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Non-linear creep behaviour of PET 

L. LADOUCE,  J. PEREZ, R. VASSOILLE ,  G. VIGIER 
GEMPPM (UA CNRS 341), INSA Lyon, 69621 Villeurbanne cedex, France 

The non-linear creep behaviour has been studied on PET films at room temperature. A 
particular value of the stress, ~c, was used to characterize the change between the linear to 
the non-linear domain. The variations of the elastic modulus, the relaxed modulus and ~c 
revealed great sensitivity to the morphology of the crystallization. A molecular model of non 
elastic deformation, assuming (i) hierarchical correlated molecular motion, and (ii) nucleation 
and expansion of sheared-microdomains, was used to analyse the role of stress on anelasticity. 
To take into account the two-phase structure of semicrystalline films, a phenomenological 
series/parallel model was applied to express the mechanical coupling between amorphous and 
crystalline phases. Quantitative agreement was found between theoretical predictions and 
experimental data for low and high stresses. However, there was a discrepancy in the rate of 
recovery because the model predicts a strain recovery slower than the experimental behaviour. 
Consequently, it is proposed to develop further the molecular model mentioned above by 
specifying the energy profile of a sheared-microdomain and its stress dependence. Then, the 
difference between creep and recovery strain rate could be explained. 
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Anelastic equilibrium compliance Jsc 
Parameter proportional to the relaxation k 
strength X 
Shear vector R 
Correlation parameter ~s o 
Particular value in the distribution 
Average value in the material (Z = 0.27) T c 
Correlation parameter characterizing the tc 
ability of chain orientation Zmo 1 
Amorphous density 
Crystalline density 
Parameter of the mechanical mixing law Zmol, 
Tensile modulus 
Crystalline Young's modulus z~ 
Statistical weight in the distribution 
Shear modulus at 0 K % 
Creep compliance a t  the end of the creep t o 
time 
ValUe of Jmax for low stresses U~ 
Unrelaxed compliance 
Calculated compliance for a couple (Zi; Ai) Xc 
Experimental creep compliance Va 
Compliance of the amorphous part V c 
Compliance of the crystalline part 

1. Introduction 
Poly(ethylene terephthalate) (PET), the condensation 
product of terephthalic acid and ethylene glycol, has 
many important commercial applications, for in- 
stance, in the packaging, sports or textile industries. 
This polymer crystallizes easily with suitable thermal 
treatments. The mechanism of crystallization of PET 
from the glassy state has been investigated previously 
by several authors [1-3]. When this polymer is crys- 
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Compliance of the semi-crystalline material 
Boltzmann's constant 
Parameter of the mechanical coupling law 
Radius of a shear micro domain 
Stress necessary to cross the energy barrier 
only by mechanical activation 
Crystallization temperature 
Creep time 
Time for a translational motion of a struc- 
tural unit over a distance comparable to its 
size 
Particular value of Trnol in the time distribu- 
tion 
Characteristic time for the secondary re- 
laxation 
Time proportional to the Debye time 
Scaling time parameter determined by the 
experimental value of ~mol 
Activation energy for an elementary mo- 
lecular motion 
Crystallinity ratio 
Volume fraction of the amorphous part 
Volume fraction of the crystalline part 

tallized, it can be looked upon as a two-phase material 
exhibiting an amorphous and a crystalline phase [4]. 
The study of its mechanical properties requires a very 
good knowledge of the mechanical behaviour of each 
phase as well as their geometrical distributions which 
determines their mechanical coupling. 

For that purpose, creep experimentation seems to 
be one of the most useful techniques to study the 
anelastic and viscoplastic behaviour. Creep tests were 
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made with the amorphous and partially crystallized 
PET films presenting different crystallinity ratios. The 
aim of this work was initially to study the non-linear 
creep behaviour of PET films. Then, the mechanical 
response of the amorphous part was analysed using 
the molecular model of the non-elastic deformation 
developed in our laboratory [5], which relies on the 
thermomechanical nucleation of defects and on hier- 
archical constrained molecular motions. A mixing law 
based on a phenomenological basis was used to ex- 
press the mechanical coupling effects between both 
amorphous and crystalline phases. Finally, this ap- 
proach allowed a comparison between the mechanical 
response of the bulk amorphous and that of the 
amorphous part of semicrystalline films. 

