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ABSTRACT: An investigation of the transient thermome-
chanical behavior of poly(ethylene terephthalate) (PET) is
presented with respect to a new composite material system
in which shrinkable PET tendons are incorporated into a ce-
mentitious matrix to provide a crack-closure mechanism. A
series of parametric studies of the effects of the geometry,
temperature, and soak time on the mechanical properties of
the polymer are presented. In particular, this article focuses
on the shrinkage behavior and the development of stresses
under restrained shrinkage conditions. A one-dimensional
numerical model, which is essentially a modification of Zen-
er’s standard linear solid model, is presented with the aim

of simulating aspects of behavior of particular relevance to
tendons within the composite material system. The model
comprises a temperature-dependent dashpot and spring in
parallel with a spring and thermal expansion element. The
temperature-dependent functions are calibrated with the
obtained data, and a final validation example that shows
good accuracy in comparison with experimental data not
used for the calibration is presented. VC 2010 Wiley Periodicals,
Inc. J Appl Polym Sci 120: 2516–2526, 2011
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INTRODUCTION

This article addresses the performance of shrinkable
polymers in the context of a new composite material
system in which shrinkable polymer tendons are
incorporated into a cementitious matrix to provide a
crack-closure system. The overall material system
has been described previously1 and has been given
the name LatConX, which is the subject of a pending
patent.2

This work, undertaken to prove the concept of the
material system,1 comprised a series of tests of
small-scale cementitious beams with embedded,
unbonded polymer tendons. In these tests, the speci-
mens were cast, cured for a few days, and then
loaded to induce cracking. The polymer tendons
were then activated with heat, and the resulting
restrained shrinkage of the tendons imparted com-
pression to the cementitious material; this served to
close any cracks that had formed and to enhance
autogenous healing of cracks.

A further aspect of the proof-of-concept work1

was the establishment of minimum criteria for the

polymer tendons with respect to their effectiveness
in the LatConX material system.1 A series of prelimi-
nary experiments were carried out to find shrinkable
polymer materials that satisfied the performance cri-
teria; from these tests, it was found that a commer-
cially available, semicrystalline poly(ethylene tereph-
thalate) (PET; Shrink Tite, Aerovac, Keighley, West
Yorkshire, UK) best met the criteria.1 The chosen
PET material is called a drawn polymer because of
the manufacturing process of drawing, which gives
rise to its shrinkable shape-memory-like behavior.
The development of the composite material sys-

tem and methods for its design require a predictive
model for the polymer tendons, and this contribu-
tion describes the work undertaken to understand
the behavior of the polymer and the simple one-
dimensional model developed for simulating its
time-dependent and temperature-dependent me-
chanical behavior.
Previous experimental studies of the temperature-

dependent shrinkage behavior of PET were carried
out by Gupta et al.,3 who investigated the effect of the
draw ratio on axially oriented PET samples heated to
a variety of discrete temperatures. Gupta et al. found
that restrained stresses were generated around the
glass-transition temperature (Tg), and they attributed
this to the tendency of the extended molecules to
adopt more coiled conformations near Tg.
A number of authors have used Eyring’s equation4

to represent viscous behavior in modified versions
of Zener’s standard linear solid (SLS) model5 to
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simulate various aspects of the temperature-depend-
ent behavior of PET. Sherby et al.6 and Wilding and
Ward7 used this approach to simulate creep behav-
ior; Guiu and Pratt8 and Sweeney and Ward9 used it
to simulate stress relaxation; and finally, Sweeney
et al.10 used it to simulate yield behavior.

A different approach, based on similar principles,
was developed initially by Pakula and Trznadel11

and subsequently by Morshedian et al.12 Pakula and
Trznadel proposed a four-state model to describe
the temperature dependence of amorphous poly-
mers. The model is characterized by two elastic
springs and two two-site elements. This multisite
element model simulates the local properties of a
molecular subunit and its interactions with the ma-
trix. Morshedian et al. replaced the two-site elements
with temperature-dependent dashpots.

Bhattacharyya and Tobushi and coworkers13 pro-
posed a four-element rheological model comprising
an elastic spring and a viscous dashpot in parallel
with a friction element and a second viscous dash-
pot to simulate the isothermal mechanical behavior
of polymers. It is the friction element that models
the effect of shape-memory strain. Tobushi et al.14 in
a later article proposed that the material parameters
(modulus of elasticity, viscosity, retardation time,
and coefficient of thermal expansion) should be ex-
ponential functions of temperature.

