eXPRESS Polymer Letters Vol.5, No.§8 (2011) 685—-697
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2011.67

Jboi ymecr Letters

Time and temperature effects on Poisson’s ratio of
poly(butylene terephthalate)

S. Pandini'*, A. Pegoretti®

"Department of Mechanical and Industrial Engineering and INSTM Research Unit, University of Brescia, via Branze 38,
25133, Brescia, Italy

’Department of Materials Engineering and Industrial Technologies and INSTM Research Unit, University of Trento,

via Mesiano 77, 38123, Trento, Italy

Received 26 November 2010, accepted in revised form 2 February 2011

Abstract. The viscoelastic nature of the Poisson’s ratio of a semicrystalline poly (butylene terephthalate) is highlighted by
investigating its dependence on time, temperature and strain rate, under two types of loading conditions: i) constant defor-
mation rate tests, in which the transverse strain is measured in tensile ramps at various temperatures and at two strain rates;
and ii) constant deformation tests, in which, under a constant axial deformation, the transverse strain is measured as a func-
tion of time in isothermal experiments performed at various temperatures. In both testing configurations, axial and trans-
verse deformations are measured by means of a biaxial contact extensometer, and a correction procedure is adopted in order
to compensate the lateral penetration of the extensometer knives. Poisson’s ratio displays the typical features of a retarda-
tion function, increasing with time and temperature, and decreasing with strain rate. This behaviour has been compared to

that of simultaneously measured relaxation modulus.
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1. Introduction

In the infinitesimal deformation of an idealized
purely elastic material, Poisson’s ratio is a material
constant, defined for an uniaxial stress state as the
negative ratio between the deformation normal to
the loading axis and the axial imposed strain.

For viscoelastic solids, as in the case of polymers,
the lateral contraction coupled to the infinitesimal
axial extension exhibits a time and temperature
dependent behaviour. The Poisson’s ratio of vis-
coelastic materials cannot thus be regarded as a
constant parameter, but as a time-dependent mate-
rial function, deserving a proper description that
encompasses the dependence on time, or equiva-
lently on frequency and strain rate, on temperature
and on materials mechanical history.
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Poisson’s ratio of polymeric materials can thus be
thought in the framework of linear viscoelasticity as
one of the various viscoelastic response functions,
but its determination can involve more complexity
[1-3]. In fact, relaxation moduli and creep compli-
ances are usually determined in conditions that
allow an easy description of a time dependent cor-
relation between stress and strain (i.e. stress relax-
ation tests, in which the axial strain is kept constant,
and creep tests, in which the stress is constant). On
the other hand, in the case of Poisson’s ratio, a time
dependent correlation has to be established between
two strains and a stress generating one of them. As
it was underlined by theoretical studies [1, 3—4],
when investigating Poisson’s ratio time depend-
ence, it is of primary importance to provide a proper
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definition of Poisson’s ratio as a viscoelastic func-
tion and a clear indication of its evaluation condi-
tions. The importance of this aspect is often neg-
lected [1], although the obtained results are shown
to depend on testing conditions [3].

In spite of the time dependent behaviour of poly-
mers, and due to considerable experimental diffi-
culties, Poisson’s ratio of polymeric materials is
often assumed as a constant, or, occasionally,
defined for values corresponding to glassy and rub-
bery equilibrium conditions. In both cases its vis-
coelastic nature is completely neglected [1]. Never-
theless, it was shown that only in few cases the
assumption of a constant Poisson’s ratio can be rea-
sonably considered valid [2, 4], and that neglecting
its time and temperature dependence may lead to
predicting models markedly deviating from the
experimental observations [5—7]. More detailed
information on the viscoelastic behaviour of Pois-
son’s ratio is therefore important not only in princi-
ple [8—10], but also for practical reasons. In fact, it
would allow us to interconvert material functions
[1], to refine computational methods [2], to reduce
the number of required experimental parameters to
fit analytical models [8], to better estimate the
effects of the so called Poisson’s strains, originat-
ing from misfits in Poisson’s ratio of joined materi-
als [1].

So far, only few trials have been attempted to com-
prehensively measure and describe the viscoelastic
nature of Poisson’s ratio. In a review article,
Tschoegl et al. [1] summarize the main results con-
cerning the measurement and the prediction of vis-
coelastic Poisson’s ratio, and also give a critical
perspective on the problems regarding its determi-
nation.

A viscoelastic Poisson’s ratio can be experimentally
evaluated following two procedures; a so called
‘direct’ measurement, which involves the measure-
ment of the transverse and axial deformations of the
tested specimen; and a so called ‘indirect’ measure-
ment, where, on the basis of the linear viscoelastic-
ity, Poisson’s ratio is calculated from the measure-
ment of two other material’s time dependent param-
eters. This latter approach has been proven to be a
difficult path, since requiring a very accurate and
precise knowledge of the time dependence of the
starting functions [11].