2. Experimental procedure 
Glassy films of PET have been produced by Rh6ne 
Poulenc Films Corporation. The thickness was about 
870gm and the average molecular weight 
20000 gmo1-1. The samples were cut from a roll, 
annealed for 20 min at 363 K (10K above the glass 
transition temperature) and then cooled to room tem- 
perature. Different crystallinities were obtained by 
isothermal crystallization at 12 different temperatures, 
To, chosen between 363 and 503 K, in an uncontrolled 
atmosphere. We verified that no thermal degradation 
occurred during the annealing by comparing the 
mechanical properties of two samples crystallized at 
453 K. The first one was annealed in a helium atmo- 
sphere, the other simply annealed in air. They both 
had the same crystallinity ratio and the same creep 
behaviour. The ratio of the crystallization of PET at 
different temperatures has been investigated on the 
same films by Benatmane [6]. His results showed that a 
few minutes were necessary to obtain the equilibrium 
crystallization for temperatures higher than 393 K and 
a few hours for lower temperatures. Therefore, a dura- 
tion of 1 h was chosen for nearly all the temperatures 
used here. In order to obtain intermediate crystallini- 
ties, an annealing time between 2 and 4 h was used for 
the lowest temperatures. All the specimens were 
cooled from Tc to room temperature at a cooling rate 
of 10 K rain- 1. 

The crystallinity ratio was determined with a gra- 
dient density column full of carbontetrachloride and 
ethanol at 296 K with a density of the crystalline phase 
d~ = 1.455gcm -3 and of the amorphous phase 
da = 1.335 gcm -3. 

Creep tests were performed on an Adamel-Lhom- 
argy MF-11 apparatus [7]. All the displacements were 
less than 1 mm. The strain was measured by two 
capacitive sensors with an accuracy of i ~m and ana- 
lysed by a computer. All creep experiments were 
conducted in a stress range between 10 and 60 MPa, 
at a temperature of 296 K, and at a creep duration 
which was constant and equal to 20min. After 
unloading, the recovery of the strain was also studied 
for lb .  

3. R e s u l t s  
All creep tests for every crystallinity ratio were carried 

out on the same sample in ascending order of stress so 
that the physical state of the material was not modi- 
fied. The general shape of creep curves, J(t), obtained 
for various values of the applied stress, c, at a constant 
temperature will be described later. At low stress 
levels, the material behaved linearly and the strain was 
proportional to the stress (i.e. the creep compliance 
J(t) was independent of stress). At higher stresses, J(t)  
became dependent on the stress level. With increasing 
stress, the sample became easier and easier to deform. 

To describe the role of stress on the creep behavi- 
our, a particular value, cyc, of the stress was used [7]; 
~c is defined as follows 

Jraax (cYc) -- Jmax (0) 
= l O %  (1) 

J.,~ (0) 

where Jm,x is the creep compliance at the end of the 
creep time. Obviously, there is no critical stress. But 
below c~, there is no significant variation of the creep 
compliance curves with the stress compared to the 
experimental accuracy. Above ~ ,  the separation of 
the creep curves becomes clearly apparent. Moreover, 
this value, ~ ,  remains insensitive to change of creep 
duration [7]. 

Fig. 1 represents two creep curves obtained with the 
amorphous and semicrystalline films (X~ = 41%). We 
notice that for the same conditions of temperature and 
stress, creep curves of the semicrystalline sample re- 
main below those for the amorphous sample. Different 
values of cyc, E, E(t~) are used to follow the evolution 
of the creep behaviour during annealing. E actually 
corresponds to the relaxed modulus for a stress near 
zero at 5 s after loading. E(t~) is the relaxed modulus at 
1200s, i.e. at the end of the creep time; in practice, it 
corresponds to the inverse of J~,x (0). These values are 
obtained with an accuracy of a few megapascal for ~o 
and of about 10% for E and E(tc), which is enough to 
observe the effect of crystallinity. In order to compare 
the three variations versus crystallinity, the norm, N, 
is used. For  instance, for a given crystallinity ratio X~, 
N is defined by the function 

E(X . . . .  ) - E(Xo) 
N(Xc) = (2) 

E(X . . . .  ) -  E(Xo~o)" 

