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Crystallisation of PET with strain, strain rate
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The mechanical properties of Poly ethylene terephthalate (PET) were studied over several
decades of strain rate and a temperature range of 263 K-453 K. Tests were carried out in the
range 10~3—10* s~! using a conventional Hounsfield machine and two high strain rate test
systems. Strain limited tests were carried out at all the strain rates and the temperature
rises were estimated from the area under the stress strain curves. X-ray diffraction was
used to extract interatomic plane distances and crystallite dimensions. Differential
Scanning Calorimetry (DSC) was employed to estimate the degree of crystallinity of the
material and the kinetics of crystallisation. PET yield stress increased with strain rate with a
sharp increase at rates of 10° s~' and above. It crystallised into the triclinic form at rates
above 10° s~ beyond 140% strain but crystallisation was not observed at lower strain rates.
Increases of up to 40% in crystallinity content were found which, it is concluded, were
thermally induced after the test ended. The results shed light on the development of
crystallinity in PET as a function of strain, strain rate and temperature and indicate that the
rapid increase in yield and flow stresses previously reported cannot be accounted for by
increases in crystallinity. © 2000 Kluwer Academic Publishers

1. Introduction ing peak at higher temperatures was due to melting and
The use of the polyester Polyethylene Terephthalateecrystallisation into more perfect crystals during the
(PET) as a consumer fibre dates back to 1953. Itis alsheating run. Mulleet al. [8] argued that, although the
widely used in the beverage bottle and food packagingeorganisation process is not seen in the thermogram, it
industry due to its high strength, toughness and googonetheless occurs. On the other hand, the two melting
resistance to chemicals and grease. The PET repeat upiéaks may be due to the melting of crystalline entities
consists of one benzene ring, two ethers, two carbonybf different size and/or degree of perfection, [9, 10].
groups and two methylene units. The crystal structure Semi crystalline polymers have been observed to
of PET is triclinic with one chemical unit per cell [1]. show slow increases in yield stress and flow stress with
Thed spacing for the most commonl)g observed x-rayincreasing strain rate at strain rates of up té 0
diffraction peaks are 5.11, 4.04 and 3A6orrespond- and rapid increases in flow stresses at higher rates [11].
ing to planes with Miller indexes (010), (110) and (100) Work on PEK and PEEK has shown an association be-
[2]. It undergoes the glass transition at about 343 K andween this rapid flow stress increase and crystallinity
melts at approximately 533 K. It has been reported thaincreases in the polymer [12] and preliminary results
during cold drawing at low rates the molecular chainson PET also showed an association between rapid flow
first orient in the direction of the stress and that this isstress increases and dramatic increases in crystallinity
followed by crystallisation, [2—4]. This is called strain [13]. The observed flow stress increases cannot be ex-
induced crystallisation as opposed to thermally inducegblained on the basis of the Eyring formulation and these
crystallisation. It has also been reported that the crystaduthors have speculated that the crystallinity increases
size increases with annealing temperature. PET undermay offer an explanation for the extremely rapid flow
goes cold crystallisation on heating from the glass [5] astress increases. Time resolved X-ray work carried out
a result of the heat induced movement of chains whiclat rather lower strain rates-(0 s™*) [14] have indi-
results in a transition into a thermodynamically morecated that the crystallinity increases observed in the
stable state. Two melting peaks, a minor one at low temdrawing of PET occur mainly after the drawing pro-
perature and a major one at higher temperature, may beess has finished. However rapid flow stress increases
detected after annealing PET, [6]. Blundell and Osborrare not observed at these low strain rates and the very
[7] proposed that the minor melting point was associ-rapid deformation and adiabatic nature of high rate tests
ated with the melting of the crystallites formed during may give rise to rapid crystallinity increases by another
the previous crystallisation process and the large meltmechanism.
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The morphology of PET, and changes in the mor-in reflection mode. A nickel filter was used to select
phology after tensile experiments at low strain ratesthe copper kK peak. The system was calibrated using
have been well described. However, the microstructura silicon sample. The difference between the silicon
of PET after high strain rate tests has been scarcely memtandard experimental results and the Internq}tional Ta-
tioned and topological studies are lacking. The purposéles of Powder Diffraction was less than 0.08Zor
of the work described in this paper is to provide in- all observed peaks.
formation about the performance of PET over several The size of crystallites in a direction perpendicular
decades of strain rate in compression with particulako the family fk¢)can be estimated using Scherrer’s
emphasis on high rates, and to study the morphologicatquation:
changes under various mechanical and thermal condi-

tions. The study is not only of interest in its own right A

but sheds light on the relationship between the process Lk = B cosd @)
of strain induced crystallisation and rapid flow stress