Zener et al.’s SLS model,5 although providing a
good first approximation of the observed behavior
of polymers in their viscoelastic range and describ-
ing both creep and stress relaxation, does not
include the effects of temperature and shrinkage on
the deformation behavior.

The overall aim of the work described in this article
was to develop a one-dimensional constitutive model
for the time-dependent behavior of shrinkable PET
that could be used in the design of the LatConX
material system. To develop such a model, the visco-
elastic and shrinkage properties of the selected PET
material were investigated in a series of experiments.
These examined the effects of the heating rate and
soak time (i.e., the time of a material’s exposure to a
certain constant temperature) on the elastic proper-
ties and shrinkage stress of PET samples. The specific
polymer modeling requirements of the LatConX sys-
tem are addressed in the following section.

LATCONX CONCEPT

The LatConX system, illustrated in Figure 1, has em-
bedded polymer tendons that are initiated once
cracks have occurred in the cementitious material.
Upon the identification of such cracking, the drawn
polymer, which is anchored at discrete points, is
activated via heating. This causes a tensile force to
develop in the restrained tendons, which in turn

impart a compressive force to the matrix and
thereby close any open cracks. Autogenous healing
then occurs and is enhanced by the cracks being put
into this compressive state.15 Studies aimed at fur-
ther enhancing this autogenous healing have also
been carried out, and these have demonstrated 85%
strength recovery from autogenous healing.16

During heating and cooling, the cementitious ma-
trix will undergo thermal expansion and contraction,
but it will also shrink because of drying and residual
hydration. After activation, the matrix will be sub-
jected to continued drying shrinkage as well as long-
term creep. Furthermore, the polymer tendons them-
selves will undergo relaxation after activation. Thus,
the polymer model will need to be able to simulate
relatively complex time-dependent thermomechani-
cal behavior if it is to correctly predict the perform-
ance of the tendons within this material system.

EXPERIMENTAL

Material

The material used for the following experiments was
selected in a pilot project that incorporated a mate-
rial screening exercise.1 The primary criterion used
for material selection was that it should develop a
restrained shrinkage stress of at least 20 MPa. Fur-
ther selection criteria were that (1) the temperature
of stress development should occur between 70 and
90�C to prevent premature activation during the
hydration process of the cementitious material or
damage to surrounding concrete, (2) the material
should also be inert in an alkaline environment, and
(3) the shrinkage stress that develops during activa-
tion should not decrease by more than 30% through-
out the working life of the structure (50 years for
buildings and 120 years for bridges). The screening
tests highlighted Aerovac Shrink Tite, a drawn PET
polymer material that is readily available in 32 mm
� 0.046 mm tape form, as best suiting these criteria.1

Test specimen preparation

The tested specimens included a number of PET
strips that were nominally 6-mm-wide (actual mean

Figure 1 LatConX system.
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width ¼ 5.8 mm) and 450 mm long; these were
formed into tendons by being laid in a specially
designed jig, as shown in Figure 2. The strips were
then bonded together with a soldering iron, which
was used to melt the ends. The standard number of
strips was 25, although specimens with more strips
were used in one test series, which checked the de-
pendence on geometrical parameters.

Two steel plates (10 � 20 � 3 mm3) were then
placed at either end of the 450-mm-long specimens
at a distance of 360 mm, as shown in Figure 4, to
form end anchors. The remaining length of the poly-
mer was then melted, as shown in Figure 3, to create
a mechanical plug, which served as a mechanical
lock to prevent slippage. Figure 4 shows the form of
the specimen before its placement in the grips of the
testing machine. This anchor system was tested in a
series of preliminary experiments in which slip at
the grips was monitored locally. These tests showed

that the final anchor system described here ensured
no end slip.

Equipment

The experiments were undertaken with a Dartec ten-
sile testing machine fitted with an Instron environ-
mental chamber capable of temperatures ranging
from �50 to þ250�C. The experimental setup can be
seen in Figure 5(a,b).
The specimen, with end plates attached, was

placed between the machine grips, as shown in Fig-
ure 6, and a preload was applied to remove any
slack. The chosen preload was equivalent to a pre-
stress of 1.36 MPa.