Direct measurements of Poisson’s ratio has been
carried out on polymeric materials by different
types of experiments, in which the axial deformation
was applied through a constant rate loading ramp
[12—15], under a constant load (creep) [13, 16—-17],
under constant strain (stress relaxation) [10, 14, 18],
or under sinusoidal loading-unloading (dynamic-
mechanical analysis) [19-21]. An accurate measure-
ment of the transverse strains is of crucial impor-
tance and various techniques have been employed,
such as optical methods (i.e. Moir¢ interferometry
[10, 17-18] and video extensometry [13, 16]), bonded
strain gages [19-20] and biaxial contact extensome-
ters [14-15, 21].

Poisson’s ratio of polymeric materials is generally
reported as increasing with time (Lu ef al. on poly
(methylmethacrylate) (PMMA) [10], di Landro and
Pegoraro on poly (etherimide) (PEI) [18]), tempera-
ture (Tcharkhtchi on epoxy resins [15]), and strain
(Steinberger et al. on polypropylene (PP) [13]; Litt
and Torp on polycarbonate (PC) [22]). In a work on
epoxy resins we have also reported Poisson’s ratio
as increasing with time, temperature and strain, and
decreasing with strain rate [14]. Moreover, a decreas-
ing trend has been reported for the complex Pois-
son’s ratio with frequency under dynamic condi-
tions (Késtner and Pohl on PMMA [23]; Caracciolo
and coworkers on poly(vinylchloride) (PVC) [19—
20]; Arzoumanidis and Liechti on a neat urethane
adhesive (Ashland) [21]; Pritz, by indirect method-
ology, on rubbery materials and PMMA [24]).

The results are consistent to what predicted by ana-
lytical approaches, which describe the viscoelastic
Poisson’s ratio following an increasing trend with
time [2, 4, 8], featuring the typical trend of a retarda-
tion process that can be approached as a transverse
creep compliance [25]. Nevertheless, in his studies
on auxeticity, Lakes depicts a vaster framework and
suggests that for structured materials a monotonic
dependence of Poisson’s ratio cannot be assumed a
priori [26].

In the present paper, an experimental investigation
of the viscoelastic features of the Poisson’s ratio of
a semicrystalline material, poly (butylene tereph-
thalate), PBT, is attempted under constant strain
rate and constant strain conditions. The measure-
ments are carried out by means of a biaxial contact
extensometer and a procedure is proposed in order
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to minimize the effects of the extensometer on the
measured transverse strains. Aim of the work is to
provide a description of the effects of time, strain
rate and temperature on the viscoelastic Poisson’s
ratio.

2. Experimental
2.1. Material and preliminary
characterization
Injection moulded PBT dumb-bell specimens (ISO
527 type 1A; gauge length: 80 mm; cross-section:
4x10 mm) were kindly supplied by Radici Novacips
SpA (Villa d’Ogna, Bergamo, Italy). All specimens
were treated for 3 h at 190°C under vacuum and
slowly cooled in the oven in order to release ther-
mal stresses and uniform the thermal history. In
order to detect possible anisotropic effects on the
mechanical behaviour of the tensile bars, cubic
specimens were machined from the dumb-bell cen-
tral region and tested under compression along the
x, y and z axes (i.e. through specimen length, width
and thickness, respectively). On an interval of com-
pressive strains ranging up to 0.6 no significant
dependence of the mechanical behaviour on the
loading directions was detected.
Differential scanning calorimetry (DSC) analyses
were carried out by a Mettler DSC-30 calorimeter
(Mettler Toledo, Ziirich, Switzerland) at a heating
rate of 10°C/min in a nitrogen flux of about
100 ml/min. Tests were performed on specimens of
about 15 mg machined from the gauge length of the
dumb-bell specimens. From DSC measurements a
glass transition temperature (7,) of 47°C, a melting
point (7},) of 220°C and a crystallinity content (X.)
of 38% were determined. The cristallinity percent-
age was assessed by integrating the normalized area
under the melting endothermal peak and rating the
heat involved to the reference value of 100% crys-
talline polymer, corresponding to 145 J/g [27].
Dynamic mechanical thermal analysis (DMTA)
experiments were performed by means of an MKkII
Polymer Laboratories DMTA testing-machine. Tests
were carried out under bending mode on rectangu-
lar bars (12x5x2 mm) machined from the gauge
length of a dumb-bell specimen at the test frequen-
cies 0f 0.3, 1, 3, 10, 30 Hz.
The region of linear viscoelastic behaviour was evi-
denced on isochronous stress-strain curves obtained
by stress relaxation tests performed at axial strain

levels in the range from 0.001 to 0.02. Mechanical
tests were performed on PBT dumb-bell specimens
by means of an electromechanical testing machine
(Instron, model 4502, Instron, Norwood, Massa-
chusetts, USA), controlling the level of strain by an
axial extensometer (Instron, model 2640, Instron,
Norwood, Massachusetts, USA). The deformation
was applied at a constant crosshead speed (corre-
sponding to a strain rate of = 0.003 s7!) and then
kept constant for at least 30 min. The tests were per-
formed at 30°C and at 70°C (i.e. below and above
the glass transition temperature) in a thermostatic
chamber (Instron, model 3199, Instron, Norwood,
Massachusetts, USA ), permitting a temperature
control within £1°C.