Fig. 2 represents the variation of the norm of cyc, E, 
E (to) versus crystallinity. The three parameters follow 
the same tendency: they increase with the crystallinity 
following two sigmoidal curves: the first below a 
crystallinity of 36% corresponding to a T~ of 403 K, 
the second above 36%. These two variations can be 
explained by the morphological aspects of the crystal- 
lization. In fact, the crystallization process takes place 
in two stages [4]. At low temperatures (T~ < 403 K) 
the primary crystallization occurs. Part of the 
amorphous phase is transformed into crystalline lam- 
ellae. The first stage must be related to the increase of 
o~, E and E(t~) of about 50%. The second increase is 
due to the secondary crystallization process during 
which the crystallization develops further in the 
amorphous regions between the lamellae. This latter 
stage improves the three properties by about 50%. 
Pastor et al. [8] and Balta-Calleja et al. [9] found the 

5400 



10 

6 % 
o 

4 

T 40 MPa 

30 MPa 

Amorphous 

40 and 30 MPa semicrystalline 

I 
1000 2000 3000 4000 

t (s) 

Figure 1 Influence of stress. Creep curves obtained on ( - - )  amorphous and ( - -)  semicrystallized ofX~ = 46% PET for two stresses, 30 
and 40 MPa. 
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Figure 2 Variation of (a) ere, (b) E, (c) E(t~) with the crystallinity 
ratio. These variations are represented by the function N(Xc), which 
is defined for a given crystallinity ratio X c (see text). 

same sigmoidal variations on annealed PET samples 
with microhardness measurements. 

In conclusion, it can be stated that creep experi- 
ments again indicate the occurrence of two crystalliza- 
tion stages. The three values ~o, E, E(tc), which are 
independently determined, confirm the existence of 
two sigmoidal curves. Thus the creep experiment is 
very sensitive to the morphological changes and creep 
appears to be an excellent practical tool by which to 
control the crystallization process.. 

4. T h e o r e t i c a l  a p p r o a c h  
The semicrystalline PET exhibits both amorphous 
and crystalline parts. The deformation of the amorph-  
ous region can be analysed as described below. The 
two-phase aspect accounts for the mechanical coup- 
ling between the two phases. For  this purpose, a 
phenomenological mixing law will be introduced. 

4.1.  T h e  a m o r p h o u s  p h a s e  
In order to analyse the mechanical behaviour of the 
amorphous part of PET in creep experiments [7], we 
used the molecular model developed in our laboratory 
[5, 10, 11], in which the microscopic behaviour is 
related to local molecular motions. This theory is 
based on the following assumptions. The amorphous 
polymer is considered to be a close packing of molecu- 
lar units in which there are microregions correspond- 
ing to microfluctuations in the density, having an 
increment of enthalpy and entropy and called quasi 
point defects (QPD); it is possible to evaluate their 
concentration, Ca, by differential scanning calori- 
metry. 
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By thermomechanical activation, the QPD become 
activated, and sheared-microdomains (SMD) are nu- 
cleated. If the applied stress remains, SMDs expand 
owing to correlated molecular motions with a character- 
istic time equal to ~mol (time for a translational motion 
of a structural unit over a distance comparable to its 
size). 

~mo,(~) = to (3) 

where Z is a correlation parameter which depends on 
the defect concentration Ca, (0 < Z < 1; X = 0: in the 
case of perfect crystal C d = 0, Z = 1: in the case of 
perfect gas, Cd = 1 (~mol = ~)), to is a time scaling 
parameter. The time ~ (cy) corresponds to the thermo- 
mechanical activation of an elementary molecular 
process; it is generally given by an Arrhenius equation 
of the form 

{U~ [1 - c~/~o] 3/2 } 
"%(c0 = Zoexp )r (4) 

with G o = Go/2rc, Go the shear modulus at 0 K, U~ the 
thermal activation energy and t o time which is pro- 
portional to the inverse of the Debye frequency. 

For experimental times, shorter than rmol, the ex- 
pansion of SMD occurs due to conformational 
changes. The elastic energy associated with SMD 
implies their reversible constriction after the removal 
of the stress. The SMD expansion leads mainly to the 
anelastic strain. Whereas for longer experimental 
times, there is annihilation of the lines bordering the 
SMD and loss of the elastic energy, this leads to an 
irreversible shear strain. These assumptions lead to 
the expression of the elastic, anelastic and viscoplastic 
components of the creep compliance 

L'l:mo, (cy)J J J 

A,F t "]~' + (5) 

J ,  corresponds to the unrelaxed compliance, A repre- 
sents the anelastic equilibrium compliance and A' is 
proportional to the relaxation strength. Ze corres- 
ponds to the average value of the correlation para- 
meter material as a whole. X' is another correlation 
parameter characterizing the ability of chain reorient- 
ation around the SMD when the times become long 
enough [-10]. 

