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Abstract

Cubic specimens of a semicrystalline poly(butylene terephthalate) (PBT) have been compressed up to post-yield deformation levels with
a fast (3.0� 10�2 s�1) and a slow (1.5� 10�4 s�1) strain rate at three different temperatures (25 �C, 45 �C, and 100 �C, i.e. below, close
and above the glass transition temperature of the material, Tg, respectively). Differently from literature results reported for amorphous polymers,
semicrystalline PBT shows that, after a post-yield deformation, recovery occurs also at temperatures higher than Tg, and that an irreversible
deformation, 3irr, is set in the material. The irreversible strain component has been evaluated as the residual deformation after a thermal treatment
of 1 h at 180 �C.

After unloading, isothermal strain recovery has been monitored for time periods of 1 h at various temperatures. From the obtained data, strain
recovery master curves have been constructed by a timeetemperature superposition scheme. The features of the recovery process for the various
deformation conditions have been analysed. In particular, it appears that specimens deformed below Tg show a lower irreversible component,
whereas, when deformed above Tg, they display a higher irreversible deformation and a slower recovery process. Moreover, the effect of
deformation rate appears particularly marked for samples deformed above Tg.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Post-yield deformation behaviour of polymers has been ex-
tensively studied by several different methods, including calo-
rimetric techniques [1e21], and measurements of dimensional
variations after unloading (strain recovery) [3,4,7,11,15,16,19,
20,22e41]. In recent years, many efforts have been also
focused on understanding the mechanical behaviour of highly
deformed semicrystalline polymers by X-ray diffraction
studies regarding the evolution of crystallographic texture
[42e50]. Generally speaking, the deformation of polymers at
high strain levels is always accompanied by changes in their
microscopic structure that result in an alteration of the material
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state; after the applied load is released, specimens attempt to
revert to their un-deformed state, eventually recovering the
original shape. As pointed out by Moore and Turner [51],
recovery tests were usually less intensively adopted to inves-
tigate the viscoelastic or viscoplastic behaviour of polymeric
materials. In fact, more common tests like creep and stress
relaxation are preferred. Nevertheless, the strain recovery
test has revealed itself as a powerful method for indicating
the presence of both reversible and irreversible features in
the deformation of polymeric materials [3,4,7,11,15,16,19,
20,22e41].

Amorphous polymers deformed in the glassy state have
been proven to undergo a complete dimensional recovery in
short times when heated to or above their glass transition tem-
perature (Tg), even when deformed at high strain levels [4,22,
23,27,29,36,39]. To our knowledge, the only evidence of a
permanent (even if very small) deformation in amorphous
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polymers deformed in the glassy state has been observed
by Nanzai in polystyrene [52]. On the basis of a timeetem-
perature superposition approach, Quinson et al. [27] were
able to obtain a room temperature strain recovery master curve
for amorphous polymers such as poly(methylmethacrylate)
(PMMA), polystyrene (PS), and polycarbonate (PC), deformed
in the glassy state well beyond their yield points. On such
curves, two non-elastic strain components, one named anelas-
tic and the other one, named plastic, could be distinguished by
their characteristic ranges of recovery time. For PMMA at
20 �C, the anelastic component resulted in recovery over a
large time interval (at least 10 decades) spanning from very
short times to some 1010 s [27]. On the other hand, the
so-called plastic component recovers over a range of time of
about two decades, which resulted to be located around one
billion years for PMMA at 20 �C [27]. In amorphous polymers
the phenomenon of strain recovery has been interpreted in
various ways according to different molecular models, such
as the state transition and conformational change theories
(Eyring, Robertson, and others), free volume theories (Rush
and Beck), dislocations/disclinations theories (Bowden and
Raha, and Argon) and segmental motion theories (Yannas
and Stachurski). A description of the above mentioned theo-
ries is clearly beyond the scope of the present paper, and the
interested reader is addressed to the comprehensive review
of Stachurski [53].