2.2. Viscoelastic Poisson’s ratio evaluation

The dependence of Poisson’s ratio on time, temper-
ature and strain rate was experimentally evaluated
under various testing conditions. In particular, as
schematically represented in Figure 1, two different
loading histories were investigated: in constant
deformation rate (CDR) tests the specimen was
subjected to a tensile ramp at a fixed strain rate; in
constant deformation tests (REL) a constant tensile
axial deformation was applied, such as in stress
relaxation tests. In both CDR and REL tests, the
input (axial deformation, €xx) and output (trans-
verse deformation, errans, and stress, ) variables
were simultaneously recorded as a function of time.
The experiments were performed with an Instron
4502 electromechanical testing machine (see above),
operating in displacement control. The tests were
performed in a thermostatic chamber (see above) at
various temperatures between 20 and 100°C.

tre =0
¢ Eax ——————

E. 0
Q
)

" ETRANS

a) CDR experiment b)

REL experiment

Figure 1. Schematic representation of input (axial deforma-
tion, eax) and output (stress, o; transverse defor-
mation, errans) variables in a) constant deforma-
tion rate (CDR) experiments and b) constant
deformation (REL) experiments
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The axial and transverse deformations were evalu-
ated by means of a biaxial clip-on extensometer
(Instron, model 2620-613, Instron, Norwood, Mas-
sachusetts, USA) mounted on the specimen, as rep-
resented in Figure 2. The extensometer is a self-
standing clip-on device, weighing about 300 g,
which is symmetrically distributed on the speci-
men, thanks to the peculiar shape of the device. No
other supports are required to sustain the device,
since visual inspection during the test has never
detected distortion of the specimen at the tempera-
tures explored. In order to assure self-standing and
gripping, the extensometer exerts on the lateral
sides of the specimen a certain force, quantified by
the producer to a nominal value of 22 N [http://
www.instron.com/wa/library/StreamFile.aspx?doc=
290]. This generates a local transverse stress of
about 0.5 MPa, roughly evaluated by dividing the
gripping force over the gauge side cross-section
defined by the specimen thickness multiplied for
the distance between the knives. The value is at
least one order of magnitude lower than the lowest
axial stress measured in constant deformation exper-
iments, and the effect of this transverse stress is
considered to have a minor contribution to the over-
all stress state with respect to the axial tensile stress,
but leads anyway to a continuous penetration of the
extensometer knives in the specimen (creep pene-
tration). The transverse displacement measured dur-
ing the tests originates thus both from the material
contraction (ruled by the Poisson’s ratio) and from
the lateral creep exerted by the extensometer. In
order to compensate the data for this undesired

Figure 2. Experimental set-up employed for the Poisson’s
ratio measurement, in adoption of a clip-on biax-
ial extensometer (Instron mod. 2620) mounted on
a PBT dumb-bell specimen

effect, the amount of creep penetration of the exten-
someter was evaluated separately on undeformed
specimens as a function of time at various tempera-
tures and then subtracted from the total transverse
displacement recorded.

The longitudinal deformation, exx, was evaluated
as shown by Equation (1):

(1)

where ALax represents the axial displacement
measured by the extensometer and Lax o the longi-
tudinal initial gauge length (12.5 mm).
The transverse deformation, errans, has been meas-
ured across the specimen width, and evaluated as
shown by Equation (2):

ALTRANS — ALPENETRATION

ETRANS = (2
LTRANS0

where, for a given time, ALtrans represents the trans-
verse displacement recorded by the extensometer
and ALpgneTrRATION the extensometer penetration,
while Ltrans,o is the specimen initial width.

The transverse deformation was measured across
the width of the specimen, since permitting to deal
with larger transverse displacement signals with
respect to those measured when the transverse defor-
mation measured across the specimen thickness.
This testing geometry helps in minimizing the con-
tribution of dimensional defects of the specimens
and of the imprecision in the compensation for the
transverse extensometer penetration. The Poisson’s
ratios described in this paper always refer to such
testing direction, although, due to the overall mate-
rial isotropy, it is expected that very similar results
could be obtained if lateral contraction would be
measured through the thickness.

