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Equivalent Time Temperature
Model for Physical Aging and
Temperature. Effects on Polymer
Creep and Relaxation

eters in order to predict long-term creep data of an element used in
an engineering application (e.g., pipes). The long-term data used
for validation in this work was obtained from full-size samples
(1829X 304x 10 mm) under simulated field conditions (Le., ex
ternal pressure), which is markedly different from the short-term
samples (i.e., small samples under bending). Therefore, the
present research is an attempt to demonstrate that accurate long
term predictions of structural performance can be obtained by
following certain rules for data gathering a, .

Furthermore, we demonstrate that

teels' arelhc u e .'usirit~e··m~~gy~"~e:~:g;~~
example, in Fig. 1, 2 Hr. of data at 40°C with an initial age of
t e= 1 Hr shifted to 21°C by the classical method does not match
the 21 °C data, the TTSP master curve, or the ETT prediction at
21°C. In summary, a method is proposed to accurately perform
temperature and age shifting of data, even of long-term data
where the effects of temperature, creep, and age are coupled.

Finally, there is strong interest in testing longer than allowed by
the snapshot assumption [7]. In fact, there is a plethora of invalu
able studies in the literature that provide long-term data on many
aspects of material behavior, including creep compliance D(t).
However, most data available is not comparable because the tem
perature and/or initial age of the samples differ among them. In
some cases, the test temperature varies throughout the duration of
the test [21]. ETT allows any data containing agning and/or vari
able testing' temperature effects to be shifted to any age and/or
temperature, as delTIOnstrated in this present work.

Experimental

Five different materials are tested, three of which are different
formulations of Poly Vinyl Chloride (PVC), one is High Density
Polyethylene (HDPE), and the other is polyester reinforced with
polyester fibers (PRP), which are designated with the letters L, M,
N, 0, and P. ASTM E 1640-99 was used to obtain the glass
transition temperature of the materials from Dynalnic Mechanical
Analysis.

Testing Fixture. The relationship between stress and strain
depends on time due to creep [2] and physical aging [7]. Short
term creep and aging have been studied in the frequency domain
using dynamic mechanical analysis (DMA) [8,18,24]. However,
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Introduction

From the point of view of structural analysis, creep is the most
important feature of polymer behavior; it controls the design of
most structures and provides the main motivation for the advent of
fiber-reinforced polymers [1]. The effect of temperature on creep
behavior has been extensively studied [2-6] but there seems to be
some confusion as to the limitations of these studies in relation to
physical aging. Specifically, the need to use only unaged data to
construct the master curve seems to have been lost in the engi
neering community. On the other hand, physical aging of poly
mers [7-12] and cOlnposites [13-24] has been extensively stud
ied, but the results of these studies have not found widespread
application in the structural engineering practice. For example,
Guerdoux et al. [8] measured the torsional viscoelastic properties
of small cylindrical and rectangular specimens, demonstrating the
need for an additional step to the horizontal shift proposed by
Struik [7]. Guerdoux et al. [8] used the model proposed by Chai
and McCrum [22], which implies that a vertical shift, a rotation,
and a horizontal shift are needed to superimpose experimental
aging data onto a master curve. Other researchers claim to have
compared their predictions (based on short-term tests) with long
term data, but the later spans only days. In other words, previous
work is limited in the duration of the long-term data used for
validation. For example, Dean et al. [10] performed creep tests on
specimens (145X 12X 6 mm) for approximately 12 days. On the
other hand, short-term data is used in this work to predict and
compare with long-term data up to 1800 days. Previous work was
also limited in the span of the initial age t e of the samples. While
Dean et al. [10] used short-term data to predict long-term data,
both with an initial age of 7.5 and 72 hours, an extrapolation from
t e = 1 Hr to t e =3 months is demonstrated in this work.

Another aspect is the type of geometry and loading of the speci
mens used in the comparisons. Previous work [10] compares pre
dictions based 011 short-tern1 data (e.g., a few hours) to long-term
data (e.g., 12 days) with both sets of data obtained with the s~me

small specimens (e.g., 145x 12X6 mm). The present study at
tempts to develop a test protocol to determine the required param-
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maximum travel of 50 mm. The optical encoder, model LDK-4
4-B and spar and scale assembly, model B36679-4-0-50.0 are
from Dynamics Research Corporation.