Semicrystalline polymers present a more complex structure
due to the presence of both amorphous and crystalline do-
mains, where the amount of crystallinity may vary from
10% to 90% in commercially available materials. Their strain
recovery behaviour is markedly different from those of amor-
phous polymers. In fact, when deformed in the post-yield
region at temperatures lower than their melting point, semi-
crystalline polymers evidence significant discrepancies from
the behaviour of fully amorphous polymers. Some peculiar
aspects of semicrystalline polymers are the extension of the
strain recovery processes at temperatures much higher than
Tg [19,20,22,23,26,31,34], and the appearance of a certain
irreversible deformation, even when heated at temperatures
much higher than Tg and within a few degrees of the melting
point [20,22,23,34]. This research group recently studied the
strain recovery behaviour of highly deformed semicrystalline
polymers such as nylon-6 (PA6), poly(ethylene terephthalate)
(PET), and poly(ethylene 2,6-naphthalenedicarboxylate)
(PEN) tested in tension [19,34], and of poly(butylene tere-
phthalate) (PBT) tested in compression [20]. Similar to amor-
phous polymers [27,29], the strain recovery data have been
treated according to a timeetemperature superposition ap-
proach, thus obtaining strain recovery master curves. Such
approach clearly evidenced the different kinetics of strain
recovery in semicrystalline polymers with respect to amor-
phous ones. In particular, by contrast to the glassy polymers,
our results did not allow to distinguish the existence of differ-
ent non-elastic strain components on a time basis. Moreover
a real irreversible strain component has been observed for
PBT starting from relatively low compression levels (of about
10%) and on PEN at a 20% elongation.
Aim of the present work is to provide some further insights
towards the understanding of the strain recovery processes in
semicrystalline polymers. In particular, attention has been
focused on the effects of strain rate and deformation tem-
peratures on the recovery behaviour of highly compressed
semicrystalline PBT.

2. Experimental

2.1. Specimens preparation

Cubic specimens (5.5� 5.5� 5.5 mm3) of semicrystalline
PBT (crystallinity content Xc¼ 38%, Tg¼ 47 �C, melting tem-
perature Tm¼ 230 �C) were machined from injection moulded
rectangular bars (60� 12� 6 mm) of Raditer B N 100 kindly
supplied by Radici Novacips SpA (Villa d’Ogna, Bergamo,
Italy). Due to possible specimens’ anisotropy, attention was
paid to deform the cubic sample always along the same direc-
tion, i.e. perpendicular to the longest dimensions of the bars.
All specimens were treated for 3 h at 190 �C under vacuum
and slowly cooled down in an oven in order to release thermal
stresses and uniform their thermal history.

2.2. Specimen deformation

An electromechanical testing machine (Instron, model
4502) was used to perform loadingeunloading cycles in uni-
axial compression under displacement control. Testing under
compression mode was chosen in order to avoid plastic insta-
bility phenomena, such as necking, frequently occurring in
tensile tests, that can lead to heterogeneous deformation
[41]. The surfaces of the compression plates in contact with
specimens were accurately oil-lubricated in order to minimize
end-friction. Any alteration of the specimen behaviour can be
excluded by considering the small quantity of oil as well as the
limited time of contact with the PBT, which is known to be
a polymer with a good chemical resistance. All tests have
been performed in a thermostatic chamber (Instron, model
3119) permitting a temperature control within �1 �C. Speci-
mens were subjected to a loading ramp up to two different
values (15% and 30%) of the applied engineering deformation
(30). For the higher deformation level, tests were performed at
three different deformation temperatures (Tdef¼ 25 �C, 45 �C,
and 100 �C), and at two cross-head speeds, Vload. In particular,
slow and fast deformation conditions, at 0.05 mm/min
(i.e. a nominal strain rate of 1.52� 10�4 s�1) and 10 mm/min
(i.e. a nominal strain rate of 3.03� 10�2 s�1), respectively,
were chosen. No higher cross-head speeds were adopted to
avoid adiabatic heating of the sample [54]. Unloading of the
sample was always performed with the compression plates
rapidly moving apart at Vunload¼ 500 mm/min.

2.3. Strain recovery measurement

After unloading, the deformed specimen was positioned in
a small thermostatic chamber, equipped with a PID control
and a thermocouple sensor located in the proximity of the
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specimen, permitting a temperature control within �1 �C. An
engineering residual deformation, 3res, was evaluated as:

3res ¼
h0� h

h0

ð1Þ

where h0 and h are the initial and the actual specimen heights,
respectively. Values of h were monitored by a digital microm-
eter Mitutoyo Digimatic 543-250 B with a resolution of 1 mm
and connected to a computer that permitted to record data at
a maximum sampling rate of 1 pt/s.

