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Abstract

In this paper, aspects of the non-elastic deformation of semicrystalline poly(ethylene-terephthalate) (PET) films were studied from strain
recovery and differential scanning calorimetric tests. The results show the existence of two components of non-elastic deformation, i.e. a fast-
relaxing component (called anelastic) and a slow-relaxing component (usually called plastic). These strain components are both reversible
and distinguished only on the basis of their different recovery times at temperatures far below the glass transition. A strain recovery master
curve was built from the results of recovery tests at increasing recovery temperature. The shift-factor for the strain recovery master curve was
then compared with the shift-factor for the construction of the dynamic storage modulus master curve obtained in linear regime (small strain).
The aim of this comparison was to investigate the viscoelastic nature of yielding and post-yielding behavior in a semicrystalline polymer.
© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction Oleynik [3], was based on a “crystal like” mechanism of
plasticity. According to this model, further developed by

The viscoelastic nature of polymers determines a Perezetal. [11-14], and other authors [7-9,15], at tempera-
mechanical behavior strongly dependent on parameterstures far below the glass transition, plastic strain nucleates
like time, temperature and strain rate, on the basis of rela- as thermo-mechanically activated localized shear induced
tionships which, in linear regime (small strain), are defects, called shear micro domains (SMD), in the presence
described by viscoelastic models and relative constitutive of pre-existing quasi point defects (QPD). These are points
equations [1]. However, the viscoelastic processes involved of fluctuation in the value of local free volume of the amor-
during deformation make the determination of the yielding phous matrix, predisposed for the easy nucleation of defects
onset difficult. This is conventionally fixed, by following the in a way that recalls the nucleation of dislocations in the
Considee’s criterion [2], as the point of relative maximum crystal habit of a metal [7,9]. The borderline elastic
of the nominal stress—strain curve. Nevertheless, experi-constraint between SMDs and the undeformed matrix is
mental evidences for amorphous glassy polymers suggesthe driving force for the partial strain recovery after
that a more attentive analysis is required [3—10]. In fact, unloading.
for amorphous glassy polymers like poly(methyl-methacry-  Due to the lack of literature information regarding the
late) (PMMA), polystyrene (PS), and polycarbonate (PC), it non-elastic deformations in semicrystalline polymers, the
has been proven how non-elastic deformation consists ofaim of the present study is to provide a contribution to
two distinct contributes, called anelastic and plastic, the understanding of yield and post-yield behavior of a
which are both reversible upon heating, for strains up to semicrystalline poly(ethylene-terephthalate) (PET) film.
50% and more [3,4]. The distinction between the two
components is made on the basis of different characteristic
recovery times at temperatures below the glass transition,2. Experimental
i.e. atT < Ty — 20°C [4,6].

A molecular model for glassy polymers, first proposed by 2.1. Materials

* Corresponding author. Tel:39-0461-882413; fax+39-0461-881977. _A commercial PET film, Myla® (DU Pont_), 52}{m in
E-mail addressalessandro.pegoretti@ing.unitn.it (A. Pegoretti) thickness, was used. Due to the biaxial orientation of the

0032-3861/00/$ - see front matt€r 1999 Elsevier Science Ltd. All rights reserved.
Pll: S0032-3861(99)00333-X



1858

Table 1
Some properties measured on the PET film

Tensile modulus E (MPa) 4500
Yield strengtho, (MPa) 97.2
Yield straine, (%) 5.1%
Glass transition temperature 105
T, (°C)

Melting temperaturd,,, (°C) 260°
Crystallinity contentX. (%) 36.0

2Evaluated by the Consid&s criterion.
® As measured with DMTA.
¢ As measured with DSC.

film, all the experiments were performed on samples
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of 10°C/min; nitrogen flux of 100 ml/min. The crystallinity
percentageX., was assessed by integrating the normalized
area of the endothermal peak, and rating the heat involved to
the reference value of the 100% crystalline polymer
(26.9 kd/mol) [16]. The glass transition temperatufg,
was not detectable on the DSC curves.