The majority of the fixture is constructed out of aluminum,
except for the load supports and the vertical rods where stainless
steel was used. The fixture is designed to be unaffected by thermal
expansion and it does not require any type of temperature com
pensation even under large temperature fluctuations inside the en
vironmental chamber. The deflection is measured with an optical
encoder that does not require any temperature compensation, par
tially thanks to be mounted on CTE compatible materials.

The optical encoder consists of two parts, the spar and the
scale. The spar has a series of lines etched at a precise distance
from one another, like a ruler. The scale counts the lines as the
spar moves in front of it, thus measuring the deformation opti
cally. In the CBT fixture, the scale is mounted to the carriage and
the spar is mounted to a knife that slides inside the carriage and
rests on top of the specimen at center span (Fig. 3). Since the
carriage rests on the specimen at the loading points and the knife
at center span, the system measures the deflection between the
loading points and the center span, exactly in the shear free zone
(Fig. 4). This allows for simple computation of the axial compli
ance (modulus) without complications arising from the effects of
shear deformation during bending. Linear bearings were used to
allow the carriage to descend freely and apply the load to the
specimen. Thus, the load is fixed and equal to the weight of the
carriage, resulting in a true creep test.

Each specimen is held with rubber bands (Fig. 3), hanging from
the loading arms, which allows the top of the specimen to remain
in contact with the bottom of the loading arms, and the knife to
remain in contact with the top of the specimen at the center span
at all times prior to and during the test. This allows us to reset the
initial deformation in the data acquisition software to zero with

Fig. 3 Side view of CST fixture during testing. Note the rubber
band holding the specimen and, behind it, the knife with spar
and-scale assembly.
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Fig. 2 CBT fixture in the "loading" condition

two drawbacks of DMA testing motivate the developlnent of a
new testing fixture: specimen size and test duration. While poly
mer specimens from structural applications are usually thick, on
the order of 10 mm or more, DMA specimens are small, on the
order of 10 mmX 1.5 mmX 15 mm. Therefore DMA specimens
must be cut from structural-size samples. Such small specimens
do not capture well the inhomogeneities encountered in polymers
used in structural applications. A new creep bending testing (CBT)
fixture is therefore proposed that can use specimens with the full
thickness of the structural sample, with a maximum testing size of
50 mmX material thickness X231 mm. The larger size of the CBT
specimens allows {or a better representation of the material prop
erties to be tested. In addition, DMA equipment is expensive and
can accommodate only one sample. Running long-term tests on a
DMA becomes costly. Therefore, the CBT fixture was designed to
perform inexpensive, long-term creep testing in a configuration
similar to ASTM D6272-98 four-point bending conditions inside
an environmental chamber.

The CBT fixture (Fig. 2) uses two loading points with spacing
of 64 mm, which is one third of the support span of 192 mm.
Thanks to the low-cost design, eight fixtures were fabricated. Four
fixtures support a specimen with a maximum width of 25 mm
while four other fixtures support a specimen with a maximum
width of 50 mm. All four-load points have a radius of 7.94 mm,
which allows for a minimum specimen depth of 4.96 mm accord
ing to ASTM D6272-98 Section 6.2. Displacement is measured
with a linear optical encoder with an accuracy of 0.005 mm and a
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Fig. 1 Classical shift from 40°C to 21°C of data containing ag
ing does not overlap actual data at 21 °C having the same initial
age and test duration, PVC
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Thus the compliance is

where P is the load, L is the distance of the support span, E is the
modulus of elasticity, I is the moment of inertia, a =L/3, and b
=L/3. The deflection at the load points is [19]

22"
_ Pa b Pb 3 2 2

d2- 6EIL + 12EIL [x -(L -b )x] (2)

- Pb(L2 - b 2 )3/2 - Pa(L2 - a 2 )3/2
d1 = + (1)

18V3EIL 18V3EIL

where w is the width of the specimen, h is the thickness of the
specimen, P is the load, and L is the support span.