Increases. whereg is the width at half maximum in radians aéd

the Bragg angle. The method followed to fit the peaks
2. Experimental was similar to that of Cakmak and Kim [16]. Three

Samples were machined into cylinders of approximatdlifferent samples were used to obtain the values of
dimensions 4 mm diameter by 2 mm height from ICI d-spac_:lng and crystal size at each thermomechanical
grade B73 PET plaque. The samples were precorondition.

ditioned to chosen temperatures in the range 263 K
to 453 K by heating to the desired temperature for

30 minutes before a test and the compression tesS 1 hermal analysis

were then carried out at the chosen temperature. X-ray€rmal analysis was carried out in a Mettler DSC30
easuring cell connected to a Mettler TC10A proces-

diffraction scans were taken at room temperatur )
on samples recovered after mechanical testing wheRC!- The system was subjected to heat flow and tem-

the samples reached ambient conditions and th@erature calibration using standard materials. DSC was

compression ended. Thermal analysis was carried ol€formed on approximately 10 mg samples in an ar-

after the X-ray diffraction. gon atmosphere at 10 K mih. The data values are the
average of six scans. The degree of crystallinity was

] calculated using the expression:
2.1. Mechanical tests

Compressive tests were carried out using a conventional AH
Hounsfield tensile-compressive test machine and two XC = XHo 3)
high strain rate machines, namely a Dropweight and a m

Cross Bow system. The high rate test systems are exte;, oo A H is the measured heat of fusion andH®
m

sively des.cribed elsewhgre [12,15]. S“a".‘ limited S35 the heat of fusion of 100% crystalline PET equal to
were carried out by halting the compression by meany |5 5 g [17]. The kinetics analysis of crystallisation

of metal rings. The internal diameters of the rings wer ; ; ; .
chosen so that they would be greater than the sam;\léyas carried outin the DSC by varying the scanning rate

diameter at the end of the test. The thickness of the ring%eet}[ﬁizg i:g%g%vﬁtgﬁg.he equation of differential
were 1.5,1,0.5and 0.31 mm. Thus, for specimens 2 mm '

thick, the strains attained were around 30, 70, 140 and o

185%. The purposes of the strain limited tests were to — = ko(@) (4)

study the influence of strain in the deformation process dt

by stopping sample strain at specified levels. The temThe activation energy for crystallisation was estimated
perature rise at a given strain was estimated from th?ollowing the Kissinger [18] and Ozawa [19] methods.

stress-strain curves using the expression: Both methods are based on the dependence of the trans-
[ode formation peak position on the heating rate. In the case
AT = (1) of this work, the peak observed was the cold crystalli-
pCp sation peak. Kissinger reported that:
whereo is the stresss the strain,p is the density ap-
proximately equal to 1.35 g cmd, andCp the specific d (Lnﬂ)
heat equal to 1.315 J§ K L. Integration of the curves =) __E (5)
was carried out from the start of the stress-strain curve d($) R

to the chosen value of strain in order to determine the

temperature rise at that strain. This equation assumaghereas Ozawa suggested that:
that the change in internal energy is zero, i.e., all the

work is transformed into heat. d(log¢) E

a( % ) 0.457R (6)
2.2. X-ray diffraction
X-ray diffraction patterns were obtained using a Philipswhereg is the heating rate and the gas constant. The
PW1050/25 diffractometer running at 40 kV and 20 mA pre-exponential factor can be calculated using Rogers
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and Smith formula, [20]:

_ ¢E emw
T RT2

max

(7)

3. Results

3.1. Mechanical tests

Table | lists values of the yield stress as a function of
strain rate and test temperature. The Cross Bow systet
(¢ ~ 10% did not have the facility for testing other than
at room temperature. The large increase in yield stres
at high strain rates and temperatures béelgus evident
from the data. The flow stresses at 10% and 20% strail
showed a similar pattern. Table Il contains the values
of the temperature rise for the strain limited tests. Fig. 1
depicts the temperature rise data. The four set of dat:
can be fitted to fairly straight lines which supports Chou
et al. [21] who suggested that the temperature rise may
be assumed to be linearly related to the strain after the

TABLE | Variation of PET yield stress (MPa) with strain rate and

(@)

(b)

©

@

temperature

10 20 30 40 50

Temperature Angle 26 ©
Rate (s1) 263K 298 K 323K 363K 453K
Figure 2 X-ray diffraction patterns of PET tested at 298 K: (a) undrawn;
0.001 68+ 2 6442 2942 - (b) 10°3; (c) 1200; (d) 1900; (e) 880078.
1200 130t 13 138+ 20 138+ 18 66+t9 42+6
1900 16518 163+23 160+19 78+9 42+8
8800 204£ 2

specimen yielded. Chou reported rises of 10 to 20 K at
20% strain and 1051, which are larger than the values
tabulated in Table Il for 30% strain.