2.4. Dynamic mechanical thermal analysis (DMTA)

Rectangular strips of PET film, 4 mm wide and 20 mm
long, were tested by a Polymer Laboratories Ltd. (UK) MklI
dynamic mechanical thermal analyzer in the tensile config-
uration. Tests were performed in the temperature range from
—20 to 220C, with a heating rate of 0°€ min™?, at six

obtained in the same direction, i.e. along the machine direc- different frequencies, i.e. 0.3, 1, 3, 10, 30, 50 Hz. A peak to

tion.

peak displacement of 64m was set in order to apply a

Table 1 shows the values of some properties measured orpMall strain amplitude (in any case lower than 0.4%). The

the film under the following experimental conditions.
2.2. Tensile tests
characterization

A preliminary mechanical was

performed by monotonic tensile tests with an Instron 4502

glass transition temperatuiig was evaluated as the tan
peak temperature at a test frequency of 0.3 Hz.

2.5. Strain recovery

Residual strain of samples subjected to a preliminary

tensile tester, equipped with a 10 kN load cell. Tests were Strain cycle of loading, up to a certain valg ranging

performed at a strain rate of 0.1 mih on rectangular
samples with dimensions 36010x 0.052 mn{ following
the ASTM standard D 882-91.

2.3. Differential scanning calorimetry

A differential scanning calorimeter Mettler DSC 30 was
used to detect the melting temperatufg, of crystalline

from 5 to 35%, and unloading, was evaluated on rectangular
specimens, 130 mm long and 8 mm wide, cut from the origi-
nal film. On the surface of the undeformed samples two
marks were made with a felt tip pen and the distarge,
between them measured with an optical transmission micro-
scope Leitz model Ortholux Il POL-BK. The strain cycles
were then performed by using an Instron machine model
4502, equipped with a 100N cell, at a constant strain rate

domains and the heat released by deformed samples. Thgf 0.1 min *. The distancel, between the two marks was

conditions for differential scanning calorimetry (DSC)

successively monitored after various time intervalg, by

measurements were as follows: specimen weight of aboutpositioning the specimens under the microscope. Residual

20 mg; temperature range from50 to 300C; heating rate
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Fig. 1. Residual strain values,g as a function of the maximum straie,
after @) O min, @) 6 min, (®) 15 min, &) 20 min, (¥) 25 min, (X)
30 min, ©) 45 min, (@) 60 min, €) 120 min, (A) 150 min, and ¥) 24 h

strain, €,.s Was then evaluated as:
(€]

The strain recovery tests at increasing temperattgsup
to 160C, were performed on samples deformed with the
Instron machine and then positioned (after a standard time
of 2.5 min) in a small thermostatic chamber positioned
under the microscope.

It is worth noting that no shrinkage was found on an
undeformed sample kept for 2 h at the highest recovery
temperature.

3. Results and discussion
3.1. Room temperature recovery tests

The characteristic shape of a stress—strain cyclic curve is
reported in Fig. 1 for the case ef = 35%. Samples were

from unloading, at room temperature. In the insert an example of a loading— Strained up tceo, and then left to recover at room tempera-

unloading stress—strain curve updp= 35% is reported.

ture, which is well below th@j of the film. Residual strain,
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14 that an initial strain of 5% is completely recovered after a
time lapse of only 6 min, showing that for the material under
2y e e investigation the yield point,, could presumably be fixed
0} An...,::::i::i::::::::':::"""- ----- . ate, > 5%.
sl T \ARRRERERE Ve 3.2. High temperature recovery tests
X L RO * R TR .-
£o6F ::::: ------- K As reported in Fig. 2, specimens were deformed up to a
""" TES g gy fixed strain valuesy = 20% at room temperature, and the
41 strain recovery observed at various recovery tintgs,at
2 L increasing recovery temperatuiig,. The value ofT,,. was
increased until a complete recovery was observed within a
Uy time interval of 6 min at 16W. Data pertinent tdl,¢. >
' ‘ 25°C were corrected by subtracting the contribute of the
1000 10000 ) T
thermal expansion, considering a constant value of the coef-
free ficient of linear thermal expansion equal to X210 °°C™*
Fig. 2. Residual strais as a function of the recovery time for samples [17]. The,. thermally _aCtlvated nature of the strain r?co"ery
strained up togy = 20%, at various recovery temperatuigs: (®) 25°C, process'|s clearly ewdenF from thef fact that for any'f'thd .
(m) 30°C, (A) 4C°C, (¥) 60°C, (x) 70, (V) 8C°C, (O) 90°C, () 100°C, (A) decreasing values of residual strain correspond to increasing
110C, (V) 120C, (+) 140C, () 150C, (©) 160°C. values ofT,. This shows how both anelastic,,, and plas-