In constant deformation rate (CDR) tests the speci-
men was subjected to a tensile loading ramp at a
constant strain rate. Aim of the CDR tests is to pro-
vide a description of the effects of temperature and
strain rate on the Poisson’s ratio evaluated at short
times and at small axial strains. We will refer to the
values measured under these testing conditions as
Poisson’s ratio, but still bearing in mind the indica-
tion of Hilton and Yi [4] and Tschoegl et al. [1],
who prefer the term lateral contraction ratio over
Poisson’s ratio, for the data measured in ramp tests.
The tests were performed at two crosshead speeds,
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corresponding to strain rates of 0.003 and 0.05 s,
and at various temperatures, in the range between
—20 and 100°C, while the maximum strain never
exceeded 0.01. The Poisson’s ratio values measured
under these experimental conditions will be labelled
as vepr, and calculated by Equation (3) as the nega-
tive ratio between the slopes of the transversal
deformation and axial deformation curves as func-
tion of the applied load, F:

deTrRANS

dr

e 3
VCDR donx 3)

dF

on the region of linear proportionality between
stress and strain. The evaluation takes the advan-
tage of the linear dependence of the axial and trans-
verse deformations on the applied load on an ade-
quately large portion of the axial strain values (i.e.
for eax at least up to 0.03), and is proposed accord-
ingly with standardized procedures for the evalua-
tion of short-time tensile properties of plastics
(ASTM D 638). Further, it has to be remarked that,
when force and the two strains can be described by
functions linearly increasing with time from a zero
value at = 0, the above formula provides results
coincident with those that can be obtained by apply-
ing Equation (4) proposed by Tschoegl et al. [1] for
the evaluation of the lateral contraction ratio in con-
stant rate of strain measurements:

1 t
v(t) = tjo v (u)du 4
where vy, can be defined by Equation (5):
deTrANS deTrANS
B ds _ dr 5)
Vrate deax deax
dt dF

and, for a given strain rate, it displays a constant
value on the linear stress vs. strain region.

Young’s modulus was also measured under the same
test conditions.

Constant deformation tests (REL) were performed
applying a constant deformation (eax rgr) for at
least 30 min and measuring the transverse deforma-
tion as a function of time. These tests were carried
out for two values of the constant axial strain,
eaxreL = 0.005 and 0.010, applied at a strain rate of

0.003 s7!, and at various temperatures in the range
between 30 and 60°C. The time dependence of
Poisson’s ratio was assessed by measuring the
changes in the specimen width after the axial defor-
mation was applied and maintained constant. This
type of test follows the typical methodology of a
stress relaxation test, and thus the Poisson’s ratio
measured in these conditions is labelled as vggr,
and evaluated according to Equation (6):

= — SrRansll) ©)

EAX,REL

where errans 1s the time-dependent transverse defor-
mation measured for the applied longitudinal defor-
mation eax rerL- Since the axial deformation is con-
stant in time, this type of test configuration permits
an easy but rigorous calculation of the viscoelastic
Poisson’s ratio, thus avoiding the otherwise compli-
cated mathematical treatments required for other
deformational histories and involving Laplace trans-
forms between viscoelastic variables [1]. Relax-
ation modulus was concurrently measured in this
part of the test and will be reported as Ergr. The
results were then plotted as a function of trg; =
t — to, where ¢ represents the test time and 7, the time
at which the constant deformation for the relaxation
experiment is applied.

3. Results and discussion

3.1. Preliminary material characterization
Figure 3 reports the traces of the storage modulus
(£") and loss factor (tand) as a function of tempera-
ture at various frequencies. The figure shows a
glass transition temperature region between 45 and
70°C, depending on the frequency, as evaluated in

2500 0.12
2000 1010
Ho.08
E 1500+ o
= 1006 §
W 1000-
Ho.04
5001 {002
o L DL B | LA T 1 000

—40-20 0 20 40 60 80 100 120 140 160 180 200
Temperature [*C]

Figure 3. E’ and tand traces from the DMTA test performed
on PBT at various frequencies (f= 0.3, 1, 3, 10,
30 Hz)
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Figure 4. E' master curve as a function of reduced frequency
at a reference temperature, 7p = 30°C; insert: shift
factors evaluated by best superposition of isother-
mal E' vs. frequency curves

correspondence to the region where the storage
modulus traces present an inflection point and the
tand traces show their maximum. According to a
time-temperature reduction scheme, isothermal E’
vs. frequency curves enabled us to build a storage
modulus master curve, represented in Figure 4 for a
reference temperature 7 = 30°C. The logarithm of
the shift factors, a¥0, adopted for the master curve
construction are presented as an insert in Figure 4,
as a function of 1000/7, where T is the absolute
temperature. The master curve indicates that the
transition zone of the storage modulus spans over a
frequency range of 7-8 decades, ranging i.e. from
about 107'° Hz up to about 10~® Hz at this reference
temperature.