The isothermal recovery process was monitored for a stan-
dard period of 1 h at various temperatures in the range from
25 �C up to 130 �C. A schematic draw of the data acquisition
set-up is sketched in Fig. 1. A good measurement of the sam-
ple height could be achieved since the specimen’s top and bot-
tom surfaces were still flat and parallel after the unloading
stage; the specimen presented only slight barrelling effects
on the lateral contour.

Isothermal recovery curves were then shifted along the time
scale with respect to a reference temperature (T0) till a best
superposition, so that a recovery master curve was obtained
for the recovery process at T¼ T0. The shift factor, denoted
as aT, is clearly a temperature-dependent quantity, since
each isothermal curve has to be shifted of an increasing
amount on the time scale as the difference between the recov-
ery temperature and the reference temperature increases. In
our attempt to build a recovery master curve for each of the
various deformation conditions examined, the shifts factors
were all referred to a reference temperature equal to the defor-
mation temperature.

Fig. 1. Recovery data acquisition system: (a) cubic PBT specimen, (b) oven,

(c) digital micrometer, (d) thermocouple sensor, (e) PID device for tem-

perature control, and (f) computer for data acquisition.
The recovery master curves were built by means of a
single-sample procedure proposed by Quinson et al. [27] by
using the same strained specimen to measure a 1 h recovery
segment for each test temperature. After each isothermal
step the temperature was raised by 1.0 �C and another isother-
mal curve was acquired, until no further detectable recovery
was observed. A standard conditioning time of 3 min was
adopted in order to allow the sample to reach the temperature
of the cell. In some cases, a better superposition of the iso-
thermal curves was achieved by using two specimens recover-
ing at various temperatures differing by 5 �C. Experimental
data were corrected by PBT thermal expansion by considering
a literature value of its linear thermal expansion coefficient
equal to 7.4�10�5 C�1 [55].

An estimation of the residual deformation after unloading,
3res0, was calculated by measuring the height of the specimen
immediately at the end of the loadingeunloading cycle.

An irreversible strain component, 3irr, was arbitrarily
defined as the residual deformation after a thermal treatment
at 180 �C for 1 h. On the basis of differential scanning calo-
rimetry (DSC) information, this temperature is the highest
allowable before entering the melting region of this material
[20,21]. It is worth saying that this residual deformation can be
plausibly considered as truly irreversible, since longer thermal
treatments did not induce further strain recovery, and DSC
tests on treated specimens did not evidence exothermal signals
related to a residual strain recovery process [21]. Besides this
non-recoverable part of the deformation, the deformation that
recovers instantaneously after unloading is defined as elastic
deformation and is evaluated as 3el¼ s/Eu, Eu being the un-
relaxed modulus and s the stress at the applied deformation
level, 30 [20]. A third part, representing the recovery that
does not take place instantaneously, and designated as non-
elastic reversible component, 3ner, can be evaluated by sub-
tracting the elastic and irreversible strain components from
the total applied deformation (3ner¼ 30� 3el� 3irr).

3. Results and discussion

3.1. Recovery experiments

The typical appearance of a strain recovery experiment
is reported in Fig. 2, for a specimen slowly compressed
(Vload¼ 0.05 mm/min) at room temperature up to 30% defor-
mation. The figure shows different isothermal curves and the
master curve obtained after shifting these curves to a reference
temperature T0¼ 25 �C. The master curve is plotted over a
reduced time scale trec/aT, where aT is the shift factor. In the
inset of Fig. 2, the stressestrain loadingeunloading curve is
reported. After unloading, an initial value of the residual
deformation, 3res0, can be detected. The non-elastic reversible
part, 3ner, of the residual deformation recovers during time, and
the process is thermally activated, as evidenced by the traces
of the recovery curves collected within the experimental
window of 1 h at various temperatures Trec. Contrary to glassy
polymers, the strain recovery process extends up to tem-
peratures well above Tg of the amorphous phase [20]. This
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phenomenon could be tentatively ascribed to the presence of a
mobility gradient due to the interphase between the crystalline
domains and the amorphous regions [19,20,34,56,57]. Fig. 3a
and b reports the strain recovery master curves of specimens
quickly (solid lines) or slowly (dashed lines) compressed up
to 30¼ 15% and 30¼ 30%, respectively. The deformation tem-
perature is 25 �C and hence below Tg of the amorphous phase.
It is interesting to observe that the initial residual deformation,

Fig. 2. Isothermal strain recovery data (thin lines) recorded within an experi-

mental window of 1 h at temperature steps of 5 �C in the range from 25 �C
up to 95 �C. The resulting strain recovery master curve (thick line) refers to

a temperature of 25 �C. The inset shows the stressestrain loadingeunloading

curve at Vload¼ 0.05 mm/min up to 30¼ 30%.