TABLE Il Calculated temperature rise values with strain and strain

rate

Temperature Rise (K 2)

Strain (%) 10351 1st 1200 st 8800 st
30 9 12 9
70 25 30 35 55
140 48 58 71 125
185 64 94 107 152
140 T 200011
~m-1s-1
120 + —i— 1200s-1
~x—-8800s-1
100 +
< 80 +
i_
< 60 +
40 +
20 +
0 f f }
0 50 100 150 200
Strain (%)

Figure 1 Temperature rise versus strain at different strain rates.

3.2. X-ray diffraction

The wide angle x-ray diffraction patterns of PET sam-
ples, as-received and tested at 298 K, at different strain
rates are shown in Fig. 2. The as-received material ap-
peared to be amorphous and isotropic. Compression
at a slow rate oriented the material although diffraction
peaks were not detected. The sharp peaks’aBZ8and

45> are due to the aluminium holder. At higher strain
rates, 18 s71, three clear peaks were detected whose
positions are in agreement with reportédpacing val-

ues for crystalline PET [4]. At the highest strain rate the
pattern did not show diffraction peaks. On annealing,
the untested as-received material orients, and shows
three broad peaks when the annealing temperature ex-
ceeds the cold crystallisation temperature. When tested
at 102 s~ at 363 K, diffraction peaks due to crys-
tals appeared, although they are very ill defined. This
contrasts with the very intense peaks detected when
samples are compressed at 453 K at this low strain rate.
At strain rates in the f0s™! range, crystallographic
peaks were detected in all the samples independently
of the test temperature although samples tested below
roomtemperature showed a less perfect structure. Fig. 3
shows the x-ray patterns of samples tested at different
strain rates when the test was halted at 185% strain.
It is clear that the crystalline development is only evi-
dent at the highest strain rates. At£&and 1 s only
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TABLE Il Variation of lattice spacing&) with strain rate and TABLE IV Variation of full width at half maximum and crystal size

temperature (nm) perpendicular to the (100) plane with strain rate and temperature
(010) (110) (100) Rate 1200 ! Rate 1900 5t
Rate (s? T (K +0.02 +0.02 +0.02
(s9) (K) ( ) ( ) ( ) FWHM FWHM

1200 298 5.03 3.94 3.44
1200 323 4.93 3.94 343 298 1.49 6.05 1.56 583
1200 363 505 397 347 323 1.47 6.18 1.45 6.25
1200 453 5.04 3.92 343 363 1.52 596 1.09 8.29
1900 263 R 3.05 345 453 1.46 6.22 1.13 8.06
1900 298 5.04 3.95 3.43
1900 323 5.05 3.95 3.44
1900 363 5.01 3.93 3.42 5.1
1900 453 5.04 3.92 3.41 ’

4.8 +

4.5 +

(a)

d spacing (A)
Y
N

(b) 250 300 350 400 450
Temperature (K)
Figure 4 d Spacing versus temperature for the three main reflections.
Continuous line 12007 discontinous line, 190073, Error bars are
too small to be shown.

(¢

8.5
8T 1
1900 s
S 75 1
£
40 2‘0 36 46 50 Q T
Angle 28 @ @
S 65+
Figure 3 X-ray diffraction patterns of PET tested at 298 K up to 185% £,
strain at: (a) 103; (b) 1; (c) 1200; (d) 880075, 5] 64 ;
1200 s
orientation occurred after compression to any strain. 5.5 1
However, samples tested at 1200 sand 8800 st
showed evidence of orientation for strains up to 70% 5 I l i
and evidence of crystal structure at higher strains. 275 325 375 425 475
The d-spacing values obtained from samples which Temperature (K)

gave rise to diffraction peaks are shown in Table Ill. _ _ ,

The values found in compression are all below thoséﬁgure 5 Crystal size versus temperature at different strain rates.
reported by Jabarin [4]. Fig. 4 reveals that no major

change occurred in thetspacing of a family of planes (100) peak was chosen for the calculations because it
at a given strain rate when tested at different temperaappeared in all the scans and, being the most intense,
tures and that theé spacing values almost superimposedany change in crystallite size should be more easily de-
for a family of planes at different strain rates, indicating tected than for the other peaks. It can be seen that up to
that there was no changedrwith strain rate. Thisisin test temperatures of around 323 K there is no change
contrast to results obtained with PEEK which showedin crystal size with strain rate. At higher experimental
a drop ind spacing with strain rate [22]. Fig. 5 depicts temperatures the crystal size increased from 6 to 8 nm
the crystal size perpendicular to the (100) family cal-when tested at 1900°. The crystal size of samples
culated from Equation 2 and tabulated in Table IV. Thetested at 453 K and 18 s~ was approximately 4 nm.