The extent of the linear viscoelastic region was
assessed on isochronous stress-strain curves obtained
from stress relaxation tests performed at 30 and at

40

35 1
30 o
20 1

20 1

Stress, g [MPa]

151

0000 0005 0010 0015 0020

a) Axial strain, €,

70°C, i.e. below and above the glass transition tem-
perature. The isochronous curves for these two tem-
peratures are reported at various instants in Fig-
ure 5a and b, respectively. Independently from
time, the curves at 30°C show a linear trend for
axial deformations up to 0.01, whereas at higher
deformations an evident deviation from linearity
can be detected. On the other hand, a clear thresh-
old value for the linear viscoelastic behaviour is
more difficult to be identified in the experiments
performed at 70°C. Anyway, the results seem to
indicate that at this temperature the linear viscoelas-
tic region extends up to an axial strain level between
0.005 and 0.01. In consideration of these results the
evaluation of Poisson’s ratio in constant deforma-
tion experiments was carried out both at an axial
strain EAX,REL — 0.005 and at EAX,REL — 0.01.

3.2. Viscoelastic Poisson’s ratio effect and
correction of the transverse displacement

Experimental input and output of CDR experiments
are reported in Figures 6a and b, as measured in
tests performed at a strain rate of 0.003 s™! at some
of the investigated temperatures. Figure 6a repre-
sents the time evolution of the stress during the ten-
sile ramp test and its well-known dependence on
temperature. In Figure 6b the reading of the trans-
verse extensometer is reported in terms of an appar-
ent transverse strain, i.e. the net transverse displace-
ment, ALtrans, divided by the specimen width,
named apparent since at this stage it still comprises
the contribution due to the extensometer knives
penetration. Such a representation of the lateral
contraction effects, in which also the overall trans-
verse displacement can be easily deduced (etrans =

12

10

Stress, o [MPa]
e
Y

0.005 0.010
b) Axial strain, £,

0|.015 r OI.U20

Figure 5. PBT isochronous stress vs. strain curves at a) 30°C and b) 70°C for various instants: 10 s (m); 100 s (®); 1000 s (A);

1h(V)
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Figure 6. Time evolution of a) axial strain, exx, and stress, o, and b) apparent transverse strain in CDR experiments for an
axial strain rate of 0.003 s~! at various temperatures: 20°C (m); 30°C (0); 50°C (A); 60°C (A)

—0.001 corresponds to a transverse contraction of
10 pm), may help the comparison of the transverse
displacement data with the data regarding the
extensometer penetration, which will be reported
later.

The opposite signs exhibited by axial and trans-
verse strains indicate that the application of a ten-
sile deformation leads to lateral contraction of the
specimen, and it is shown that at any given instant,
and thus at any given axial strain value, a greater
lateral contraction is found as the temperature
increases. The total transverse displacement meas-
ured within this set of tests is between 40 and 50 um,
depending on the test temperature.

The input and output of constant deformation tests
are reported in Figures 7a and b in case of an axial
deformation exx = 0.01 and at various tempera-
tures. These figures show that the stress relaxation
is also accompanied by a continuous lateral con-
traction process. While the stress relaxation dis-
plays the well-known dependence on time and tem-
perature, the transverse strain decreases with time

0.012 40
0.010 eax [0
-30
- I
Z 0008 [ s
£ L
% 00064 TE—a—__, 20
a —|
I 15
£ 0004 — R
: 10
)
0.002 — [
0.000+ : ' . 0
500 1000 1500 2000
a) Time [s]

Stress, o [MPa)

and, at any instant, a greater lateral contraction is
found for a higher temperature. Within this set of
experiments the change in the net transverse dis-
placement signal during the constant axial strain
maintenance is about 5 pm at all temperatures, and
it is shown that at high temperatures an overlapping
of the curves can occur for long times.

In order to correct the value of the transverse dis-
placement for the concomitant lateral creep of the
extensometer knives, this latter term was quantita-
tively estimated in experiments carried out on unde-
formed specimens. Figure 8 reports some examples
of the knives penetration curves. It can be noted that
in the time span of CDR tests (i.e. up to 40 s), the
lateral penetration is in any case lower than 0.1 um,
and thus very small in comparison with the trans-
verse displacement recorded during the ramp tests;
it is therefore believed that the lateral penetration
does not practically affect the lateral contraction
ratio evaluated in CDR tests. On the other hand, the
knives penetration becomes more important for
long times, and within 1800 s a maximum penetra-

0.000
§ 00014
7
3
£ _0002-
%
c
&
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C
o
3
S 00047
< "“-—l-——._.
L‘__\e\. =
0,005 "
0 500 1000 1500 2000
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Figure 7. Time evolution of a) axial strain, e5x, and stress, o, and b) apparent transverse strain in REL experiments carried
out at eax rer, = 0.01 at various temperatures: 20°C (m); 30 °C(0); 50°C (A); 60°C(A)
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Figure 8. Transverse displacement due to the extensometer
lateral penetration measured on an undeformed
specimen as a function of time at various temper-
atures: 30°C (m); 40°C (o); 50°C (e); 60°C (o)

tion of about 1.7 um is found at 30°C and almost
the double at 60°C. These values are not negligable
if compared with the transverse displacement varia-
tion recorded during REL tests. In fact, at the two
temperatures considered, they reach about 30 and
60% of the values measured in REL tests during the
constant axial strain maintenance, respectively.
This indicates that the compensation of such unde-
sired effect becomes a strict requirement in order to
provide a quantitative evaluation of the viscoelastic
Poisson’s ratio in relaxation tests.