tic, ey, components are reversible and how the distinction
J)etween them is to be made not on the basis of their perma-
hent nature, but on the basis of different recovery rates.
These results are in accordance with what has been
already established for amorphous glassy polymers, beside
the fact that in the case of the PET film a temperature of
45°C higher thanT, has to be reached in order to have
complete recovery, whilst for amorphous polymers heating
up to Ty was sufficient [4—6]. Different recovery kinetic at
low temperatures indicates different activation energies for
the recovery ok,,andey, corresponding to different mole-
cular mechanisms associated to the recovery processes.

measured at standard time intervals up to 24 h, are reporte
in Fig. 1. Strain recovery measurements during the first
6 min after unloading were not possible for the need to
place the specimen under the microscope. The initial
value of residual strain, i.e s at tes = 0, is the value of
strain after unloading evaluated directly on the stress—strain
cyclic curves. Results reported in Fig. 1 show how, égr
ranging from 5 to 35%, the strain recovery during unloading
is followed by a further recovery which clearly depends on
€o- On the basis of these results, two components of non-
elastic strain can be distinguished: (i) an anelastic fast reco-
vering componenk,,, (i) an apparently permanent plastic 3 3 strain recovery master curve
componenk,. At this point the distinction between the two
components is made exclusively on the basis of their either A strain recovery master curve, fog =20% and
reversible or permanent nature at room temperature within referred toT, = 25°C, was built by shifting the recovery
the experimental time of 24 h. It is interesting to underline curves on a time scale, according to the time—temperature
superposition principle [1]. The master curve reported in

" Fig. 3 shows how in a period of time of about®1@ears,
a spontaneous complete strain recovery could eventually
12 | occur at 28C. At this point, the derivative of residual strain

with the logarithm of time was calculated, by simply eval-

10 uating the incremental ratioggd/(d log(te/at)), in order to

s | obtain a distribution of characteristic recovery times. The
R [ aim of this procedure was to distinguish the recovery of the
Lot two different components along the logarithmic recovery

time scale. Nevertheless, the resulting points, reported in
Fig. 4, are rather scattered, fixing a confidence band limit

2 L of 99.5% and fitting the points inside this band with a poly-
nomial, a clear tendency emerges. The results show a spec-
0f i l . , trum of recovery times which continuously decreases, as a
0 5 10 15 20 25 30 function of the recovery time (Fig. 4). For amorphous glassy

PMMA two distinct ranges were found in the distribution
[4]: a spread range at loty,, separated from a concentrated
Fig. 3. Strain recovery master curve fap=20% and referred to  P€ak at very hight by an interval where the distribution is
To = 25°C, whereay is the appropriate shift factor. practically nil. Physically this corresponds to the existence

log [t _/a;] (s)

rec
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Fig. 4. Strain recovery master curve fgr= 20% and referred t®, = 25°C on a double logarithmic scale, and recovery time distributiepy/dlog(t,.4ar)).

of a widespread distribution of activation energies égy, distributions for the two strain components are distinguished
thus giving a wide range of relative recovery times, while on a time basis.

the peak at high recovery times corresponds to a simulta- Plotting the recovery master curve on a double logarith-
neous recovery of, near the glass transition. In the case of mic scale one can better appreciate the distinction of the two
the semicrystalline PET, this distinction between two ranges recovery kinetic regions (see Fig. 4). A transition point is
is absent. This is probably because of the heterogeneityevidenced by a knee in the curve and it can be tentatively
introduced in the amorphous matrix by the presence of the fixed, at aboutt,,. = 10'®s, as the point of intersection
crystalline phase, with the existence of an interphase between the lines fitting the two regions.