4408



(a) ()

(mﬂ_/H/’_

«©)

(c)

(¥ (\

(dy

© %[-

T T [ T
0 50 100 150 200 250 300

I T T T T T 1 Temperature (°C)
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Temperature (°C) Figure 7 DSC scans of PET tested at 298 K up to 185% strain at:

] (@) 10°3; (b) 1; (c) 1200; (d) 8800 .
Figure 6 DSC scans of PET tested at 298 K at: (a) undrawn; (b}10

(c) 1200; (d) 1900; (e) 880078.

peak at a higher temperature. Fig. 7 shows the scans
of samples tested up to 185% strain at different strain
tes. It can be seen that the cold crystallisation and
ass transition were not detected at the higher rates.
t low rates, 102 and 1 s, both transitions are clear
upto 185% strain. Nevertheless, the cold crystallisation
peak temperature decreased with strain from 418 K to

3.3. Thermal analysis
The DSC scans of as-received PET and PET tested &
different strain rates at room temperature are shown i
Fig. 6. All DSC scans were performed at°1fin?.

As-received PET underwent glass transition cold crys

tallisation and melting in the range 273—-623 K. When ;
compressed at low rates the thermal behaviour is ver 93 K and 415 K to 394 K respectively. At 1200 and

o~ : S o 1 isation i 9 '
similar to as-received material with the glass transition 800s", cold crystallisation is seen up to 140% sirain,

and cold crystallisation very clear. When tested in thealthOngh it decreased in magnitude with strain and the

10® s1 range the glass transition and cold crystalli-pe_?:: temperaththehdecr:edased 1;ro||r_n 4t14 Kto ?(96 Ié h
sation are not visible in the scans. The cold crystalli- € areas of the cold crystalisation peax and the

sation peak disappearance may be associated with (2. @ TECR (0 SRR (SSRE BL B R AR,
transition in physical properties such as density [23]. ’ P

At 8800 s! the glass transition and cold crystallisation and Vi Wh“? the overall crys’gallinity content obt_ai.n(_ed
are very broad but clear. As-received PET underwen y subtractlln_g the two previous values and dividing
glass transition and cold crystallisation on annealin y_1_15 J g is shown in Tabl_es V”. anq VIII. Crys-

up to 363 K, when the peak occurred at about 415 K_alllnlty content data are depicted in Fig. 8. The de-

C gree of crystallinity tended to increase with strain rate
When annealed at 453 K which is above the cold crysup t0 1900 S* at any test temperature except 453 K

tallisation temperature the material crystallised before hen nearlv all the crvstallisation occurred before the
the thermal scan and cold crystallisation was not seerl y y
Under slow rate compression the thermograms are very
similar to the as-received material, the glass transitioqABLE V Variation of cold crvstallisati o melt doth
and cold crystallisation very clear up to test tempera- v variation of coid crystaflisation and metting endotherm
. with strain rate and temperature

tures of 363 K and absent at higher temperatures. The
cold crystallisation peak temperature occurred approx- Cold Crystallisation/Heat of Fusion (J/g)
imately at 393 K. At 18 s72, there seems to be a transi- .

Rate (s1) 263K 298K 323K 363K 453K

tion in the material behaviour. The glass transition was

not observed and the cold crystallisation represented 39/54 3952 4053 33/53 0/54
a small percentage of the overall crystallinity contento.oo1 3453 38/56 3955 18/60 0/59
compared to the contribution of the melting endotherm 1200 254 8/58 3/56 7/55  0/57
Samples tested at 1200%sand 453 K and at 1900°% éggg 7.054 225/ g}l os8  H6l 057

at 363 K and 453 K showed a second small melting
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TABLE VI Variation of cold crystallisation and melting endotherm

with strain and strain rate at 298 K

Cold Crystallisation/Heat of Fusion (J/g)

Rate (51) 30%strain  70% strain ~ 140% strain ~ 185% strain
0.001 3953 38/52 36/54 34/55

