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Effects of structure on the tensile, creep and 
fatigue properties of polyester fibres 

Ch. OUDET*,  A. R. BUNSELL 
Ecole Nationa/e Sup#rieure des Mines de Paris, Centre des Mat#riaux, B.P. 87, 
91003 Evry C~,dex, France 

The behaviour of two types of polyester fibres have been compared and the differences 
observed explained in terms of the differences in molecular structure. One fibre which had a 
higher crystallinity than the other showed improved creep behaviour however shorter fatigue 
lifetime. Crack propagation during fatigue suggests a macrofibrillar structure superimposed 
on the microfibrillar molecular arrangement. Fatigue lifetime is suggested as being greatly 
influenced by the time necessary for crack initiation which involves modification of the 
molecular structure. The influence of the minimum cyclic load on fatigue lifetime has been 
studied for both fibres. 

1. Introduct ion 
Polyethylene terephthalate fibres, abbreviated in this 
paper to polyester fibres, are used for a wide variety 
of applications other than traditional textile uses. 
Many of the industrial uses to which polyester fibres 
are put subject them to prolonged loading and very 
often to fatigue conditions. In order to optimize fibre 
behaviour it is necessary to understand the processes 
occurring at the molecular level which determine 
behaviour under load. Although considerable insight 
had been gained into fibre behaviour and structure 
before the development of the scanning electron 
microscope (SEM) the ability to examine closely the 
fracture morphology of fine fibres stimulated and 
aided the study of the relationship between fibre 
structure and properties [1, 2]. Tensile and creep 
failure of these fibres has been seen to involve crack 
initiation at the fibre surface, slow propagation 
normal to the fibre axis and simultaneous opening of 
the crack due to plastic deformation ahead of the 
crack tip, followed by rapid failure. This leads to two 
very similar fracture ends and a distinctive tensile 
fracture morphology [1]. A distinct fatigue process has 
been shown to occur in polyester fibres when they are 
subjected to certain cyclic tensile loading conditions. 
Fatigue failure in both polyester and polyamide fibres 
leads to a distinctive fracture morphology involving 
crack growth along the fibre at a slight angle to the 
fibre axis [3, 4]. Ultimate failure occurs when the load 
bearing cross section is sufficiently reduced so as to 
initiate creep failure under the applied load. It was 
shown that a necessary criterion for fatigue failure was 
a sufficiently low minimum cyclic load [4, 5]. More 
recent studies have shown that the development of  
fatigue failure in polyester fibres is associated with a 
localized fall in crystallinity within the fibre structure 
[6]. An amorphous band is created within the fibre 

and gradually penetrates in towards the fibre centre. 
Micropores develop within this band which, on 
coalescence, develop into the fatigue crack which 
propagates along the amorphous band to give rise to 
the distinctive fatigue fracture morphology. 

The present study considers two samples of  very 
similar polyester fibres but differing in their micro- 
structures due to differing heat treatment histories. 
The influence of the differences in structures on the 
fibre properties has been examined and the role of  
the structure determining the mechanical properties 
discussed. 

2. Experimental  details 
2.1. Fibre characteristics 
The fibres which have been examined were obtained 
from two samples of industrial fibres manufactured by 
Viscosuisse (Rhone, Poylenc, Switzerland) and des- 
tined for use as reinforcements in rubber. The fibres 
were cylindrical with a generally smooth surface with 
occasional protuberances attributed to the diffusion of  
oligomer elements [7]. The two samples of  fibre have 
been called, arbitrarily, for the purposes of  this study, 
2 GTA and 2 GTB. Their physical characteristics are 
given in Table I. 

2.2. Mechanical Tests 
All tests were conducted on single fibres with the aid 
of a Universal Fibre Tensile tester which has been 
described elsewhere [8]. The machine consists of two 
jaws which grip the fibre to be tested. One jaw is 
attached to a moveable cross head controlled by an 
electric motor  which, under load controlled conditions 
operates so as to maintain the load on the fibre 
constant. The load is monitored by means of two 
transducers which measure the mean load and the 
amplitude of any cyclic load. In the case of a fatigue 
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TAB L E I Characteristics of the two types of fibre studied 

2 GTA 2 GTB 

Fibre diameter 23.6 (+  1.7) #m 22.7 (_+ 1.6) #m 
Linear mass 5.39 _+0.38) dtex 5.2l (_+0.34) dtex 

test an electromagnetic vibrator, to which the other 
grip is attached, provides a sinusoidal movement. The 
frequency used in these fatigue tests was 50 Hz and the 
gauge length was 50mm. Fatigue tests were usually 
stopped after 10 v cycles if failure had not occurred. All 
tests were conducted under conditions of 50% relative 
humidity and at 23 ° C. 