Mechanical Conditioning. The need for annealing and
quenching specimens is to rejuvenate the samples and be able to
record the age, with age zero being at the time of quenching. As
shown in Fig. 5, specimens tested at different ages have different
compliance even when tested at the same temperature. As the
material ages it gets stiffer, thus reducing the amount of deflection
observed during an interval of time. Therefore, with each succes
sive test without rejuvenation, the compliance curves in Fig. 5
should lie under one another. This was not observed within the
first, and sometimes second tests. This is because an imperfect
specimen must adjust and settle onto the load supports. In other
words, specimens need to undergo mechanical conditioning after
quenching. Therefore, the following is proposed as a means of
mechanically conditioning the samples. In the aging study, the
first two tests are discarded and the sample is never removed from
the fixture as it undergoes creep, recovery, and aging, until the test
is completed. Also, while constructing the TTSP master curve,

where a = L13, b = 2L/3, and x = L/3. The deflection in the shear
free zone is
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Specimens are annealed and quenched, then placed in the fix
ture at a specified temperature below Tg to let age. At each stage
of the testing protocol, the specimen is aged for an aging time te ,

then creep tested for a time interval no longer than tell0 following
the snapshot assumption [7] to avoid noticeable aging effects dur-
ing creep testing. .

The compliance D( t) .is calculated from the deflection data.
The equation for the compliance under four-point bending is de
rived using the following method. Referring to Fig. 4, the center
deflection of a beam under four-point bending with 1/3 load span
is [19]

Fig. 5 Compliance curves for various increasing aging times
fe' PVC
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Creep Banding Testing (CST) fixture schematic show
four point bending configuration and the operation of

•UJ\.,..AIIIJ.v resting on the center span and no load applied. There
allows for an accurate measuring of the deflection, even

specimen is not flat as a result of irreversible creep defor
from prior testing.
to testing, the carriage is held up by a spacer (not shown)
the bottom of the specimen does not touch the support

which are separated by the full span of 192 mm (Fig. 2).
is applied by removing the spacer, thus allowing the bot

specimen to load on the support arms, as shown in Fig.
is acquired from the testing fixtures using an ACS-Tech80
ISA Encoder Interfacing card with four axes. An Intel

cornPllter running Windows 98 is used to read the card and
the Software drivers provided by the DAQ manufac
were modified to write data to files in specific time incre
using Visual Basic 6.0. All tests are performed in a Cincin

Sub-Zero environmental chamber model Z-32 that uses a
Chromalox 2030 microprocessor controller.

Testing Protocol. New samples are produced at the vendor
facility or field installation of each material. All samples are cut
perpendicular to the direction of extrusion and have a minimum
length of 30 cm. The direction of extrusion is properly labeled.
Thermoset polymer and polymer composite samples must be pro
duced flat as they cannot be reformed after curing. Thermoplastic
samples that are not flat are then flattened as follows. First, the
samples are placed in an ·oven, concave side down on a piece of
flat alunlinum with a thickness of 12.7 cm and overall dimensions
slightly greater than the sample. A second identical aluminum
plate is placed on top of the sample and 20 Kg of additional
weights are added. The samples, aluminum plates, and additional
weights are then heated to the annealing temperature THand
maintained at that telnperature for not less than 48 hours. The
specimen annealing temperature THis set to 15°C above the glass
transition temperature Tg of the material, but below it's melting
point Tm •

The flat samples are cut, using a band saw, into specimens
having a minimunl span-to-thickness aspect ratio of 16-to-l, a
maximum width of 50 mm, and a minimUlTI depth of 4.96 mm.
The thickness and width· of each speciJnen are measured at both
ends and at the center of the span using a micrometer as per
section 6.3 of ASTM D790 and then averaged. The specimens,
except for HDPE, are annealed in an oven at tenlperature TH for at
least 30 min. HDPE is annealed at the tenlperature used to reform
the lnaterial during field installation in order to mimic as close as
possible the crystalline structure of the polymer as used in the
actual structural application. Specimens are then quenched be
tween steel plates for approximately 5 min. After the specimens
are quenched, they are placed in the fixture and held in place with
rubber bands wrapped around the inner loading nodes. Next, the
scale asselnbly is placed in the carriage and resting onto the
sample at the center span (Fig. 3). Using the data acquisition
software, the readouts are then zeroed, the test filename and path
are entered, and the data are then recorded.
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Table 1 Comparison of aging shift factor rate and temperature
shift factor rate and goodness of curve fits for all materials.
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Temperature Time Superposition Method
The effect of increasing temperature on polymer creep is to