1 37/51 37/54 32/53 3353

1200 3753 37/52 32/54 0/58

8800 3753 23/55 2/56

TABLE VIl Variation of crystallinity content (%) with strain rate and

temperature

Crystallinity Content (%t 1)
Rate (s1) 263K 298 K 323K 363K 453 K
0 13 12 12 18 47
0.001 16 16 14 37 51
1200 29 44 46 42 50
1900 41 52 50 48 50
8800 25

TABLE VIII V ariation of crystallinity content (%) with strain and

strain rate at 298 K

Crystallinity Content 1)

Rate (51) 30%strain  70% strain ~ 140% strain ~ 185% strain
0.001 13 13 16 19
1 12 14 18 18
1200 14 13 19 50
8800 13 28 47
60
50 X T T e
S
> 40 +
£ :
[ .
230t B
5 U -~
-7 — - 263K
—8—298 K
20 1 — 4 323K
%363 K
3 — ¥ — 453K
10 f t
0.001 01 10 1000

Figure 8 Crystallinity content versus strain rate on a logarithmic scale.

Strain Rate (s™)

60
S0 T ——30%
-=-70%
= 1 ——140%
2 40 ¢ 185%
=
£ 30
Ju!
[7p)
<
O 20 +
10 +
0 :
0.001 0.1 10 1000

Strain Rate (s™')

Figure 9 Crystallinity content versus strain rate on a logarithmic scale.

3.4. Kinetics of crystallisation

The evidence presented in the above sections suggests
that crystallinity increases occur predominately at high
strain rates and at strains in excess of 140%. High strain
rate leads to increased yield and flow stresses (Table I)
and since the process is adiabatic to large temperature
rises, (Table Il). These temperatures may be sufficient
for cold crystallisation to take place in the normal ther-
mally induced manner and offer an explanation of the
crystallinity increases observed after a test. However,
in order to test this hypothesis the kinetics of crystalli-
sation must be known. Experiments were therefore car-
ried out to determine the cold crystallisation kinetic pa-
rameters. Untested as-received samples were used for
all these tests. A knowledge of these parameters, and
the assumption that the same parameters can be used in
high rate tests, can be used to estimate the crystallinity
as afunction of time during atestand hence determine if
crystallinity induced in this manner can be responsible
for flow stress increases.

Owing to the asymmetry of the cold crystallisation
peak the activation energy and pre-exponential factor
were calculated following the methods outlined above
using two different sets of peak temperatures. The cold
crystallisation peaks temperatures can be seen in Ta-
ble 1X. Figs 10 and 11 show the fit of the data to
the Kissinger and Ozawa methods. Average parameters
were calculated from both methods. The low tem-
perature peak temperatures yielded and activation
energy for crystallisation of 117 kJ mofeand a pre-
exponential factor of 1.2 10*> min—1. The high tem-
perature peak gave 95 kJ moteand 2.5x 10 min—2.

TABLE 11X Variation of the cold crystallisation peak position with

compression began. Samples tested at low strain ratésating rate

needed higher test temperatures to reach a high degr
of crystallinity. Fig. 9 show the crystallinity content of

B&re (k/min) FIRST PEAK (K) SECOND PEAK (K)

samplestested at different rates to different total strains. 383.0 399.4
At low strain rates or small amount of strain the degree2 387.3 405.6
of crystallinity increased very little but large increases® 394.5 416.9
were found when compressed beyond 140% at rate}) P P

above 18 s 1.
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5 TABLE X Increment in the degree of conversion,at 373 K after
0.3 ms. Middle columnE =117 kJ mole!, A=1.2 x 10* min~1.

\ Right column,E = 95 kJ mole?, A=25 x 10M min~*
- 9(@) dary dorz

O i
1o 2.2x10°7 5.9x 1078
2 (1w)t? 4.4%x 1077 1.2x 1077
3 (1w)?? 6.6x 1077 1.8x 1077

Log (Heating Rate)
o

|

TABLE XI Increment in the degree of conversion,at 405 K after
4 s. Middle columnE =117 kJ mole®, A=1.2 x 10'®> min~1. Right
column,E =95 kI molel, A=2.5x 10" min—?

-15 | | | g(e) dag dorp
0.0022 0.0023 0.0024 0.0025 0.0026 1 0.05 8.0x 10-3
Inverse Temperature (K") 2 (1w)l2 0.10 0.02
3 (1w)?? 0.15 0.03
Figure 10 High temperature peak.Top: linear fit by Ozawa’s method.
Bottom: linear fit by Kissinger's method.
5 the rate constank, was used. The value calculated can

be interpreted as the isothermal increaseim 0.3 ms.