through which there is a mobility gradient [18,19]. Mobility

should be reduced near the crystals and be maximum at a3 4. pMTA results

distance where the presence of the crystal phase no longer

interferes with the macromolecules of the amorphous phase. As reported in Fig. 6, the dynamic storage modulus of the
We could suppose that the crystals act as immobilizing PET film was measured in a linear viscoelasticity regime,
agents in the amorphous matrix, thus leading to a gradientfor strains lower than 0.4% at various frequencies, from 0.3
in the glass transition temperature which cause strain relax-to 50 Hz, and temperatures, fror20 to 220C. These data
ing at various times. A tentative explanation of the observed were subsequently rearranged by a standard time—tempera-
recovery times distribution for PET could be based on the ture superposition principle in order to obtain the master
schematic reported in Fig. 5, where the recovery times curve reported in Fig. 7, referred to a temperature of

deres/dlog(trec/ar)

€res

log(trec/ar)

Fig. 5. Interpretation of the recovery times distribution for semicrystalline PET: an overlapping of the peaks of anelastic and plastic reeosergetim
determines an overall distribution in which a distinction between the two recovery time ranges is no longer evident.
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Fig. 6. Dynamic storage modulus as a function of temperature at frequen- Fig. 8. Comparison of shift-factors follj strain recovery and&) dynamic
cies of 0.3, 1, 3, 10, 30, 50 Hz. storage modulus master curves.

98°C. The temperature dependence of the shift factors for two or more SMDs borderlines meet, giving inter-molecular
both strain recovery ang’ master curves is compared in rearrangements, which involvetype motions of the entire
Fig. 8. Activation energies were calculated using an Arrhe- polymer chain. The combination of the two type of motions
nius equation for the linear parts of the curves thus obtaining determines a broadening and shifefelaxation {y) spec-
340 and 450 kJ/mol for the strain recovery dfidelaxation trum towards lower temperatures [20]. The marked resem-
processes, respectively. Moreover, the glass transitionblance between the two shift-factor curves confirms the
temperatures, indicated by the transition point in the shift hypothesis on the viscoelastic nature of strain recovery
factor curves, seem to be markedly different for the two mechanisms.
cases, being lower for the strain recovery experiments.
The shift of the glass transition is a direct consequence of
the presence of anelastic strains and the molecular move-3.5. DSC results
ments involved in the growth of SMDs. These molecular
motions are thought to be based on localized conformational DSC tests were conducted on samples deformed up to
changes in the molecular chain called elementgitype various strain levelseq, after various recovery times,.
motions [18,20], such as those that occur in the low The aim of this test is to evaluate the energy associated with
temperature part of the-relaxation process. These motions the anelastic deformations stored in the specimens. As it is
are active above the3-transition, which for PET is  clearly evident from Fig. 9 and Table 2, the stored energy
commonly around—50°C [18]. These allow the stress- results in an exothermic peak extending from a temperature
induced growth of SMDs in the undeformed matrix, until of about 60C up to a temperature in the range from 110 to
16C°C. The integral AHgxo, of the exothermic peak repre-
5000 sents the energy released for the anelastic strain recovery
[3,7,21—-24]. As reported in Fig. 1QHgxo evaluated for
e several recovery conditions initially increases withand it
levels off afterey = 30%. At a fixed strain level, the stored
energy detected in the DSC measurements is decreasing as

4000

g ot the recovery time and temperature increase.d;6t 20%,
e . a zero value ofAHgyxo can be reached fote.=1h at
= 2000 | T,ec = 100°C. From the strain recovery master curve (see

Fig. 3) and the relative shift factors, it can be evaluated that
the strain recovery at..= 1h andT,,.= 100C corre-
sponds tote.= 10®s at T,,c = 25°C. This latter is also

the time necessary for a complete recoveryegf as we
concluded analyzing the spectrum of recovery times
reported in Fig. 4, according to the proposed molecular
mechanisms associated to the two components. As reported

Fig. 7. Dynamic storage modulus master curve referred to a temperature ofin Table 3, for increasingtec and Ty values, an increase of
98C, wherev is the frequency anek is the appropriate shift factor. the starting temperature for the energy release can be seen,

1000

log [v aT] (Hz)
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(a)

€X0

temperature (°C)

Fig. 9. Initial part of the DSC traces of PET samples previously strained af, &)0%, (b) e, = 10%, (C) g = 20%, (d) g = 30%, (€) €y = 40%, (f)
€y = 50%. An exothermic pealiHgyo is located at temperatures ranging fronf®Qo a value dependent agn.

due to the faster recovery of defects with lower activation explained [8,9] by considering that an increase in local free
energies. volume is associated with an increaseejp, with a conse-