accelerate it. Therefore, long time creep behavior could be con
ceivably studied by testing at high temperature for a short period
of time. We shall see that this is accurate as long as testing does
not violate the snapshot assumption. Time~temperature superposi
tion (TTSP) allows us to obtain a creep compliance master curve
D a(A) over a range of time longer than afforded by either the
patience of the operator or by the snapshot assumption, or both.
Tests at the same temperature but different age result in different
compliance curves, as shown in Figs. 5 and 6. It is clear then that
individual tests at various temperatures must be done at constant
age for then to be meaningful. Testing is performed at several
temperatures so that the resulting data overlaps over a range in the
compliance axis, as shown in Fig. 7. All curves are then shifted to
a reference temperature TR' The resulting shift factors a r( T) are
then plotted versus temperature as shown in Fig. 8. The data is
then fitted with a linear equation

log(ar) = JLT(T- TR) (8)

where f.Lr is the temperature shift factor rate with units [11°C].
Since all the individual tests at various temperatures are done at

constant age te , and every test duration does not exceed the snap
shot assumption tellO, the TTSP master curve represents the be
havior of the polymer undisturbed by aging, even though it spans
a longer time than tell O.

Using the master curve at other temperatures and/or ages is a
trivial exercise since it can be simply shifted. to a new time

A'=l/(aear) (9)

This is referred to as the classical shifting method. Equation (9)
cannot be used if the compliance curve D(t) is obtained experi
mentally over a range of time longer than afforded by the snapshot
assumption, as demonstrated in this study.

Three specimens of each material are tested to obtain a statis
tically significant master curve and shift factor plot (Table 1).
Specimens are tested in a temperature range approximately 21°C

Fig. 6 Set of rotated compliance curves for various ages and
reSUlting master curve at t eR=4513 Hr, PVC

(7)

(5)

(6)D =Do +D a(A) =Do +D}A m

loge ote) = loge t e(i + I) - t e(i) =const

where f.L is the .aging shift factor rate [7] with units [i/log(time)]
(Table 1).

Given a curve DCA) obtained at a constant age te , it is a simple
exercise to use it at any age by shifting it as D(Alae ). However,
samples tested need to be very old in order to yield a useful range
of unaged time A. The solution to this limitation is to use time
te,mperature superposition to generate the compliance curve.

A typical set of total compliance DCA) curves for different ages
are shown in Fig. 5. The compliance D (A) is separated into an
elastic component Do and a creep component D a( A) and the later
is modeled with a power law
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where Do is the initial compliance, D} is the creep coefficient, A
is the time, and m is the power-law exponent. A master curve of
creep compliance is constructed by rotating, then shifting all
curves to a reference age t eR • The reference age is defined as the
curve with the greatest age when the test was started (highest
value of t e) [15,17]. The need for a slight rotation prior to shifting
is ev~denced by the curves in Fig. 5 having slightly different
slopes, and it is explained in detail in [20,23]. The shift factors
ae(te) used to shift the curves in Fig. 6 are plotted versus the
corresponding ages in double logarithmic scale. The shift factor
data can be fitted with a linear equation

Physical Aging
When a polymer is heated above its glass transition temperature

Tg , into the rubbery state, it attains sufficient mobility to erase the
effects of aging and residual stress carried over from the glassy
state at lower temperatures. The process is called annealing and it
requires certain time, which is referred to as annealing time.
Quenching, i.e., rapidly cooling down below Tg , into the glassy
state, sets the polymer into a state on thermodynamic inequilib
rium. With time, the polymer evolves slowly towards the equilib
rium condition in a process that is called physical aging. Thus, age
zero (t e = 0) is the time at which quenching occurs, precisely the
moment at which the material crosses T~ during cooling and/or
curing, i.e., during quenching.

Creep testing is used to evaluate the creep compIiance D (t) as
a function of time. Since time implies aging, the true change of
creep compliance due to tilne and the effects of aging are com
bined and seemingly inseparable. Thus, two creep tests performed
for the same amount of testing time on two samples that have
different age at the onset of the test yield different results. Aging
studies attempt to resolve this dilemma by separating the compli
ance from the aging effects.