Itis reasonable to conclude that the values obtained are

an underestimation since at higher temperatarean
I only increase. Table X summarises the results for sev-
eral g(@) forms. The results show that no significant
amount of crystallisation occurs during a compression
test due to the temperature rise alone. When the end
of a typical high rate compression test was reached the
sample temperature was at least 405 K. The sample then
cooled down slowly. By drilling a small hole in a sam-
ple and inserting a thermocouple into the hole the time
taken for a PET sample to cool from 405 K to 373 K
-15 | : when the sample was between two steel rollers (simu-

0.0024 0.0025 0.0026 0.0027 lating the situation in a high rate test) was found to be

4 s. Calculations were carried out which are tabulated
in Table XI to determine the amount of crystallisation
Figure 11 Low temperature peak Top: linear fit by Ozawa's method. likely to occur in this cool down period. It can be seen
Bottom: linear fit by Kissinger's method. that the degree of conversion ranges from 1 to 15%. It

o ) ~ must be borne in mind that at 405 K the rate of crys-
Sunet al. [24] reported activation energies of crystalli- 5(lisation of PET is low.

sation of undrawn PET from their own experiments and
others between 155 and 264 kJ mdi€The present val-
ues are smaller than the previous values but are larggy piscussion

than the value of 84 kJ moté reported by Cobbs and 5 received PET was probably an isotropic material

Burton [25]. consisting of two phases- a small quantity of crystalline

During a high rate compression test the temperaturgyase “anout 10% as determined by thermal analysis,
of the sample rises by 100 K in approximately 1.3 mS..5qomly dispersed in the prevailing amorphous ma-

Itis estimated that the sample reaches the temperatuf, 'gince the material was received in plaque form, it
for ons]?tt of ﬁrystalllsanor), abeUt.373 ﬁ a_pproxmater:yis very likely that the chains run more or less parallel to
1 ms after the compression begins, that s to say wheg, plaque surfaces. The history of the material is not
the temperature increase is about 80 K. Thus, cold CrySy,qwwn but it seems that it was rapidly quenched from

tallisation may have happened during the last 0.3 mS Ofe et The amorphous phase was probably highly en-

atest, this prediction is backed up by the evidence from 64yt the chains were in a more or less extended
fche strain limited tests. Assuming th?‘t th(_e temperatur%onfiguration because of the difficulty that PET has in
Is 373 andw, the degree .Of conversion, 1S equal to Oforming folded structures compared to other polymers
at the temperature at.Wh'Ch cold prystalllsatlon COM-yith a much more flexible chain. PET presents two con-

m(Tncles, gn 'F‘Cfeé‘se ‘”?0"‘3{ a period ?;.0'3 MS WaS  formational isomers, namely trans and gauche, which
calculated using Equation 4 rearranged: arise from the different positions that the glycol group

do = kg(e) dt can assume. The gagche cor_1formation is found only

in the amorphous regions as it cannot occupy normal

The calculation was carried out under the assumptiotattice positions whereas the trans form can exit in both
that the temperature was constant since a single value aimorphous and crystalline regions. The growth of the

o
I

Log (Heating Rate)
&

4L
(=}
;