Fig. 3. Strain recovery master curves, referred to a temperature of 25 �C,

for specimens deformed at 25 �C and at Vload¼ 10 mm/min (solid lines) or

Vload¼ 0.05 mm/min (dashed lines) up to (a) 30¼ 15%, and (b) 30¼ 30%.
after unloading and conditioning at the test temperature, is
practically independent of the loading rate. On the other
hand, the evolution of recovery master curves is clearly
dependent on the loading rate. In fact, at both the investigated
deformation levels, the kinetics of strain recovery results is
faster for specimens slowly deformed in comparison with
specimens quickly deformed.

The strain recovery process has also been investigated on
specimens quickly or slowly deformed at temperatures equal
(Tdef¼ 45 �C) or higher (Tdef¼ 100 �C) than the Tg of the
amorphous regions, and the corresponding recovery master
curves are reported in Fig. 4a and b, respectively. It is interest-
ing to observe that the curves obtained at Tdef¼ 45 �C are sub-
stantially independent of the deformation rate for a large time
interval up to about log (trec/aT)¼ 10, while for longer times
the strain recovery appears to be more rapid for the slowly
deformed specimens. The overall picture changes when the
deformation temperature largely exceeds Tg. In fact, for spec-
imens deformed at Tdef¼ 100 �C, the residual deformation
after unloading and conditioning at the test temperature is much
higher for specimens slowly deformed with respect to those
quickly deformed. This behaviour could be explained by
considering the occurrence of a viscous flow that is more
pronounced when the time-under-load increases (i.e. in case of
a slow deformation). Except this difference, the recovery pro-
cess follows the trend previously observed on the specimens

Fig. 4. Strain recovery master curves, for specimens deformed up to 30¼ 30%,

at Vload¼ 10 mm/min (solid lines) or Vload¼ 0.05 mm/min (dotted lines)

obtained at (a) Tdef¼ Tref¼ 45 �C, and (b) Tdef¼ Tref¼ 100 �C.



5866 A. Pegoretti et al. / Polymer 47 (2006) 5862e5870
deformed at Tdef¼ 25 �C, with a more rapid kinetics for slowly
deformed specimens in comparison to quickly deformed ones.

It is now interesting to directly compare all the master
curves obtained at different Tdef by referring them to the
same temperature, for example Tref¼ 25 �C, as reported in
Fig. 5. The comparison clearly excludes the possibility to con-
sider any recovery timeedeformation temperature super-
position, thus evidencing different mechanisms underlying
recovery of specimens deformed at temperatures below or
above their glass transition temperature.

All master curves display a reduction of the strain recovery
rate for long times, and the completion of the recovery process
has never been reached under the analysed conditions. The
impossibility to have a full strain recovery is confirmed by
the presence of an irreversible deformation component in the
specimens. It is important to underline that this irreversible
strain component is not usually observed on amorphous poly-
mers deformed in the glassy state. The presence of an irrevers-
ible strain component in semicrystalline PBT, is therefore to
be attributed to the crystalline phase, which could be perma-
nently deformed and also decreases the mobility of the chains
in the amorphous regions and eventually hinders their com-
plete reversion to the original state.

The values of the irreversible strain component are reported
in Fig. 6 as a function of the deformation temperature for spec-
imens quickly or slowly deformed up to 30% strain. It is worth-
while to note that this strain component increases as the
deformation temperature increases. Moreover, also the strain
rate has an effect on the irreversible strain. In fact, when
deforming specimens at temperatures below the glass transi-
tion temperature a slightly lower irreversible strain value can
be found for the slow deformation (the same strain rate depen-
dence is also observed for specimens deformed at 15% strain).
When specimens are deformed at Tdef¼ Tg the irreversible
strain component seems to be independent of the deformation
rate, whereas when specimens are deformed well above Tg

(Tdef¼ 100 �C) such a component is lower for specimens
quickly deformed. This effect is probably related to the

Fig. 5. Strain recovery master curves at Tref¼ 25 �C for samples deformed up to

30¼ 30%, and (a) Tdef¼ 25 �C, Vload¼ 10 mm/min; (b) Tdef¼ 25 �C, Vload¼
0.05 mm/min; (c) Tdef¼ 45 �C, Vload¼ 10 mm/min; (d) Tdef¼ 45 �C, Vload¼
0.05 mm/min; (e) Tdef¼ 100 �C, Vload¼ 10 mm/min; and (f) Tdef¼ 100 �C,

Vload¼ 0.05 mm/min.
occurrence of a viscous flow, and to the longer times under
load in case of a slow deformational process.