In fact, the distribution of relaxation times must be 
accounted for. Thus, a gaussian distribution function 
in the distribution factor of the correlation parameter 
1/Zl between 1 and 1/Ze is used [5]. It results in a time 
distribution between z~ and Zmol. 

Finally, the creep compliance is given by the follow- 
ing theoretical formulation: 

+.{,.,,(,_ ~ 
Idol" + A' (6) 
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with 

F~I3 (O-) 11/Zi 
~moh (O') = to L~2-O " J (7) 

gi is the statistical weight of events with time ~mol,. [5]. 
In the approximation of the low viscoplastic com- 

ponent, A' is chosen as equal to A. This theory was 
applied to the amorphous part of the PET. The 
parameters To, U~ and % are estimated from mechan- 
ical spectroscopy and are, respectively, equal to 1.7 
x 10-16s, 0.56 eV, 380 MPa. Moreover, Z' = 0.8 and 
t o =  10-11s have been previously determined by 
Benatmane I-6]. 

A and Z, which are material parameters, are deter- 
mined by numerical calculation using Equation (6). 
These coefficients are adjusted so that the sum 

S = ~ (Jexp- Ji()Q, Ai)) 2 (8) 
i=0 

is minimized. Je,v and Ji are, respectively, the experi- 
mental data and the theoretical values. All the calcu- 
lations are worked out with 100 discretization points. 
Thus the accuracy of the parameters A and 7~ corres- 
ponds to the step used for calculation. Typical values 
obtained with this method for amorphous PET are 
X = 0.27, and A = 2 x 10- lo Pa-  1. These values are in 
agreement with the data obtained by other experi- 
mental techniques such as differential scanning calor- 
imetry or low-frequency mechanical spectroscopy [6]. 
There is quite a close correlation between the experi- 
mental creep curves and the predicted ones. There 
appears, however, to be a slight discrepancy at the 
beginning of the recovery in the non-linear domain. 
Attempts will be made to explain this later. 

4,2. Semicrystalline PET 
The two-phase nature of the semicrystalline PET 
enables us to use directly the molecular model of non- 
elastic deformation. The amorphous and crystalline 
phases present very different mechanical properties. 
The creep behaviour depends, to a great extent, on the 
mechanical coupling of the two phases. The behaviour 
of the amorphous phase is supposed to be described 
by the above theory. The crystalline part is considered 
as a perfect crystal which does not present anelasticity. 
Thus the crystalline compliance is defined by Ju(t) 
= 1/Ec. The elastic modulus of the perfect crystal of 

PET has been determined [12] by theoretical ap- 
proaches. The Ec value has been estimated to be in the 
range 100-130 GPa for the main direction and at 
6 GPa in a perpendicular direction. These ~,alues have 
been determined in the direction parallel and perpen- 
dicular to the chain axis. In our case, crystallization is 
obtained by thermal treatments on isotropic amorph- 
ous samples. Thus in this work, the average value of 
20 GPa is retained. Nevertheless, a difference in Eo 
value does not really affect the conclusions. 

To take into account the two-phase structure of the 
semicrystalline films, it is necessary to introduce a 
coupling law, to describe the mechanical behaviour of 
the material as a whole. A great deal more needs to be 
known about this aspect of the two-phase material 



but, in fact, the only established laws are the two well- 
known Reuss and Voigt limits, corresponding to the 
additivity of strain and stress, respectively. Various 
approaches have been proposed to find the right 
position between these two limits, but most of them 
introduce an adjustable parameter. A series parallel 
model, previously used by Takayanagi et al. [13] will 
be used to express the coupling effects (see Fig. 3). This 
model leads to the following expression giving the 
creep compliance, Jso, of the whole material as a 
function of the amorphous and crystalline complian- 
ces, Ja and Jc 

1 1 - 4 )  4) 
- + (9) 