Inverse Temperature (K")
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crystalline structure occurs by addition of material tolt seems that the likelihood of chains being properly
nuclei to form crystallites. Nuclei are formed as a re-brought together by the stress is greater in tension than
sult of thermal fluctuations [26] or already exist in the in compression.
melt and are frozen during quenching. The availability Tests at or above 10" proceeded under adiabatic
of nuclei is essential for posterior growth of crystals. conditions. The heat developed increases the temper-
Orientation of the amorphous phase occurs by chaimture of the sample in accordance with the tempera-
slippage, configurational change, C-H wagging vibra-ture rise estimates. The question arising is why low
tion and aromatic C-H bending mode, conformationalstrain rates brought about a small crystallinity con-
change also contributes to the overall orientation as deeent increase while higher strain rates induced a large
scribed by Dulmage and Geddes [27]. amount of crystallisation. The tests carried out in the
Low strain rate tests are isothermal in nature. Al-10° s~! range at 263 K may provide information in this
though the temperature rise estimated from the stresarea. These tests showed that the crystallinity content
strain data was as high as 65 K, no sizeable temperavas smaller than in samples tested at higher tempera-
ture rises occur since this calculation is based on théure, cold crystallisation was present and the structure
assumption of an adiabatic process and the time rdormed was not very perfect. Strain softening is signif-
quired to dissipate heat is much smaller than the chaiicant but the temperature attained in the sample during
acteristic time of the low rate experiments. Thus, thethe test was some 30 K below that attained in the room
small but real increase in crystallinity content detectedemperature tests. Therefore, it seems that there is a di-
on samples tested below the glass transition cannot bect correlation between the temperature reached in the
due to thermally induced cold crystallisation but mustsample and the increase in the crystallinity content.
be real strain induced crystallisation. Thus, small crys- The temperature for the induction of crystallisation
tals were formed by correct juxtaposition of chains intounder adiabatic conditions can be estimated from the
already existing nuclei. However, the rate of relaxationstrain limited tests. At 120078 crystal structure was
of chains as they slipped past each other may have exseen to develop at strains of 140% with a crystallinity
ceeded the rate of strain induced nucleation and thigicrease of 7% for atemperature increase of about 70 K.
avoided heavy nucleation and prevented a large increaSéherefore, it can be concluded that the structure devel-
in crystallinity. At test temperatures above the glassoped and the crystallinity experienced a significant in-
transition crystallisation happened before deformatiorcrease, above 5%, when the temperature rise was about
started. When tested at low rates aB36 a further 65-70 K, i.e. the temperature in the sample was ap-
increase in crystallinity of 19% occurred during de- proximately 363 K. However, some increase in crys-
formation. Again, owing to the isothermal conditions it tallinity above that of the untested sample occurred a
must be pure strain induced crystallisation. The crystaléew degrees below this, and so it seems that under stress,
formed before the deformation started acted as nucleairystallisation begins to take place at temperatures just
and grew as the compression proceeded. For tests cabove the glass transition temperature, but at a very
ried out at 453 K the crystallinity did not increase assmall rate.
a result of deformation, but, it seems that the crystals The sharp glass transition shown by the as-received
were more perfected and/or larger when compared witimaterial was not perceptible in the thermograms of sam-
the annealed as-received material. This perfectioningles tested at f&~1. The glass transition is determined
process can occur by the pulling of defects out of theby movementin the amorphous phase, thus, the absence
crystallites into the amorphous phase. ofthe transition was probably due to physical crosslinks
Previous workers have reported large amounts oinduced by the crystalline entities. The cold crystalli-
strain induced crystallisation at low rate of straining sation peak decrease can be related to the reduction of
even below the glass transition temperature. Neverthesntropy with preferential orientation [16]. Thus, speci-
less, itis clear from Tables VIl and VIl that the increase mens which did not crystallise at any stage, i.e., showed
in crystallinity contentis very small in the tests reporteda large cold crystallisation peak, were oriented by the
here. The orientation of the amorphous phase plays eompression and the molecular chains required a lower
very important role in crystallisation. In tension, the testenergy to be crystallised.
arrangement favours the orientation of chains in the The crystal size perpendicular to the (100) direction
direction parallel to the acting stress. The orientationincreased from 6 to 8 nm in samples tested above the
as the deformation proceeds, reduces the conformaylass transition temperature. This increase was accom-
tional and configurational entropy, conditions neededyanied by a second small melting peak at a higher tem-
for crystallisation to occur. The crystals formed are ofperature. The origin of this peak is not clear but it defi-
fibrillar type. However, under a compression load thenitely has a true microstructural origin and it could be
sample is allowed to expand in two directions perpendue to melting of small domains containing larger and
dicular to the applied stress. The three crystallographicnore perfect crystals.
planes formed by PET are parallel to thexis, and Samples tested at 8800'sshowed a lower degree of
thus, it can be concluded that the molecules stack irrystallinity than samples tested in the310* range.
the x andy planes with the chain axis parallel to the Temperatures near the onset of melting were attained in
z direction. These chains, which are perpendicular tahe Cross Bow system since the final strains could not
the stress, can adopt any direction in the plane of thée limited and were probably larger than 185%. This
sample. So, crystallisation occurs but probably only ineliminated any trace of crystals or nuclei present in the
small regions where the chains are aligned correctlysample before the test. As-received PET quenched from
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the melt under an Natmosphere gave a crystallinity 80
content of 23% and a DSC trace similar to samples
tested at 88007%. Thus, it is highly likely that those 70 |4 263K
samples tested in the Cross Bow reached the meltin¢ o, | |* 298K
temperature and then re-crystallised during cooling anc__ ® 323K
the crystallisation evolved in a similar manner to sam-2 5q |
ples quenched from the melt. p-
It seems that the increase in yield stress found ats 40 2
medium-high strain rates cannot be related to the higrg
degree of crystallinity detected in samples tested at higr 2 30 +
strain rates. Strain limited tests showed that crystallisa-~ 5 |
tion was induced only when samples were compressel
to atleast 140% strain. Kinetic estimations showed thalt 10 +
crystallisation occurred when the test came to an enc