3.3. Constant deformation rate tests

The effects of temperature and strain rate on the
short-time Poisson’s ratio, vcpr, were investigated
in CDR experiments. The results of the experiments
are reported in Figures 9a and b, representing the
Poisson’s ratio and Young’s modulus, respectively,
as a function of temperature at two strain rates.

Figure 9a shows that, for both strain rates, the Pois-
son’s ratio increases with temperature. Such depend-
ence can be fitted with a sigmoidal function, extend-
ing from a lower plateau value of about 0.41 to an
upper plateau value scattered around 0.5, represen-
tative of the conditions of constant volume defor-
mation, typical of incompressible materials in the
rubbery state. The inflection point of the sigmoidal
curves is located for both strain rates at tempera-
tures in the proximity of the PBT glass transition
temperature, whereas the upper plateau is approached
at about 100°C, i.e. well above T,. As the strain rate
increases, a lower vepr value is found for a given
temperature, and a shift of the sigmoidal fitting
curve to higher temperatures can be observed. Such
a shift, if evaluated with reference to the inflection
point, is about 10°C for a strain rate increase of
about 20 times. The Young’s modulus, which is
measured in the same experiment, displays a sig-
moidal decreasing dependence on temperature,
only slightly affected by strain rate. For both strain
rates the inflection point of the curves is located at
about 40°C, in proximity to that found for the Pois-
son’s ratio measured at the lower strain rate.

It is interesting to compare these results with those
previously obtained by this group, under similar
experimental methodology, on epoxy resins [14]. A
similar sigmoidal dependence on temperature was
evidenced for the epoxy systems, but with an inflec-
tion point for the Poisson’s ratio vs. temperature
curve occurring 20°C below the inflection point of
the simultaneously measured Young’s modulus vs.
temperature curve. Moreover, the upper plateau was
approached for deformation temperatures close to
the glass transition temperature. Tcharkhtchi et al.
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Figure 9. a) Viscoelastic Poisson’s ratio, vcpr, and b) Young modulus for semicrystalline PBT evaluated at different defor-
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Figure 10. Viscoelastic Poisson’s ratio, vcpgr, master curve
as function of reduced strain rate at a reference
temperature 7p= 30°C after shifting of the
isothermal curves at temperatures: 20°C (#);
30°C (®); 35°C (0); 40°C (m); 45°C (0); 50°C (
A); 55°C (A); 60°C (Vv); 100°C (V); insert:
isothermal curves before shifting

[15] provided analogous results on similar epoxy
systems. The results here presented for semicrys-
talline PBT suggest that higher temperatures are
required with respect to amorphous materials to dis-
play the quasi-constant volume conditions and that
the T, region plays an important role on the transi-
tion to such deformational behaviour. This result
could be interpreted by considering a mobility hin-
drance exerted by the coexistence of crystalline and
amorphous regions.

By a tentative application of a time—temperature
reduction scheme, the isothermal vcpr data, repre-
sented as a function of the strain rate, were rigidly
shifted along the strain rate axis until the best super-
position was reached. The master curve obtained is
presented for a reference temperature 7, = 30°C in
Figure 10. The decreasing (sigmoidal) dependence
of the Poisson’s ratio on strain rate indicates that as
the strain rate decreases the deformation can occur
under quasi-constant volume conditions, and,
although only qualitatively, the result seems to sug-
gest that for a deformation at 30°C these deforma-
tion conditions can be met for very slow strain
rates, lower than about 10°s.

3.4. Constant deformation tests

REL tests permitted the investigation of Poisson’s
ratio dependence on time and temperature, starting
from the net transverse displacement signal and
correcting it for the extensometer knives penetra-

tion. The results obtained are reported in Fig-
ure 11a, which displays the Poisson’s ratio, vrgr, as
a function of the relaxation time, fggr, in terms of
isothermal curves measured for an applied axial
deformation eax = 0.01. For all the investigated tem-
peratures, the viscoelastic Poisson’s ratio displays a
monotonic increase with time, and, for any given
instant, a higher value of the Poisson’s ratio is found
as temperature increases. The average slope of the
curves increases for temperatures up to 40°C, i.e. in
the proximity of the glass transition temperature,
and decreases again for temperatures above 7.