Test series

A series of parametric studies were then undertaken
in which the displacement at the grips, load, and
environmental chamber temperature were continu-
ously monitored. The maximum monitoring rate of
the data logger (i.e., 100 readings/s) was used when
the temperature or load rate was at a maximum, but
lower sampling rates were used for other cases.
In all cases, unless otherwise noted, each test was

undertaken three times. Thus, the quoted mean val-
ues are averages of three tests.

Geometric parameters

Sections of different cross sections and lengths were
tested to assess the effects of geometric properties
on the measured shrinkage stress. Sections contain-
ing 25 strips (6.9 mm2), 50 strips (13.8 mm2), and 75
strips (20.7 mm2) were tested at a length of 350 mm,
and specimens 360 or 180 mm long with 25 strips
were also tested. Each specimen was held at a con-
stant displacement while the temperature was raised
to 90�C at a rate of 0.41�C/s; it was then soaked for
30 min before the temperature was reduced to the
ambient temperature for 10 min

Study of stress development with temperature

A 360-mm-long specimen containing 25 strips (a
standard specimen) was held at a constant displace-
ment while the temperature was raised to 90�C at a
rate of 0.41�C/s; it was soaked for 3 h before the

Figure 4 Specimen preparation.

Figure 3 Creation of a mechanical plug.

Figure 2 Manufacturing process for the specimens.
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temperature was reduced to the ambient tempera-
ture for another hour.

Study of the effect of the soak time on stress
development

A standard 360-mm specimen was held at a constant
displacement while the temperature was increased
in 10�C increments from 30 to 170�C. At each 10�C
increment, the temperature was held for the chosen
soak time. Three different soak times were investi-
gated: 0 min, 5 min, and 1 h. Between each incre-
ment, the temperature was raised at a rate of
0.13�C/s.

Study of the effect of temperature on Young’s
modulus: the E-value test

A standard specimen was held at a constant load
while the temperature was raised in 10�C increments
from 30 to 160�C. At each temperature increment,
the specimen was soaked for 5 min, and then a load-
ing/unloading cycle with an amplitude of 10 N was
applied at a specified rate. Three rates were used:
10, 1, and 0.1 N/s. This loading–unloading cycle is
called the E-value test, and it was repeated for every
temperature increment.

Study of the free shrinkage development
with temperature

Throughout the Young’s modulus study, the dis-
placement of the specimen was recorded, and this
enabled the shrinkage–temperature relationship to
be studied.

RESULTS AND DISCUSSION

The results for each of the aforementioned test series
are considered in the following.

Study of the geometric parameters

Figure 7 shows the stress development for the 360-
mm-long specimens with three different cross-sec-
tional areas. This indicates that the effect of various
cross-sectional areas on stress development is lim-
ited (maximum ¼ 4%) in the range considered.
Nevertheless, we expect that the greater the cross-
sectional area is, the greater the temperature differ-
ence will be between the surface and the center of
the cross section. To explore whether this tempera-
ture lag is responsible for the aforementioned differ-
ences, a two-dimensional finite-element transient

Figure 6 Photograph of the grip setup.

Figure 5 (a) Diagram of the equipment setup and (b) photograph of the material setup.
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thermal analysis was undertaken for each of the
cross sections. The results for the three cross sections
are shown in Figure 8 in terms of the center-of-speci-
men temperature versus time. These results provide
justification for the slightly differing stress paths
during the early stages of stress development. The
thermal analysis highlights that after 930 s (15.5
min), full temperature saturation is achieved for all
three cross-sectional areas. Figure 7 also highlights
that a shrinkage stress of 29 MPa can be generated
during a 30-min soak time, which exceeds the 20-
MPa criterion set for the LatConX system.

There is a noticeable difference in shrinkage stress
between the 360- and 180-mm specimens in the cool-
ing phase at the top of the graph in Figure 7. The
difference, which rises to 2 MPa, can be attributed to
the thermal contraction of the 180-mm aluminum
extension arm required for the shorter specimen.
The calculated contraction of the arm for cooling
from 90 to 64�C is 0.108 mm; with the measured
Young’s modulus of the polymer, this equates to a
stress change in the polymer of 2.1 MPa.