In order to test for compliance without noticeable aging effects,
the testing time must be much shorter than the age of the sample
at the onset of the test. This is called the snapshot assumption [7]
because a test performed during such a short time (A <teIIO) will
exhibit negligible effects of aging. The time A is the unaged time,
that is, the time elapsed during a tes.t while the effects of aging are
not noticeable. The Greek letter A is used in this study to differ
entiate it from the actual time t that is longer than that afforded by
the snapshot assumption and therefore spans sufficient time for
the effects of aging to be noticeable.

In order to model aging, tests at different ages are performed at
a constant temperature. The testing schedule is set up to have
equal increments of age in base-IO logarithmic scale

two on~m~u~ creep re~s are perfurme~ ~ ~=20m~ and ~2~~~~~~~~~~~~~~~~~~~~

t e= 25 min, after every quenching, and their associated data is
discarded. '
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Fig.8 Temperature shift factor plot, PVC

Equivalent Time Temperature Method

Revisiting the example explained in the Introduction, note the
use of t, not 'A, for long-term data that includes the effects of
aging. All these data cannot be shifted for age or tenlperature by
using Eq. (9), since Eq. (9) applies only to unaged, snapshot-type
data. For example in Fig. 1, note that 2 hI' data at 21°C with initial
age t e = 1 hr matches the ETT prediction, but 2 hr of data at 40°C
with t e = I hr shifted to 21°C by the classical method (Eg. (9))
does not match the 21°C data and it does not match either the
TTSP Blaster curve nor the ETT prediction at 21°C. In contrast,
the proposed ETT nlethod is able to shift data contai ning aging
effects.

The ETT nlethod can be described succinctly as follows:

1. Transform the aged data (e.g., 2 hI' data) to the unaged do
main using the inverse of Eq. (11), that is

'A. = [(tlte+ 1)cr-1]tela (12)

2. Perfonn the shift (e.g., to 2160 hr) in the unaged domain
using Eq. (9).

3. Back transfonn to the tilne donlain using Eg. (11).

To validate the ETT method, 40°C long-tenn data (\\lith aging
effects) was shifted to 21°C by the ETT method described above
and compared with the conlpliance predicted by stretching the
titne in the master curve (Eg. (10)) using Eg. (II). As shown in

where a = 1- /-L. Such process is valid only when the unaged
compliance DCA) is obtained within the constraints of the snap
shot assumption.

-1.4t---=.--~-------------~

-4.2+-----------------.;:~---~

•

Equivalent Time Method

Aging makes the polymer stiffer and stiffer with time. All
things being equal, the longer the age, the longer the time it takes
to attain a unit increment of deformation under creep testing. In
other words, the unaged time 'A in the unaged compliance D ('A) is
stretched into real time t when aging takes place, to yield the aged
compliance D(t). The time stretching is given by the equivalent
time method [7]

mer are determined they can be used to shift data from any type of
mechanical response, i.e., stress relaxation, creep, or dynamic test
ing [6]. It is observed that TTSP master curves are difficult to fit
with an equation if they span a long time. Several equations such
as the Kohlrausch equation [15-17] and the power law have been
used in the literature but the selection of the following equation

D(t) = Do + 'AIn't + D 1'A lin (10)

fits the data well for all materials in this investigation. Note the
use of 'A, not t, since a TTSP master curve has no aging effects.

84
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to 57°C with a 5°C to 7°C interval between successive tests. The
testing temperature should not exceed the Tg of the material.

The curves are shifted by minimizing the difference in shifted
time (tR - tila TJ, where tR is the time on the reference curve at
temperature TR' t i is the time of the curve being' shifted, and a Ti

is the shift factor between the two curves on a base-IO log-log
scale. Three specimens are tested at or near each nominal tem
perature in the testing schedule. The data sets are designated T1a ,

T 1b' TIc, through Tic where a, b, c, denote the three specimens
used per material, i = I ... N, and N is the number of different
temperatures tested. Then, each data set is shifted until they over
lap with the data of the previous temperature, taking the lowest
temperature as a reference temperature (aT= I). Due to material
variability and experimental error, each data set at a particular
temperature T i do not lie on top of each other. In order to average
the data and the shift factors simultaneously, the following method
is proposed to shift the data:

1. The lowest tested temperatures T 1a' T 1b' and TIc are used
as temporary reference temperature (a r = 1). Note that the actual
testing temperatures of the three specimens T ia , T ib , and Tic are
very close to the nominal testing temperature T; but not identical
due to inherent variability of the environmental chamber from test
to test.