In Fig. 11 AHgxo values are reported for specimens quent local “heating” of the material to the rubbery state
deformed up toe; = 20% at five different deformation  where the nucleation o, becomes possible. This could
temperaturesTqe, namely 20, 40, 60, 80, and 1®D As also explain the shift of; versus lower temperatures as the
Tger iNcreasesAHegyo decreases and for samples deformed effect of non-linearity in the glassy state. The specimens
at 160C no energy is stored in the material. On the basis of deformed up toey = 20% at Tyes = 160°C, and left to
previously discussed results, we could hypothesize arecover at 16T, showed a really irreversible plastic
passage from a deformation mechanism typical of the glassydeformation equal to 4.4%. At 180 all non-elastic
state, in which the primary effect is the accumulatiore gf deformation is irreversible, i.e. disentanglement of the
to a mechanism typical of the rubbery state in which a direct molecules occurs. At this point complete recovery of
nucleation ofe, is kinetically favourite. This behavior was  micro-deformation by the stretched molecules, which

reassume their equilibrium tangled conformation, no

" longer corresponds to a recovery of macro-deformation
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Fig. 10. EnergyAHexo, stored in the deformed material for various levels of T, CO

initial strain e, and @) after 5 min atT = 25°C, (®) after 3 months at

T = 25°C, (A) after 1 h at 68C, (®) after 1 h at 108C (corresponding to a Fig. 11. Stored energy¥Hexo, as the function of the temperatuigy, at
complete anelastic recovery). which the specimen is deformed updp= 20%.
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Table 2
DSC data at,,c = 5 min andT,,. = 25°C for specimens deformed at varioggvalues

€ Energy release Energy release Energy release Melting Crystallinity
starting ending peak temperature content
temperature°C) temperature°C) temperature°C) (°C) (%)

10 60 117 90 260 36.3

20 60 160 97 259 35.1

30 60 160 96 260 35.8

40 60 160 100 261 35.9

50 60 160 105 260 35.9

Table 3

DSC data of specimens deformeg= 20%

trec Trec (°C) AHgxo Starting temperature for the Melting Crystallinity
energy releas€C) temperature°C) content (%)

5min 25 8 60 259 35.1

3 months 25 7.2 70 260 34.5

24 h 59 2.6 90-100 259 33.8

24 h 65 2.7 100 264 26.2

1h 100 0.1 110-120 263 33.7

because, with the destruction of the pre-existing molecular €,, can be assessed. In fact, on the basis of the information

network, the “memory” of the undeformed macro-state is attainable from the strain recovery master curve and the
cancelled. At this point a really irreversible deformation is relative shift factors, we can say that for an initial deforma-
induced. tion g = 20% the only residual strain component after
For all the deformed specimens tested with DSC analysis, T,.c = 100°C for t,.. = 1 h is the irreversible plastic compo-
no significant changes in the area and position (see Tables 2hent. PET specimens were strained up to various levels of
and 3) of the melting endothermal peak was observed, thuse, ranging from 5 to 50%, unloaded, and successively trea-
suggesting that deformations are limited to the amorphousted in a oven af,,. = 100°C for t,.. = 1 h, where, as a first
regions of the material. approximation,e.s = €. At this point all strain compo-

nents can be estimated from the equations below:
3.6. Strain components evaluation

€an = €0 — €p| — €l @)
Following the approach originally proposed by Quinson
et al. [4] for amorphous polymers, the contribution of o
various components, €, €y, 10 the total deformation €el = E ©)
30 120
25 100
S
2 20 80
5 2}
2
é 15 60 2
g 10 0 =
5 20
0 0

& (%)

Fig. 12. Strain components as a function of the total stegirfll) e, = elastic deformation,) €, = plastic deformation,®) €,, = anelastic deformation.
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whereE is the unrelaxed modulus measured at high frequen- of the deformation level, the deformation temperature, and
cies and/or low temperatures. In the present stddyas recovery time—temperature conditions. Finally, the contri-
taken as the value of the storage modulus measured at aution of various components,, €, €y, to the total defor-
frequency of 50 Hz and at a temperature-o18°C. The mation can be established.

resulting diagram of the strain components reported in

Fig. 12 clearly shows how,, nucleates immediately, grow-

ing up to and reaching a plateau at abgy#= 30-40%. The Acknowledgements
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