ty (%

although not all the crystallinity increase could be ac- 0 5 * * *
counted for in this manner. Two factors may account 0 50 100 150 200
for a larger increase during cooling: i) the temperature Yield Stress (MPa)

rises were based on limited tests up to 185%, but it is
almost certain that samples tested without constraint§igure 12 Crystallinity content versus yield stress.
attained larger strains, which in turn yields higher tem-

perature rises. Higher sample temperatures certainlyrder to account for a large degree of crystallisation. It

means that more crystals were formed as the rate qfan pe argued that the conformational changes started
growth of crystals in PET increases with temperatureg yjelding.

reaching its maximum at approximately 450 K. ii) Ki-
netic parameters were calculated using isotropic sam-
ples, however, crystallisation in the sample started wheb. Conclusions
it was oriented reducing the energy barrier to be surPolyethylene Terephthalate showed three distinct crys-
mounted. Therefore, a smaller activation energy wouldallisation behaviours depending upon the strain rate:
lead to a higher conversion factat,in the calculations.
Moreover, the onset of crystallisation for oriented sam- i) Low strain rate, 10° s~1. Temperature below the
ples occurs in the order of milliseconds [26]. Thus,glass transition: the degree of crystallinity increased
it is believed that the time scale of tests conducted aby a small amount when compared with undrawn ma-
medium and above strain rates is too small for sizeabléerial. The glass transition and cold crystallisation are
amounts of crystallisation to take place during the testlearly seen in the DSC thermograms. The strain in-
and it must occur afterwards. The fact thatdrepacing  duced crystallisation occurred during the deformation
was almost independent of strain rate also supports thisrocess which lasted for several minutes. However, the
argument. Stress can cause a shift in the interatomirelaxation of chains and the lack of trans isomers pre-
distances, however the crystal structure formed in theented the formation of a large number of crystals and
present samples did not depend upon the test condihe final crystallinity content was small. Above the
tions and is therefore likely to have been dominated byglass transition, crystallisation happened before the test
processes occurring after the removal of the stress. started which favoured a further increase during testing.
However, it is remarkable that the crystallinity con- i) High strain rates, 19s1. Alarge increase in crys-
tentup to the glass transition followed an approximatelytallinity occurred, being smaller when the test temper-
linear relationship with yield stress, see Fig. 12. A previ-ature was below ambient. It is believed that thermally
ous investigation on the yield stress drop at high straininduced crystallisation took place after the compres-
rates showed that the trend of yield stress and cryssion was completed at these strain rates since it is very
tallinity with strain rate were the same [28]. Therefore, likely that it needed times of the order of seconds to
the stress seems to be related to the structure inducdx completed. A strain of at least 140% was needed to
afterwards. It may be that crystallisation is initiated by ainduce crystallisation and larger strains were required
critical stress level which may be established within theto induce increases of 30%. Isomerisation of the glycol
PET when the strain rate exceeded some critical valuegroup had to occur to account for such an increases.
and this is more important than the strain. Large strain§train induced crystallisation did not occur in the ms
did not induce crystallisation unless the strain rate wasime scale of the tests.
high. Strain rate plays an important role because the in-iii) Very high strain rate, % 10° s~. At this rate the
crease inyield and flow stress is a direct consequence ¢iitne scale of the experiment is shorter than in case ii).
theincreasein strainrate. Thus, the adiabatic condition§hus, crystallisation also occurred after the test came
imposed by the strain rate and the strain rate exceede an end. Strains above 140% induced a high final
ing the molecular relaxation rate lowered the barriercrystallinity content. However, tests without constraints
for crystallisation, heavy nucleation occurred and crys-gave a crystallinity content of about 25%. Since it is
tallisation took place to a large extent. Amongst all theargued that crystallisation occurred after the test it can-
processes involved in the deformation, it seems to baot be argued that structure was formed as the strain
compulsory that a gauche-trans transition occurred invas imposed and then destroyed. Therefore, the high
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temperatures attained seem to be the only factor whiche.

may account for such a small crystallinity value. Melt-
ing or disruption of nuclei due to high temperatures in
the sample probably gave rise to a similar crystallisa- ,
tion as that observed in rapidly quenched crystallisation
from the melt.
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