J~o J~ Jo +(1 - ) 0 J ~  

This formulation implies two parameters, % and ~b, 
linked by the equations: V~ = )~qb and V,~ = (1 - )~)4~, 
where V~ and V,~ correspond, respectively, to the 
volume fraction of the crystalline and the amorphous 
series phases. In such a model, ~. is considered as an 
adjustable parameter. However, using the work of 
Fulchiron et  al. [14], who have related the parameter 
;~ to the amorphous volume fraction, we ensure the 
description of the mechanical coupling without 
adjustable parameter. They have supposed that this 
amorphous volume fraction, V,~, is proportional to 
the reciprocal long period. In the crystallization tem- 
perature range studied in this work, this long period 
evolves only slightly (between about 9 and 11 rim). 
Thus, they considered that the crystalline surface re- 
mains quasi unchanged. Following the assumption 
that the coupling is dependent on the available sur- 
face, S~, of the-crystalline lamellae, they considered 
that if S~ is constant, the amorphous fraction, V~, 

1, 
~0 

Figure 3 Representation of the series parallel model. 

ensures the coupling remains constant. Thus )~ is 
calculated from the expression 

~, = Lvo + 1  -1 (10) 

V,s is estimated by tensile modulus measurements to 
be V,~ = 0.2. 

Finally, the creep compliance of the semicrystalline 
PET is given by 

Ja [~,ac + (1 -- ~')Ja] 
Jsc = (11) 

~Jc  -'~ (1 --  ~')Ja + V e ( J a  --  Jc) 

is calculated from Equation 10, using the assump- 
tion that V,, remains constant. This is not true at the 
beginning of the crystallization (Xc < 33%) because of 
the three-dimensional growth of the crystallites: in 
that case, the surface of the lamellae does not remain 
constant. This is why this model will only be used for 
crystallinity ratios higher than 29%. 

The amorphous creep compliance, J, ,  is deduced 
from the molecular model with the same values U~, % 
and to, because crystallization does not affect the [3 
relaxation process [14, 15]. Z' is estimated to be lower 
than for the bulk amorphous PET (;( = 0.6); in effect, 
the crystallization acts as a physical cross-linking. 7~ 
and A are always determined as previously explained. 

4.3. Discussion 
In Table I, the variation of A and I' with the stress is 
displayed for all crystallinity ratios. The following 
comments can be made. 

(i) A is higher for the amorphous part of the semi- 
crystalline PET than for the bulk amorphous (5.5 x 
10 -20 Pa -1 compared to 2 x 10 -1~ pa-1). 

(ii) A is not sensitive to the crystallinity ratio. 
(iii) A is stress dependent in the non-linear domain 

(5.5 x 10- lo Pa -  ~ for low stresses and 8 x 10-1o Pa-  1 
for a stress of 60 MPa  in the case of 41% crystallized 
sample). 

(iv) The correlation parameter, Z, is slightly lower 
for the amorphous part of the semicrystalline sample 
than for the bulk amorphous (0.23 compared to 0.27). 

(v) X is slightly influenced by the stress for almost all 
th e semicrystalline samples (0.24 for low stress against 
0.22 at high stress). 

An approach developed on a physical basis is re- 
quired to explain these results. 

(i) Owing to the physical meaning of A, its increase 
with the crystallization indicates that the defect con- 
centration in bulk amorphous polymer is lower than 
in the amorphous part of the semicrystalline one. A 
direct approach could explain the increase in defect 
concentration introduced by annealing. With infrared 
spectroscopy measurements, Lin and Koenig [3, 16] 
studied the chain conformation changes of PET sub- 
mitted to annealing. Two different conformations are 
present: the "gauche isomer" corresponding to a defect 
conformation, which exists only in the amorphous 
phase, and the "trans isomer" which is present in both 
phases. Before any thermal treatments, Lin and 
Koenig observed 13% trans conformations and 87% 
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T A B L E  I Var ia t ion  of the creep equ i l ib r ium compl iance  and corre la t ion  pa ramete r  with the stress and  the crysta l l in i ty  ra t io  

Stress Xo (%) 
(MPa)  

0 29 34 37 39,5 41 46 

A 7~ A Z A Z A X A Z A ~ A X 

20 2 0.27 5.5 0.23 5.5 0.24 5.5 0.23 5.5 0.23 - - 5.5 0.24 
25 2 0.27 5.5 0.23 5.5 0.24 5.5 0.23 5.5 0.23 - - 5.5 0.24 