Stress development with temperature
(Figs. 9 and 10)

Figures 9 and 10 show stress development with time
and temperature, respectively. The shrinkage stress
is generated at a decreasing rate and reaches a pla-
teau at approximately 32.5 MPa after a 3-h soak at
90�C; this is consistent with the magnitude of the
shrinkage stress found in the literature.11 The gener-
ation of shrinkage stresses is a well-known property
of drawn polymers and is associated with the orien-
tation of the long-chain molecules in the direction of
drawing.17,18 Trznadel and Kryszewski17 suggested
that the shrinkage-stress potential of partially
extended polymer chains is associated with the
‘‘entropic tendency of the chains to assume more
coiled conformations.’’ The stress plateau is consist-
ent with the findings of Gupta et al.,3 who suggested
that the increase in crystallization occurring above
Tg stabilizes the oriented state and reduces the relax-
ation potential, which is seen in the plateau of the
shrinkage-stress response.17

Figure 8 Results from thermal analysis.

Figure 9 Stress development with time.

Figure 10 Stress development with temperature with
highlighted regions.

Figure 7 Response for different geometries.
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The stress rise at the end of the test can be attrib-
uted to thermal contraction of the polymer upon
cooling. Trznadel and Kryszewski17 explained that
the shrinkage that has occurred previously, which is
associated with molecular coiling, is permanent and
unrecoverable, but the independent molecular action
of thermal expansion is recoverable.17

It has been found by others17,19 that annealing
(heating above the transition temperature) slightly
increases the coefficient of thermal expansion, and
this provides an explanation for the difference
between the below-Tg expansion and contraction
slopes at the start and end of the graph, respectively.

Three distinct regions can be seen in Figure 10: an
initial thermal expansion zone, a transition zone, and
a final thermal contraction region upon the removal
of heat. The initial decrease in stress can be attributed
to the thermal expansion of the polymer in the pre-
shrinkage stage, which, under these constant strain–
displacement conditions, gives rise to this decrease in
stress. As the transition zone is reached, shrinkage
becomes the dominant process, and thermal expan-
sion becomes negligible.17 The onset of shrinkage
occurs between 60 and 70�C, and this is consistent
with published values of Tg for PET.

3,18

The calculated maximum stress that develops is a
function of the cross-sectional area. The measured
mean and standard deviation of the strip widths are
5.77 and 0.16 mm, respectively. A change in width
equal to the standard deviation would equate to a
calculated stress change of approximately 0.8 MPa
for an individual strip.

Effect of the soak time on stress development
(Figs. 11 and 12)

Figure 11 presents trends of the average stress ver-
sus temperature for the three investigated soak
times; the averages are based on three tests per soak
time. The graph shows that the maximum stress is

achieved at 120�C, after which the stress decreases.
This approximately matches the recrystallization
temperature identified by Jog.20 Gupta et al.3 also
highlighted that above 100�C, a large increase in the
crystallinity occurs. It is known that this recrystalli-
zation process affects the potential for shrinkage to
occur because when part of a molecular chain is
incorporated into a crystallite, during recrystalliza-
tion, the stress exerted at the molecule ends is
reduced.3,17

If it is assumed that Tg is associated with the onset
of shrinkage, Figure 12 suggests a Tg value of 70�C,
which is consistent with previous observations by
Gupta et al.3 and Ward and Sweeney.18

The exploded view of the 70–80�C transition in Fig-
ure 11 shows that the stress for the 1-h soak time
actually decreases throughout the temperature transi-
tion, whereas for the two shorter soak times, the stress
consistently increases. It appears that two competing
mechanisms are occurring at different rates: stress
relaxation and shrinkage. The shrinkage is a relatively
fast mechanism that stabilizes in approximately 5
min, whereas stress relaxation is slower and becomes
apparent only during the 1-h soak time tests.
The peak stresses are 35.5 (1-min soak), 36.5 (5-

min soak), and 37 MPa (1-h soak), and this suggests
that a soak time of 5 min is sufficient. The increase
in stress between temperature increments remains
relatively small until the temperature of 70�C is
reached. In the region of 70–90�C, that is, the glass-
transition region,14 the stress increases by approxi-
mately 7.5 MPa per 10�C increment. In all cases, the
peak stress is reached at approximately 120�C,
beyond which the stress decreases at approximately
the same normalized rate.

Effect of the temperature on Young’s modulus: the
E-value test (Figs. 13 and 14)

The average response of the specimens during the
E-value test was not independent of the continuing

Figure 11 Comparison of the soak time experiments
(stress–temperature plots).