The initial part of the curves is characterized by a
fairly regular increase, whereas at longer times (frgL
longer than approximately 10 min) the isothermal
curves tend to overlap, exhibiting a less regular
behaviour and the tendency to converge to a value
slightly above 0.5, i.e. above the incompressibility
conditions. It is important to underline that if the
transverse extensometer reading was not corrected,
even higher Poisson’s ratio values would have been
read. In the author’s opinion these high Poisson’s
ratio values have to be interpreted as scattered
around 0.5, and affected by inaccuracies related to
the correction of transverse deformation for long
times and high temperatures. At the same time, it
can not be excluded that the upper plateau could be
higher than 0.5, due to non-homogeneity on a
microstructural scale, already present in the materi-
als (such as crystalline regions below the melting
temperature [1] or porosity [28]) or developed dur-
ing the deformational process (as cavitational effects
[29-32], although these should have major impor-
tance at deformations higher than those investigated
here).

The decrease of stress was simultaneously moni-
tored, permitting an evaluation of the time evolu-
tion of the relaxation modulus Ergp, which is
reported in Figure 11b in terms of isothermal curves
for an axial deformation exx = 0.01. The well-known
dependence on time and temperature is exhibited
and it is noteworthy to underline that the steepest
decrease is found at 7= 40°C.

As previously shown in the evaluation of short-time
Poisson’s ratio by CDR tests, the glass transition
temperature seems to play a relevant role on the
PBT viscoelastic Poisson’s ratio also even under
these loading conditions. Not being directly in pos-
session of data regarding the effect of temperature
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Figure 11. a) Isothermal Poisson’s ratio, vggr, and b) relaxation modulus, £, isothermal curves as a function of relaxation
time, frgr, at various temperatures: 0°C (m); 20°C (0); 30°C (e); 35°C (0); 40°C (A); 45°C (A); 50°C (Vv);
55°C (V); 60°C (#); data obtained for an axial deformation gxx rgr = 0.01

on relaxation Poisson’s ratio of amorphous materi-
als, our results were compared with literature data,
which underline some relevant differences between
semicrystalline and amorphous polymers. O’Brien
et al. [17] reported isothermal curves of the vis-
coelastic so-called lateral contraction ratio for epoxy
resins under creep conditions. They evidenced an
upper plateau at 0.49 for temperatures approaching
the glass transition region, while the simultaneously
measured creep compliance still displays an increas-
ing trend. Similar results were obtained on amor-
phous poly (methylmetacrylate) by the group of
Knauss [10]. In both the above-cited works the
steepest part of the Poisson’s ratio isothermal curve
is located at temperatures lower than 7.

The REL experiments performed at exx = 0.005 led
to results similar to those obtained at the higher
deformation level, although a less regular trend for
the isothermal Poisson’s ratio vs. relaxation time
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curves was found. This is probably due to the fact
that, in the case of a lower axial deformation, the
extensometer knives penetration becomes of higher
importance with respect to the transverse contrac-
tion, and thus an even greater accuracy is required
for the data correction.

On the basis of a time-temperature reduction
scheme, the vgrpr and ERrgr isothermal curves
obtained for the two sets of axial strains were
shifted along the time scale, in order to tentatively
achieve a master curve representation of the two
functions. The master curves obtained are reported
in Figures 12a and b, in which the Poisson’s ratio
and the relaxation modulus, respectively, are plot-
ted as a function of the reduced time for a reference
temperature Ty = 30°C; Figure 12b reports also the
Poisson’s ratio master curve evaluated at eax = 0.01
in order to directly compare the time dependence of
the two functions.
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Figure 12. a) Poisson’s ratio, vggr, and b) relaxation modulus, £, master curves as a function of reduced relaxation time at
a reference temperature 7 = 30°C for two different axial deformations exx rer: 0.005 (©) and 0.01 (e)

694



Pandini and Pegoretti — eXPRESS Polymer Letters Vol.5, No.8 (2011) 685—697

For both axial strain levels, Poisson’s ratio shows
an increasing trend with time, which can be fitted
by a sigmoidal function and can be viewed as a
retardation (or delay) process. At this reference
temperature the master curve upper plateau seems
to be approached at times in the order of 10° s and
the inflection point is located at about 10°s. The
applied axial strain seems to marginally affect the
time-dependence of the viscoelastic Poisson’s ratio,
and mainly in the region of longer relaxation times:
in fact, although following similar sigmoidal trend,
higher Poisson’s ratio values can be found for a
given instant as the applied strain increases. Also
the relaxation modulus master curve seems to be
dependent on the applied strain, and lower relax-
ation moduli are found at the higher strain. Such
effect on both viscoelastic functions is interpreted
as a typical non-linear viscoelastic effect related to
the higher mobility occurring when larger deforma-
tions are applied.

Several aspects anyway suggest that the time distri-
bution of the Poisson’s ratio master curve here pro-
vided, at this stage, should be considered as merely
qualitative; these aspects regard i) the different dis-
tribution of the Poisson’s ratio and of the relaxation
modulus as a function of the reduced time scale,
and ii) the different shift-factors for the two func-
tions.