30 2 0.27 5.5 0.225 5.5 0.235 5.5 0.23 5.5 0.23 5,5 0.24 5.5 0.235 
35 2 0.27 5.5 0.22 5.5 0.235 5.5 0.23 5.5 0.23 5,5 0.23 5.5 0.23 

2.3 0.27 - - 5.5 0.23 6 0.225 5.5 0.23 6 0.335 5.5 0.23 

45 . . . .  6 0.23 6.5 0.22 6.5 0.227 6.5 0.22 5.5 0.225 

50 - - ? 0.225 7 0.22 7 0.22 7 0.22 5.5 0.22 
55 - - 8 0.225 - - - 7.5 0.22 6 0.217 

60 . . . . . . . .  8 0.217 6.3 0_214 
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Figure 4 (a) Creep curves ob ta ined  by tes t ing ( - - - - ) ,  c o m p a r e d  to the predic t ion  ( - - - ) ,  in the case of a semicrysta l l ine  sample  (X c = 41%). 
W h e n  the predic t ion  and  exper iment  are super imposed  for a given stress, only the theoret ical  curve is represented  ( - - - ). (b) En la rgemen t  of 

(a), bu t  only for the recovery. 
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"gauche" in the wholly glassy polymer. When crystal- 
lization occurs, the gauche-trans isomerization leads 
to a rapid decrease in trans amorphous contents 
which nearly falls to zero. Lin and Koenig have 
associated these trans conformations with the ex- 
truded chain units making up the interlamellar 
links. Thus, the loss of the trans amorphous content 
must correspond to a decrease in the number of tie 
molecules, consequently, a loss in tenacity should be 
expected. If we assume that gauche conformations are 
the less ordered (compared to the trans conforma- 
tions), their concentration can be assimilated to that 
of the quasi point defects. So, the fall in trans amorph- 
ous content is in agreement with the increase of 
the parameter A, which corresponds to the defect 
concentration. 

(ii) The trans content diminution occurs very rap- 
idly during the first stage of crystallization and 
remains nearly at zero for the second step of crystal- 
lization. The range of crystallinity ratios we have 
studied, corresponds mostly to this second stage, thus 
the decrease in trans isomer was insufficient to involve 
a change in A. 

(iii) For  this point, an energy profile representing 
the nucleation and growth of a sheared microdomain 
will be discussed in the next part of this work. 

(iv) In annealed PET, the crystalline lamellae re- 
duce the chain mobility of the amorphous phase. So 
the molecular motions should be more constrained. 
This effect is expressed in the decrease in Z with 
increasing crystallinity ratio [17]. 

(v) In the non-linear domain, where plasticity 
appears, all the strain is supposed to be localized in 
the amorphous domains, involving local molecular 
orientations. Indeed, for high stresses, the molecular 
stretching increases the correlation effects, so X 
decreases. 

Finally, all the experimental observations agree 
with the physical aspect of the molecular model. It is 
surprising that all the morphological changes induced 
during the two steps of the crystallization process 
involve sensitive changes in the physical parameters. 

In order to understand the creep behaviour of 
semicrystalline PET, in the non-linear domain, we can 
analyse the curves obtained by experiments and by 
theoretical predictions. Theoretical curves are plotted 
in Fig. 4a, using Equation 6 for the amorphous part 
and Equation 9 for the mechanical coupling with the 
same set of parameters as previously described. The 
theoretical curves (dashed lines) are compared to the 
experimental one (full line). At first sight, the theory 
leads to a quantitative description of the experimental 
creep behaviour with both curves exhibiting the same 
general shape during creep. At low and medium stres- 
ses, the curves are superimposed. Accordingly, the cy c 
value, previously defined and deduced from theoret- 
ical curves, follows the same variation as the experi- 
mental curves within an accuracy of 10%. However, 
for high stresses, even if the behaviour during load 
remains exactly the same for the experiment and 
prediction, a discrepancy appears in the rate of 
recovery (Fig. 4b). More exactly, for stresses higher 
than o~, during the early stages of the recovery, the 

recovered strain is always greater than that predicted. 
As recovery progresses, the difference between the two 
compliance curves becomes smaller. The observed 
residual compliance conforms fairly closely to the 
prediction. Furthermore, the more the stress increases 
in the non-linear domain, the later the two curves 
meet. Whatever the model used may be, the same 
discrepancy appears in the recovery between the pre- 
diction and the experiment [18, 19]. 