Figure 12 Normalized time plot.
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overall shrinkage, with the response during lower
loading rate cycles being more affected by overall
shrinkage than the response during the higher load-
ing rate cycles. To allow for this, we applied a cor-
rection, as illustrated in Figure 13, in which a modi-
fied response was obtained by the consideration of
the displacement with respect to the overall shrink-
age trend line. The overall shrinkage displacement
(or trend line) was assumed to vary linearly with
time over the duration of the E-value test, as illus-
trated in Figure 13. The difference between the
shrinkage trend line and unmodified displacements
over a given time interval is termed the modified
displacement.

These modified responses were used to calculate
apparent Young’s moduli; the results are shown in
Figure 14.

The results from the tests at the three different
loading rates (0.1, 1, and 10 N/s) agree with the
work of Tobushi et al.14 It can be concluded that
apparent Young’s moduli are relatively constant
before the glass-transition region, decrease through-
out the transition region, and become constant again

after the transition region. The experiments pre-
sented in Figure 14 show that the slower rates have
a lower apparent Young’s modulus at a given tem-
perature, and this highlights some rate dependence.
The reduction in apparent Young’s moduli with a
decreasing loading rates is assumed to be due to
viscous relaxation, which increases with decreasing
loading rates.
It is known that Young’s modulus decreases with

increasing crystallization,21 and it is also known that
the amount of crystallization increases with time in
the transition temperature range.20 Thus, the
observed rate dependence of the apparent Young’s
modulus is explained by different degrees of
crystallization.

Free shrinkage development with
temperature (Fig. 15)

Plots of shrinkage versus temperature for each of the
experiments mentioned in the previous section are
shown in Figure 15. The experiments were contin-
ued only up to 160�C because at this temperature
the testing machine reached maximum travel on
account of the high levels of shrinkage exhibited by
the specimens. The total shrinkage strain achieved at
the end of the tests was 18.1%.

CONSTITUTIVE MODEL

Introduction

A constitutive model, based on Zener’s SLS model5

and modified with temperature-dependent springs
and dashpots, was developed. Trznadel and Krys-
zewski17 reported that the ‘‘construction of molecu-
lar models is extremely difficult’’ and that their
analytical solution is ‘‘impossible’’. Therefore, as
Trznadel and Kryszewski suggested, a phenomeno-
logical model is more appropriate, and the followingFigure 14 Young’s modulus versus temperature.

Figure 13 Modification of displacement due to ongoing
shrinkage.

Figure 15 Free shrinkage versus temperature.
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describes a proposed phenomenological representa-
tion for PET.

The relationship between Young’s modulus and
temperature is based on the observations of Tobushi
et al.14 and the experimental data presented in this
article. The model is designed to simulate the tran-
sient thermomechanical behavior of PET in a one-
dimensional uniaxial form.

Proposed constitutive model

The rheological model comprises an elastic spring
(E1) in parallel with a temperature-dependent elastic
spring (E2) and a temperature-dependent viscous
dashpot (g) as shown in Figure 16.

The total stress (r) is calculated as follows:

r ¼ r1 þ r2 (1)

The stress component in each arm of the model is
determined as follows:

r1 ¼ E1:e1 (2a)

r2 ¼ E2ðTÞ:e2 ¼ g: _eve (2b)

where g is the viscosity and eve is the viscoelastic
strain. The solution to eqs. (1) and (2) is relatively
standard:22

eve ¼
Z t

t0

1

s
:e�t�s=s:eðsÞds (3)

where t is the time in which s is time variable, t0 is
the initial time, and s ¼ g/E2 is the relaxation-time
parameter.

If the integration is considered over the time inter-
val of t to t þ Dt and if the strain (e) is taken as a
constant within the interval with a value of eh at
time t þ yDt, where h is a time interval parameter
(0 � y � 1), then the viscoelastic strain at time tj
(evej) in terms of its value at time tj�1 (evej�1

) is given
by calculated as follows:

evej ¼ ehj 1� e�Dt=s
� �

þ evej�1
:e�Dt=s (4)

where Dt is equal to tj � tj�1 and y is taken to be 0.5.