The elastic and non-elastic reversible components are also
represented in Fig. 6. It shows that the elastic component
slightly decreases with deformation temperature, with no
apparent dependence on the strain rate. Concurrently, the
non-elastic reversible component is found to decrease with
the deformation temperature for sample deformed at low strain
rate, whereas it is almost constant for high strain rate. How-
ever, this component is higher for the lower strain rate when
specimens are deformed at room temperature, while at tem-
peratures far above Tg a lower strain rate leads to lower
non-elastic reversible component.

For amorphous glassy polymers the features of the recovery
behaviour have been explained by Perez et al. in the frame-
work of a so-called crystal-like approach [27,58]. For stresses
applied at temperatures below the glass transition, plastic
strain is supposed to nucleate as shear micro-domains
(SMD) arising in correspondence of points of fluctuation in
the local free volume of the amorphous matrix called quasi-
point defects (QPD). According to Oleinik [11], generated
defects can relax either reverting to their initial state or by
recombination between each other at the boundary, releasing
the energy stored and transforming into a micro-defect with
different nature but almost the same energy level. The pres-
ence of two different types of defects leads to two different
recovery mechanisms, distinguished on the time scale: QPD
feature recovery for shorter times when the driving force
is the energy stored at the defects border; recombined
QPD may also induce recovery at longer times on the driving
force of the configuration entropy. Further, works on de-
formational behaviour of semicrystalline materials [48e50]
showed that, at progressively increasing strain levels, different
crystallite texture changes take place simultaneously. These
changes are associated with inter- and intralamellar slip
processes, fragmentation of the lamellar crystals and chain

Fig. 6. Effect of the deformation temperature on the strain components of

specimens deformed up to 30%: elastic component at (:) Vload¼ 10 mm/

min and (7) Vload¼ 0.05 mm/min; non-elastic reversible component at (-)

Vload¼ 10 mm/min and (,) Vload¼ 0.05 mm/min; irreversible component at

(C) Vload¼ 10 mm/min and (B) Vload¼ 0.05 mm/min. Irreversible compo-

nent for samples deformed at room temperature up to 15% at (;)

Vload¼ 10 mm/min and (6) Vload¼ 0.05 mm/min.
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disentanglement, depending on the applied deformation and
involving different microstructural levels. Therefore, the
effects of the various deformation conditions (temperature and
rate) on the various strain components, reported in Fig. 6,
are rather complex to be analysed and its explanation requires
further investigations.

3.2. Recovery kinetics of the non-elastic reversible
component

Following an approach proposed by other researchers
[11,27,29], the derivative d3res/d log(trec) of the recovery mas-
ter curve has been analysed, in order to obtain information on
the times distribution of the recovery process. For amorphous
polymers deformed in the glassy state, the recovery rate distri-
butions usually show two distinct peaks, associated to different
strain components [11,27,29]. In the present case, as shown in
Fig. 7 for the samples deformed at Tdef¼ 25 �C at various
strain levels and strain rates, only one recovery peak can be
detected. As a consequence, a single reversible strain com-
ponent can be identified on a time basis. The recovery rate
markedly increases as the deformation level increases. More-
over, the recovery rate increases as the deformation rate
decreases.

As evidenced in Fig. 8, the derivatives of the master curves
markedly depend on the deformation temperature and rate. In
fact, quickly deformed samples begin their recovery process
with higher rate when deformed at elevated temperature, and
the recovery rate progressively diminishes down to converge
to the same recovery rate independently of the deformation
temperature. On the other hand, the recovery rate of slowly
deformed samples does not converge to a same value at
elevated recovery time, but they display higher values for
samples deformed at higher temperatures.