In order to explain those features, a scheme showing 
an energy profile will be used [20]. This energy profile 
shows the energy state of a microregion where a 
sheared microdomain is nucleated and expands. The 
line bordering an SMD is a Somigliana dislocation 
which cannot glide. Its elastic energy corresponds to 
2nR (Gb2/4rO In [(2/31/2b)R] with b the shear vector, G 
the shear modulus, and R the radius of an SMD. 
Applying a stress results in lowering the energy level 
because of the work done by the applied stress: 

R2ob. In addition, to take into account the fact that 
SMD growth occurs, thanks to conformational 
changes with a local energy Ug, a succession of bar- 
riers are added. For a critical size of the SMD, the 
profile shows a lowering of the barriers, because the 
SMDs coalesce and dislocation energy is suppressed. 
Finally, a semi-quantitative reproduction is given in 

20 ~ 0 MPa (only line energy) 

lo i 
5 i ~ ~ L ~  " 50MPa 

-57 5 1 0 ~  15 20 

-10~ 100 MPa ~ R i b  

-15 1 (with work of the applied stress) 
(a) 

4.5 
4.0 ! 0 MPa 
3.5 ., 

~3 .0 I  -- 
~2.5 t /~ ~ 
b 2.0t / ~  / ~  \\ 

1 5 t ~ /A~/ \/ \ ' 
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Figure 5 (a) Energy of a SMD versus its radius and variation when 
the profile is lowered because of the work of the applied stress. (b) As 
(a), but with (i) limitation of line energy due to SMD coalescence 
and (ii) barriers for conformational changes; the probable reparti- 
tion of the population is modified. (c) The stress is removed, the 
recovery occurs, and the activated defects return to their initial 
state. 
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Fig. 5. Without any applied stress (Fig. 5a, for 
cy = 0 MPa), the energy state of an unactivated defect 
is mainly localized in the first well. The equilibrium 
population is calculated with the help of the Bolt- 
zmann statistic. When stress is applied, the whole 
profile is lowered by the stress field (Fig. 5b); there is a 
new equilibrium distribution of the defects in the 
several wells. Furthermore, this equilibrium changes 
with stress. This involves a non-linear increase in the 
equilibrium population with stress, which is expressed 
by the increase in the parameter A. 

When stress is removed (Fig. 5c), the elastic energy 
stored during the SMD expansion causes the sheared 
regions to return to their unstressed initial states. 
From the energy point of view, the profile returns to 
its original state, but the energy barriers are lower 
than for the growth of an SMD. Thus by using this 
scheme, the high rate of recovery is easy to under- 
stand. Introducing this profile in the molecular model 
mentioned above should improve the description of 
the recovery and should give a better prediction of the 
non-linear behaviour. 

5. Conclus ion 
A study of amorphous and crystallized PET has been 
carried out using creep experiments in the linear and 
non-linear domains. Analysis of creep compliance cur- 
ves has shown that (i) for a given strain rate, creep 
strength increases with the crystallinity ratio, (ii) creep 
is sensitive to the morphological changes occurring 
during annealing. 

The use of the molecular model of Perez [5] for the 
prediction of creep behaviour has given a quantitative 
description of experimental curves obtained in linear 
and non-linear domains. Indeed, the particular value 
of the stress c~ c, used to characterize the non-linear 
domain, is determined by the theory with an accuracy 
which is better than 10%. On the other hand, the 
model gives a good description of the recovery, even 
for medium stresses. For high stresses the theory does 
not reproduce correctly the beginning of the recovery. 
In that case, the use of the energy profile related to 
SMD nucleation could qualitatively account for the 
discrepancy. 

To take into account the two-phase structure of 
PET, the mechanical coupling of crystalline and 

amorphous phases was supposed to follow a phenom- 
enological series parallel model, in which the adjust- 
able parameter is related to morphological considera- 
tions. This approach allowed us to understand the 
stress effects in the amorphous phase, for instance, the 
decrease in molecular mobility due to molecular stret- 
ching and the increase in the anelastic equilibrium 
compliance with stress. 
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