm23) s 2 (J cm23) as 112 Experimental as 112 Calculated % (^) Error

10 50 4.11 4.14 0.73

10 45 3.30 3.31 0.30

10 40 2.60 2.52 3.08

10 35 2.10 2.02 3.81

15 50 4.08 4.06 0.49

15 45 2.80 2.72 2.86

15 40 2.30 2.24 2.61

20 50 3.50 3.60 2.86

20 45 2.80 2.90 3.57

25 50 3.36 3.30 1.79

25 45 2.60 2.50 3.85



small number of results of short-term tests. We have found

that the use of experimental results from two or three stress

levels provides comparable results to the use of nine stress

levels.
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Fig. 5. The logarithmic stress shift factor as(s) for the PET/0.6PHB. The

continuous line is ®tted to experimental values (asterisks) by using Eq. (6)

in conjunction with Eq. (3). Open circles are those calculated from three

stress level results: sref � 25 J cm23
; and two other higher stress (45 and

50 J cm23) levels. The discontinuous line is ®tted to the open circles after

the constants of Eq. (6) B � 4:58 and C � 20:50 have been calculated.