2.3. Microstructure 
The microstructure of semi-crystalline organic fibres 
has generated considerable speculation. Peterlin 
suggested that drawn fibres were made up of orientated 
microfibrils consisting of alternating regions of amor- 
phous and well ordered material [9]. Prevorsek devel- 
oped the microfibrillar model and proposed the 
existence of three phases; a crytstalline phase, an 
amorphous intrafibrillar phase and an interfibrillar 
oriented amorphous phase which we shall call the 
mesomorphous phase [10]. 

The structure of the two types of fibres which have 
been studied were revealed by Sotton using X-ray 
diffraction and the results obtained are shown in 
Table I! [11]. The measured factors are defined as: 

(a) true crystallinity, which takes into account the 
disorder factor as described by Sotton [12]. 

(b) disorder factor, which is calculated using the 
theory of Ruland which takes into account structural 
distortions [13]. 

(c) crystallinity index, calculated as described by 
Statton using two standards, one 100% amorphous 
and the other 100% crystalline [14]. 

(d) crystalline volume, calculated from the 20 
spread of the 1 0 0, 0 1 0 and 1 0 5 bands. 

(e) long period, which is the mean distance between 
the centre of two crystallites parallel to the fibre axis. 

(f) length of amorphous zones parallel to the fibre 
axis, taken to be the difference between the long 
period and the height of the crystallites. 

(g) small angle diffraction intensity expressed in 
arbitrary units with respect to the value R of the 
2 GTB specimen. 

The microstructural analysis was completed by dif- 
ferential scanning calorimetry and thermomechanical 
analysis. The principal differences between the two 

T A B L E I I Structural characteristics obtained by X-ray diffrac- 
tion of the two fibres as obtained by Sotton [11] 

2 G T A  2 G T B  

True Crystallinity (X~) 0.35 0.25 
Disorder factor (k) 2.9 2.5 
Crystallinity index (%) 50.5 2.5 
Crysta!lite volume (nm 3) 189 111 
Long period (nm) 15 13.8 
Length of amorphous zones (nm) 8.2 7,7 
Small angle intensity R x 3.6 R 
(arbitrary units) 

Oriented amorphous region (mesomorphous) , i i I 
i / i / I 

( ~ C r,stoi, , te ",, 

Micro fibril 

2GTA 2GTB 

Figure 1 Schematic view of the molecular structure of the two types 
of fibres with the fibre axis vertical. 

types of fibres are summarized in Table III and shown 
schematically in Fig. 1. 

3. Exper imenta l  resul ts  
The load-strain curves for each type of fibre are 
shown in Fig. 2. Similar behaviour was observed with 
both fibres at small strains and a Young's modulus of 
18 GPa was measured. Strain hardening was seen at 
greater strains and this was more marked with the 
2 GTB specimens. 

Under steady loading conditions both fibres were 
seen to creep as shown in Fig. 3. The creep rate was 
observed to gradually fall and to be a logarithmic 
function of time at low loads giving parallel curves for 
both specimens. At higher loads the creep rate was 
seen to increase prior to failure for both fibres. The 
fracture morphologies of the fibres broken in tension 
and in creep were similar and are shown in Figs 4 
and 5. 

Fatigue tests revealed similar fracture morphologies 
for both fibres and correspond to those previously 
described as indicative of the fatigue process [4, 6]. 
Such a fatigue failure is shown in Fig. 6. It should be 
noted that, as is usual for polyester fibres, final failure 
occurred behind the tip of the fatigue crack. The 
penetration of the fatigue crack into the fibre was 
studied by cutting the fibre into slices of about 1 #m 
thickness and measuring the reduction in section with 
the aid of an image analyzer. Considerable differences 
were seen in the rate of crack penetration even between 

T A B L E  1II Principal structural differences of the two fibre 
samples 

2 GTB 2 GTA 

Crystalline phase Crystallites regular 
in shape but small. 