The characteristic forms of the temperature de-
pendence of both g and Young’s modulus at the
high temperature (ETOT) are shown in Figure 17 and
can be derived from experimental data, as explained
later. ETOT is the instantaneous value of E1 þ E2, and
the transition zone may be captured with the same
form of function:

gðTÞ ¼ gL þ ðgH � gLÞ
eavðTÞ

eavðTÞ þ b
if T > TL (5a)

gðTÞ ¼ gR if T � TL (5b)

ETOTðTÞ ¼ E1 þ ðETL � E1Þ ecvðTÞ

ecvðTÞ þ d
(6)

where

vðTÞ ¼ T � Tg

TH � TL

gL is the viscosity at the low-temperature limit, gH

is the viscosity at the upper-temperature limit, b and
d are elastic modulus material parameters, a and c
are the viscous material parameters, T is the current
temperature, Tg is the temperature at the center of
the transition region, TH is the high temperature
above which the parameter is constant, and TL is the
low temperature at which the parameter is constant
before the transition. The material parameters (a, b,
c, and d) can be deduced from experiments and are
presented later.
The aforementioned functions have been simpli-

fied from tanh functions.
At lower temperatures, the viscosity jumps to a

much higher value (gR),
12 and this governs the long-

term relaxation, as shown in Figure 17.
The measured viscosity values from the experi-

ments were used to evaluate gH and gL, as shown
on Figure 17. A direct method for calibrating the
constants in the viscosity function from experimental
data is described later.

Figure 16 Rheological representation of the proposed
model.

Figure 17 Generalized representation of g and ETOT ver-
sus the temperature.
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It is assumed that the value of E1 is equal to the
total short-term Young’s modulus at the high tem-
perature (ETH).

The stress at time increment j (rj) may be
obtained from eqs. (1), (2a), and (2b), and if thermal
expansion is also allowed in arm 1, this stress is
given by

rj ¼ E1½ej � aTðTj � T0Þ� þ E2ðTÞ:ðej � evejÞ (7)

where ej is the strain at time increment j; T0 is the
ambient temperature; Tj is the temperature at time tj
and aT is the coefficient of thermal expansion, which
is known to have a significant effect on the total
strain before the onset of shrinkage.17

Calibration of the material constants

For reasonable calibration of material constants, the
experimental data need to be interpreted in light of
the following model assumptions:

1. The apparent Young’s modulus is independent
of the temperatures below and above the tran-
sition range.

2. The difference between the apparent Young’s
moduli from the fast and slow loading rate
tests is due to the temperature-dependent vis-
cosity in the transition range.

3. Relaxation from viscosity is insignificant at the
fastest loading rate used (i.e., 10 N/s).

4. Short-term relaxation is complete by the end of
each step in the 0.1 N/s tests.

Figure 18 presents the data from Figure 14 with
error bars for the 0.1 and 10 N/s loading rates and
shows the associated lines best fitting the original

data that comply with the aforementioned assump-
tions. We think that the data do reasonably support
the assumptions, but we equally acknowledge that
other mechanisms for which we have not accounted
are in operation. It is also noted that these assump-
tions are consistent with those of Tobushi et al.14

and Morshedian et al.12 and are further supported
by the good matches between the results from the
predictive analyses and the experimental data pre-
sented in Figures 19 and 20. These idealized E-value
data were used to calculate the parameters.
The 10 N/s E-value tests were used to calculate

the material parameters for the E2 function [eq. (6)]
because the viscous strain rate is considered negligi-
ble at this loading rate. From the experimental data,
the value for E1 was assumed to be equal to the
value of ETH, as shown in Figure 17.
To determine the value of the viscosity for a range

of temperatures, an inverse parameter identification
exercise was undertaken with the apparent Young’s
modulus, as defined in eq. (8) and shown in Figure
18. Data from the low loading rate tests were used

Figure 18 Plot of Young’s modulus versus the tempera-
ture showing idealized values for viscosity calculations.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 19 Stress–temperature response.

Figure 20 Stress–time response.
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(i.e., 0.1 N/s) because at this rate, the viscous
response is known to be significant:

Apparent Young0s modulus Eapp

� � ¼ Dr
De

(8)

Equation (8) was then used in eq. (1) and rearranged
to determine the change in the viscous strain:

Deve ¼ De 1� Eapp � E1

E2ðTÞ
� �

(9)

If it is assumed that full relaxation has taken place
before the start of a stress excursion (at time t) in an
E-value cycle, such that e at time t is equal to eve at
time t, then g may be derived from eqs. (3), (7), and
(9) as follows:

g ¼ �Dt:E2

ln ð1� 1
hÞ þ

ðEapp�E1Þ
E2ðTÞ

� � (10)

where y is taken to be 0.9.
It can be seen from Figures 19 and 20 that the cali-

brated expressions for ETOT and g closely match the
experimental data from which they were derived.
They are also consistent with the work of Tobushi
et al.14 (Young’s modulus) and Morshedian et al.12