The shift factors adopted for the construction of master
curves of Figs. 3 and 4 are all reported in Fig. 9a as a function
of the reciprocal of the absolute temperature. The apparent lin-
earity of the experimental data is suggesting the applicability

Fig. 7. Derivative of the residual deformation d3res/d log(trec) of the recovery

master curves of samples deformed at (;) Tdef¼ 25 �C, Vload¼ 10 mm/min,

30¼ 15%; (7) Tdef¼ 25 �C, Vload¼ 0.05 mm/min, 30¼ 15%; (:) Tdef¼
25 �C, Vload¼ 10 mm/min, 30¼ 30%; and (6) Tdef¼ 25 �C, Vload¼ 0.05 mm/

min, 30¼ 30%.
of an Arrhenius equation for the temperature dependence of
the shift factors, which can be written in the following form:

aT ¼ A exp

�
�Ea

RT

�
ð2Þ

where A is a constant, Ea is an activation energy, R is the
universal gas constant, and T is the absolute temperature.
The activation energy values of the strain recovery process,
evaluated on the basis of the linear regression of the shift
factors, are reported in Fig. 9b, as a function of the defor-
mation temperature. The results indicate that the specimens
deformed at the same temperature (25 �C) display more or
less the same activation energy independently from the
deformation level 30 and that the activation energy has a
tendency to increase with the deformation temperature. It is
worthwhile to note that this increase with temperature is asso-
ciated with a decrease of the deformation energy stored in the
material, as obtained by calorimetric measurements [21].

3.3. Analysis of fractional recovery

To deepen the understanding of the recovery process and its
dependence on the deformation conditions, the recovery
master curves can be represented as the strain recovery level
evaluated at different times after unloading as a function of

Fig. 8. Derivative of the residual deformation d3res/d log(trec) of the recovery

master curves of samples deformed at 30¼ 30%, at (6) Tdef¼ 25 �C; (,)

Tdef¼ 45 �C; and (B) Tdef¼ 100 �C. (a) Vload¼ 10 mm/min, and (b) Vload¼
0.05 mm/min.
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the deformation temperature. In fact, this approach permits to
better analyse how each step of the recovery process takes
place along time, and to compare the recovery of specimens
deformed at different temperatures at the same strain rate.
The recovery level at a certain instant can be conveniently
expressed as a fractional recovery, defined as [51]:

fractional recovery¼ 30� 3resðtÞ
30

ð3Þ

For both the investigated deformation rates, fractional
recovery data are represented in Fig. 10, for recovery times
ranging from 10 min to 1018 min, which represent a significant
portion of the experimental window. These plots are displayed
with three additional curves: (i) the elastic fractional recovery
curve, which represents the percentage of the deformation
recovered instantaneously as obtained by Eq. (3) evaluated
for 3res(t)¼ 30�3el; (ii) the residual fractional recovery curve
at unloading, which represents the fractional recovery at the
end of the unloading step (Eq. (3) evaluated for 3res(t)¼ 3res0);
and (iii) the irreversible fractional recovery curve, representing
the maximum fractional recovery (from Eq. (3) for 3res(t)¼
3irr). These curves (i, ii, iii) have been added in order to com-
plete the data taken from the recovery master curves with data
lying outside the experimental window of the recovery tests,

Fig. 9. Shift factors (a) and activation energy values (b) for the strain recovery

master curves obtained at: (;) Tdef¼ 25 �C, Vload¼ 10 mm/min, 30¼ 15%;

(7) Tdef¼ 25 �C, Vload¼ 0.05 mm/min, 30¼ 15%; (:) Tdef¼ 25 �C, Vload¼
10 mm/min, 30¼ 30%; (6) Tdef¼ 25 �C, Vload¼ 0.05 mm/min, 30¼ 30%;

(-) Tdef¼ 45 �C, Vload¼ 10 mm/min, 30¼ 30%; (,) Tdef¼ 45 �C, Vload¼
0.05 mm/min, 30¼ 30%; (C) Tdef¼ 100 �C, Vload¼ 10 mm/min, 30¼ 30%;

(B) Tdef¼ 100 �C, Vload¼ 0.05 mm/min, 30¼ 30%.
corresponding to the elastic recovery, and to the beginning
and the end of the whole non-elastic recovery process, respec-
tively. From these curves, we can see that for both strain rates
the elastically recovered deformation is approximately only
a tenth of the total applied deformation, whereas a large part
of the non-elastic recovery actually takes place during the
unloading stage, with a larger recovery percentage for samples
deformed at a fast rate (Fig. 10a) than those deformed at
a slow rate (Fig. 10b), and with no significant dependence
on the deformation temperature. Further, for all the specimens
deformed at the fast deformation rate another relevant part of
the recovery process takes place in the first 10 min after un-
loading, and this part is larger for samples deformed at higher
temperatures. Specimens deformed at a slow strain rate show
a similar behaviour only for the deformation temperatures
below or close to Tg, with a slight increase of this recovery
fraction with the deformation temperature, but for deformation
temperatures above Tg, no significant recovery is exhibited in
the first 10 min after unloading.