Non crystalline High density 
phase 

Crystallites large but 
irregular at the 
interface with the 
amorphous zone, 
Low density 
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Figure 2 Load-elongation curves of the two types of fibres. 

fibres of the same type as is illustrated by Figs 7 and 
8 which correspond to two 2 GTA fibres taken from 
the same continuous monofilament and tested under 
the same conditions. It can be seen that crack growth 
in the fibre, A, remained for a long time parallel to the 
fibre axis and that the cross sectional shape of the 
crack was different when compared to fibre B. Fig. 9 
shows striated fatigue fracture surface typical of that 
observed with both the 2 GTA and 2 GTB fibres. This 
was observed with both types of fibre although the 
fatigue cracks were usually wider with the 2 GTA 
fibres. 

4. Discussion 
The load elongation curves for the two types of fibres 
shown in Fig. 2 reveal very similar behaviour at low 

Figure 4 F r a c t u r e  m o r p h o l o g y  o f  a 2 G T A  fibre b r o k e n  in creep.  

strains at which only deformation of valence angles is 
occurring. At greater strains the increasing gradients 
which were observed suggest an improvement in the 
macromolecular orientation leading to an increase in 
the cohesion energy of the secondary bonds. This most 
probably indicates movement in the non-crystalline 
phases as the crystallites are already well compacted. 
This is in agreement with the interpretation of the 
microstructures given for the two fibres as the 2 GTB 
specimen possessed the non-crystalline phase with the 
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Figure 3 C o m p a r i s o n  o f  the  c reep  b e h a v i o u r  o f  the  t w o  po lyes te r  

f ibre types .  B-60 ind ica tes  a 2 G T B  fibre sub jec t ed  to  a l oad  o f  

60 c N  t e x -  ~. Figure 5 F r a c t u r e  m o r p h o l o g y  o f  a 2 G T B  fibre b r o k e n  in creep .  
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Figure 8 Penetration of  the fatigue crack in Fig. 7 into the fibres. 

Figure 6 Fracture morphology of a 2 GTB fibre broken in fatigue. 

greatest density and also showed the greatest strain 
hardening. The mesomorphous phase contains the 
most stretched molecules in the amorphous phases so 
that it is likely that it is this interfibritlar phase which 
controls strain hardening. Consequently the behaviour 
of the two fibres suggests that the 2 GTB fibres 
possessed a mesomorphous phase of greater density 
than that of the 2 GTA fibres. 

After strain hardening of the fibres the molecules in 
the mesomorphous phases are highly stretched and it 
is possible that the failure occurs of some of those 
linking the crystallites both within microfibrils and 
between neighbouring microfibrils. The size of crystal- 
lites and the number of anchorage points of molecules 
from the mesomorphous phase is clearly an important 
factor in limiting damage and determining strength. 
Damage of this type accumulating within the fibre 
leads to a curvature in the load-strain curve which will 
be proportional to the degree of damage. This scenario 
was supported by the behaviour of the two fibres 
as the 2 GTA samples which possessed the largest 
crystallites showed only a slight curvature of the 
load-strain curve just before failure. The effect was 
much more marked with the 2 GTB fibres which 

possessed smaller crystallites. This can be confirmed 
by referring to Fig. 2 and Table IV. Crystallite size was 
not however the sole factor and it seems likely that 
the number of anchorage points on crystallites of 
mesomorphous molecules was greater in the 2 GTA 
fibres. 

Behaviour under constant load for both fibres 
revealed a progressive fall in strain rate which can be 
explained by the stretching of the mesomorphous 
molecules as was seen to occur in simple tensile load- 
ing. The 2 GTA fibres showed a greater initial strain 
than did the 2 GTB fibres as should be expected as 
the former fibre possessed a lower density of the 
mesomorphous phase than did the latter fibre. 

After the initial deformation both fibres showed 
similar linear increases in strain as a function of the 
logarithm of time as shown in Fig. 3. The similar 
behaviour suggests that the molecules in the meso- 
morphous phases become compacted under the applied 
load and attain similar densities. 