(viscosity). The differences between the matched and
experimental Young’s moduli are considered incon-
sequential, but other workers have noted a high
degree of variation in measured values for Young’s
modulus.23

The sharp drop in the viscosity before the transi-
tion zone is consistent with the model assumptions
and is associated with the release of locked-in
stress.12 The difference between the derived and ex-
perimental viscosities beyond 140�C is partly attrib-
utable to the onset of melting and partly to the
growth of the crystalline phase at these tempera-
tures; neither is addressed in this model.3,12

Model assumptions

The previous sections describe the individual com-
ponents of the model. Here, the underlying assump-
tions are summarized for convenience:

• The material behaves in a viscoelastic manner
• Temperature-dependent behavior can be simu-
lated with a modified SLS model in which the
viscous dashpot and the linked elastic compo-
nent are temperature-dependent functions.

• The temperature-dependent elastic component
and the viscosity can be reasonably represented
with a modified tanh function.

• The high-temperature response can be used to
derive the invariant elastic component.

• Below Tg, the viscosity is assumed to be a value
associated with long-term relaxation of the poly-
mer at the ambient temperature.

The model is considered to be generally suitable
for simulating the transient thermomechanical
behavior of drawn semicrystalline polymers below
melting, and its applicability is not restricted to the
specific material considered in this article.

Model validation

Table I presents the material parameters established
in the previous calibrations.
A model validation example is now considered

with an experiment not used in the calibration pro-
cess. This consisted of heating a 360 � 6 � 2.3 mm3

polymer sample to 90�C at a constant rate and then
maintaining the temperature at 90�C for 3 h while
the stress was monitored. Figures 21 and 22 show
that good agreement is achieved between the numer-
ical and experimental results for both temperature
and time representations. There is, however, a

Figure 21 Comparison of numerical and experimental
Young’s modulus values.

Figure 22 Comparison of numerical and experimental
viscosity values.

CEMENTITIOUS–SHRINKABLE POLYMER MATERIAL SYSTEM 2525

Journal of Applied Polymer Science DOI 10.1002/app



noticeable difference between the numerical and ex-
perimental responses in Figure 22 that can be attrib-
uted to the fact that the temperature in the specimen
lagged behind that of the thermocouple in the oven
used in the presentation of the data.

CONCLUSIONS

A detailed study of the shrinkage behavior of PET
has been presented along with a numerical model
for predicting the transient thermomechanical behav-
ior in one dimension. The studies have been carried
out as part of the development of a new material
system called LatConX.

Tg for the tested PET is approximately 70�C. The
variation of Young’s modulus with temperature fol-
lows a modified tanh function as proposed by
Tobushi et al.14 The viscosity also varies with tem-
perature according to a tanh-type function after acti-
vation from a near solid condition, as proposed by
Morshedian et al.12

The obtained results were effectively independent
of the geometry of the specimens once a temperature
lag correction had been applied. The peak shrinkage
stress was achieved at 90�C with a soak time of
15 min.

The proposed one-dimensional, temperature-de-
pendent viscoelastic model can accurately predict
the transient shrinkage response of drawn PET from
room temperature to the onset of melting.

The authors thank Ian Ward and John Sweeney for their
comments on certain aspects of this work.
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TABLE I
Numerical Input Values

Name Symbol Value

Ambient temperature T0 30�C
Coefficient of thermal expansion aT 10�4.1

Young’s modulus at the low temperature E1 845 MPa
Young’s modulus at the high temperature ETOT 6000 MPa
Transition start temperature (Young’s modulus) TL 70�C
Transition end temperature (Young’s modulus) TH 120�C
Temperature at the center of the transition (Young’s modulus) Tg 95�C
Elastic modulus material parameter b 3.3
Elastic modulus material parameter d 1.2
Stress at drawing rres 36 MPa
Viscosity at high temperatures g2L 1.575 � 104 P
Viscosity at low temperatures g2H 7.322 � 107 P
Transition start temperature (viscosity) TL 30�C
Transition end temperature (viscosity) TH 110�C
Temperature at the center of the transition (viscosity) Tg 70�C
Viscous material parameter c 5
Viscous material parameter f 0.1
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