Moreover, it is noteworthy to observe that at each deforma-
tion temperature specimens quickly deformed exhibit in the
first 10 min a larger recovery than slowly deformed specimens.

Fig. 10. Fractional recovery versus deformation temperature for specimens

deformed at a deformation level 30¼ 30%. (a) Vload¼ 10 mm/min, and (b)

Vload¼ 0.05 mm/min; (6) data from recovery master curve for Trec¼ 10,

103, 106, 109, 1012, 1015, 1018 s; (B) elastic fractional recovery (referred to

3res(t)¼ 30� 3el); (,) residual fractional recovery at unloading (referred to

3res(t)¼ 3res0); (C) irreversible fractional recovery (3res(t)¼ 3irr).
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This result seems to indicate that a higher strain rate provides
generally a less stable deformed state.

The comparison between the results reported in Fig. 10a
and b permits therefore a better understanding of the anoma-
lous behaviour displayed by the recovery master curves for
samples slowly deformed above Tg (see Fig. 4b). In fact, these
results highlight that in the case of specimens slowly deformed
above Tg the recovery master curve starts from a higher resid-
ual deformation value since the time interval associated to the
master curve (10 min� 1018 min) permits to investigate only
residual deformation values closer to the ‘‘initial’’ part of the
recovery process, whereas for samples quickly deformed above
Tg the same time window allows one to have information only
on the residual deformations closer to the ‘‘final’’ part of the
recovery process. These considerations also justify the pres-
ence of a peak in the strain recovery derivative curve for the
specimens slowly deformed above Tg, which is not displayed
by the curves of quickly deformed specimens. This peak is re-
lated to the characteristic time at which the recovery process
becomes significantly fast. Thus, its absence in quickly de-
formed specimen indicates that a faster recovery takes place
actually in the first 10 min. The more stable structure of slowly
deformed specimens requires longer times for the process
to become relevant, and permits to detect this peak in our
recovery tests.

4. Conclusions

The isothermal strain recovery behaviour of semicrystalline
PBT has been studied for various recovery temperatures on
specimens compressed up to post-yield deformation levels
under various deformation conditions. By contrast with what
is commonly found in amorphous polymers deformed in the
glassy state, the recovery process extends up to temperatures
far above the material glass transition and an irreversible de-
formation component is found. The amount of unrecoverable
deformation, 3irr, depends on deformation temperature and
strain rate. In particular, it increases with deformation temper-
ature both at slow and high rates. Further, at deformation tem-
perature below Tg, 3irr is lower for slowly deformed specimen
than for those deformed at the higher strain rate, whereas
above Tg a higher unrecoverable strain is found for slowly
deformed specimen.

The strain recovery master curves show that when deforma-
tion takes place at room temperature the residual deformation
values are lower for slowly deformed specimen. When defor-
mation temperature approaches Tg, the master curves for slow
and fast deformation rates are quite similar. When deformation
temperature is well above Tg the residual deformation level at
each recovery time is lower for quickly deformed specimen.

It is worthwhile to note that an amount of deformation
ranging between 35% and 45% is recovered already in the
unloading stage for each deformation temperature, and this
amount seems to be slightly higher when the deformation
rate is fast. After the first 10 min after unloading, sample
deformed below and close to Tg presents a further recovery
of approximately 10e20% of the total deformation, with small
differences between the two strain rates. By contrast, for de-
formation temperature above Tg specimens deformed at slow
and fast strain rates show quite different behaviour in the first
part of the recovery process. In particular, specimen deformed
with a fast rate recovers a large part of the residual deforma-
tion in the first 10 min after unloading, whereas, in the same
time interval, the recovery process of specimen slowly de-
formed takes place in a slower manner and the total recovery
time related to the non-elastic component appears longer.
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