In Figure 12b it is shown that, with respect to Erg,
the vggL function displays inflection points occur-
ring at shorter times (the Eggy inflection point being
at about 10°s) and a narrower transition region.
This latter is seen to span over 3—4 decades in the
case of vggr, thus on a significantly narrower region
with respect to the 7-8 decades transition region
exhibited by the simultaneously measured relax-
ation modulus, and, similarly, by the storage modu-
lus master curve. Since Tschoegl ef al. [1] claims
that the delay times distribution can not be assumed
to be identical to that of relaxation and retardation
times measured in stress relaxation and creep
experiments, such a result can not be regarded as
inconsistent. Nevertheless, inspection of literature
data does not provide great help in interpreting this
effect. A tentative explanation of the peculiar distri-
bution of delay times observed for PBT’s vggp with
respect to relaxation times shown by Ergp could be
based on the different relaxation kinetics of the
hydrostatic and deviatoric stress components of the

stresses. In fact, it was experimentally proven that
bulk relaxation shows a narrower distribution of
relaxation times with respect to shear relaxation
(Morita et al. on poly (isobutyl metacrylate), and
Kono et al. on poly (isobutylether); both listed in
[1]); further, Di Landro and Pegoraro [18] have
attributed to the same reason the observed transition
of the viscoelastic Poisson’s ratio of polyetherimide
(PEI) occurring at times shorter than that measured
for shear and tensile modulus.

Of more difficult interpretation is the result con-
cerning the different shift factors required for the
construction of Poisson’s ratio (vcpg vs. strain rate;
vrpL vs. time) and of the relaxation and storage
moduli master curves, as can be seen from their rep-
resentation as a function of the inverse absolute
temperature in Figure 13. The shift factors of the
relaxation modulus are not affected by the strain
level and exhibit values quite close to those esti-
mated in DMTA tests. The shift factors for the mas-
ter curves of Poisson’s ratio in REL tests also seem
to be unaffected by the axial strain, but show a less
steep slope with respect to those related to the mod-
uli functions. Finally, the data obtained from the
Poisson’s ratio measured in CDR experiments,
shows an intermediate behavior, exhibiting values
close to those measured for the moduli functions for
temperature up to 40°C, while a deviation is exhib-
ited for higher temperatures, with a slope similar to
that shown by the vgpp set of data. Previous litera-
ture data have always shown that the shift factors
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Figure 13. Shift factors employed for the construction of
the following master curves: a) storage modulus
vs. frequency, b) Poisson’s ratio vepr vs. strain
rate, c) Poisson’s ratio VRgL VS. fREL (SAX,REL =
0.005 (A) and 0.01 (m)) and E vs. frer (EAXREL =
0.005 (A) and 0.01 (O))
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required for the Poisson’s ratio master curve con-
struction are the same as those obtained for other
viscoelastic functions [10, 17, 20]. The difference
found between master curves distribution and
between the related shift factors are effects not fully
understood, and that could be tentatively ascribed
to an interference due to the contact extensometer.
In fact, although the subtraction of the transverse
penetration is believed to correct the value of Pois-
son’s ratio in any experimental condition, the pres-
ence of additional stress components, locally induced
by the lateral clip-on device, cannot be avoided.

4. Conclusions

The viscoelastic dependence of Poisson’s ratio on
time and temperature was investigated for semi-
crystalline PBT in tensile ramp tests at constant
deformation rate (CDR tests) and in tests in which
the axial strain was maintained constant (constant
deformation, or REL, tests). The axial and transverse
deformations were simultaneously recorded by
means of a biaxial clip-on extensometer, and a cor-
rection procedure was proposed in order to subtract
the lateral penetration of the extensometer knives
from the net transverse displacement recorded.

It was shown that PBT Poisson’s ratio exhibits vis-
coelastic features, with values increasing with time
and temperature and decreasing with strain rate.
The results of CDR tests show that the short-time
Poisson’s ratio, vcpr, measured at strain rates in the
order of 103-1072 57!, displays a sigmoidal increase
with temperature with an upper plateau at about 0.5
(i.e. the constant volume deformation conditions),
approached for temperatures well above T, in con-
trast to what was reported for amorphous polymers,
which generally reach such deformational behav-
iour at 7. Further, for the same temperature a higher
vepr value is found as the strain rate increases, and
a tentative representation of the vepgr vs. strain rate
master curve would suggest that, for a reference
temperature 7p= 30°C, the upper plateau can be
approached for strain rates lower than 10~ s

In REL tests it is shown that stress relaxation is
accompanied by a continuous lateral contraction
process, which leads to a monotonous increase of
Poisson’s ratio, vggr, with time, exhibiting the fastest
increase in proximity to the glass transition temper-
ature. The master curve representation of Poisson’s

ratio, tentatively obtained from the isothermal vggp
curves, qualitatively describes a sigmoidal increas-
ing dependence on the logarithmic reduced time,
confirming the nature of viscoelastic Poisson’s ratio
as a retardation (or delay) process.
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