2. One curve at the next (higher) temperature T;a' where i is
the number of the data set being shifted, is then shifted to each
previous curve Tu- I)a' T(i - l)b' T(i - ])c producing three shift
factors.

3. This process is repeated for the next two speciInens T;b and
Tic producing six more shift factors.

4. The nine shift factors are then averaged, resulting in a single
shift factor aT( T) for the data at T; .

5. Data for Tin, Tib , and Tic are then shifted using the aver
aged shift factor, Qr(Ti ).

Several other shifting methods were exalnined. In one method, a
power law was fit to each data set; then averaged the fitting pa
rameters of each data set to produce an equation representing the
material at a particular tenlperature. In another method, the com
pliance for each data set at each time increment were averaged
yielding one set of data at that tenlperature. The shapes of the
individual curves obtained fronl these tnethods did not overlap
when shifted, so these methods were discarded.

Once the individual curves were shifted using the preferred
method outlined above, the TTSP lnaster curve and scatter are
shown in Fig. 7. Next, the 10g-base-10 of the shift factors is plot
ted vs. temperature (T - TR) in Fig. 8, where TR is the reference
temperature. Linear regression of this data yields an equation rep
resenting the log-base-IO of the shift factor as a function of teln
perature (Table 1). This allows us to calculate a shift factor for any
desired temperature. Once the temperature shift factors of a poly-

-1.7,.-----'!""""""l"--------~--..,..----.

Fig. 7 Set of compliance curves for various temperatures and
resulting master curve at TR= 21 0 C, PVC .
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Conclusions

The constraint imposed on the time-temperature superposition
method by physical aging, namely that applies only to unaged
data, is reviewed and validated with experimental data. A method
is proposed to use the equivalent time method in conjunction with
time-temperature superposition to shift long-tenn data for both
age and temperature. The procedure is demonstrated using experi
mental data. A standardized method for shifting mOlnentary creep
curves from several specimens in order to obtain a TTSP master
curve is presented. Applications to practical situations are
described.

proposed herein to transform all data to the unaged condition,
perform. the temperature compensation there, and transform the
compensated data back to the time domain.
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Fig. 9, the prediction using Eqs. (10)-(12) results in excellent
correlation with long-term data collected over time I larger than
le/lO at 40°C, then shifted using ETT to 21°e.

For further validation, the result of applying classical shifting
(i.e., Eq. (9» from te = 1 hr to te =2, 160 hr on 2 hr of creep data
(labeled as CBT data) is shown in Fig. 10. Obviously, 2 hr of data
with age t e = 1 hr at the onset of testing violates the snapshot
assumption. Therefore, classical shifting results in a very poor
comparison with actual data obtained with initial age Ie
= 2160 hr. On the other hand, the same data compares well with
the data at Ie =2160 hr when shifted by the ETT method proposed
herein.

Further application of this method is motivated by the need to
effect temperature compensation of data collected over long peri
ods of time. If, ,for practical reasons, such data cannot be collected
at constant temperature, there will be considerable interest in re
porting the data at constant temperature. For example, more than
10,000 hr creep data of full-size encased polymer liners are re
ported in [21] and shown in Fig. 10. Due to the large laboratory
space occupied by the encased liners and the long duration of the
tests, it is unpractical to perform such experiments under constant
temperature conditions. The same is true for field experiments
where the seasonal and daily temperature variations obviously af
fect the data. While temperature compensation of snapshot-type
data is easily accomplished by classical shifting (Eq. (9», such a
procedure cannot be applied to 10,000 hr data unless, as per the
snapshot assumption, the samples were 100,000 hr old to begin
with. That is almost 12 years! The solution is to use the procedure

Fig. 9 nsp master curve~ prediction, and data at t~= 1 Hr,
21°C, PVC
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