Strain rate was seen to increase at high loads 
before failure, indicating damage accumulation in the 
fibre. This occurred much more quickly, under the 
same load, for the 2 GTB fibres due to their smaller 
crystallites which facilitated rupture of intra and inter- 
fibrillar linking molecules under cree p and simple 
tensile loading. It seems therefore that much the same 
mechanisms were involved in creep as were found in 
simple tensile loading, as was suggested by the similar 
fracture morphologies obtained. It has however been 
suggested that the micro-structural arrangement of 
fibres can retard or accelerate the deformation 
processes [15]. Ultimate failure has been shown to 
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Figure 7 Two examples of the reduction of  load bearing cross 
section during fatigue. 

Figure 9 Fracture surface of a fatigued fibre revealing longitudinal 
striations. The lines represent 1 #m. 
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Figure 10 Schematic representation of the macro and microfibrillar 
structure of  polyester fibres. The fibre axis is vertical. 

occur by the fracture of  macromolecular chains at 
C C  bonds in ethylene-glycol residue and results in 
the creation of free radicals [16]. 

The fracture surface of fatigued fibres, as can 
be seen in Fig. 9, or of fibres which have had their 
surfaces peeled back have a striated appearance 
suggesting a macrofibrillar structure superimposed on 
the microfibrils. The macrofibrils appear to take 
the form of cylinders with diameters of  between 200 
and 500nm whilst the microfibrils have estimated 
diameters of 15 to 20 nm. The macro- and microfibrillar 
structure is illustrated schematically in Fig. 10 and can 
be applied to both types of fibres studied. The macro- 
fibrillar structure of the fibres must considerably 
influence fatigue crack growth. Penetration of the 
fatigue crack into the fibre would be an irregular 
occurrence at faults or at the endings of macrofibrils. 
This view is supported by the curves of crack pen- 
etration shown in Fig. 7 and by the variation of  crack 

f r o n t  shape shown in Fig. 8. 
Survival histograms shown in Fig. 11 for both types 

of fibres subjected to identical fatigue loading con- 
ditions revealed a significant difference in survival 
times. The 2 GTA fibres showed a lower value of 
median fatigue lifetime than did the 2 GTB fibres, 
which lasted three times longer. This was surprising as 
the tensile and creep tests revealed more rapid damage 
which was greater in extent with the 2 GTB fibres than 
with the 2 GTA specimens, as Figs 2 and 3 reveal. 

T A B  LE  IV Compar ison of characteristics obtained in simple 
tensile loading 

2 GT A 2 GTB 

Strain rate (% m m - i  ) 40 40 
Number  of specimens 100 50 
Time to failure (sec) 23.1 15.9 
Load at failure (g) 43.4 (_+ 5.9) 39.7 (+_ 2.7) 
Fibre tenacity (N rex- ~ ) 0.79 0.75 
Strain to failure (%) 15.4 (_+_ 2.2) 10.6 (_+ 2.2) 
Stress at failure (MPa) 965 (_+ 89) 964 (_+ 131) 

t~ 

Co 

% 50 

0 I . . . . . . .  ' . . . . . . . .  L . . . . . . .  , , , , . . . .  

10 4 10 5 i0 6 10 7 

Number o6" cyc les 

Figure 11 Cumulat ive histograms of fatigue lifetimes of the two 
fibres subjected to the same stress. (1) 2 GTA (0 -57cNtex  1), (2) 
2 GTB (0 -57cNtex-~) .  

Reducing the maximum cyclic load on the fibre 
from 60% R to 53% but maintaining a zero minimum 
load produced an important increase in fatigue 
lifetime and an increase in the length of  fatigue crack 
of around ten times. 

The effect of minimum load on strain to failure 
under fatigue conditions is shown in Fig. 12 compared 
to the strain to failure under steady load conditions. It 
was observed that there was very little scatter of the 
strain to failure results under steady loads and that the 
results obtained in fatigue were clearly outside this 
scatter band. Strain to failure under conditions which 
led to fatigue failure was significantly greater than the 
strains recorded under steady loaded as shown in 
Table V. The strain to failure under fatigue conditions 
was seen to fall however as the minimum cyclic load 
was increased, until at around the minimum load 
threshold level the fatigue and creep strains to failure 
were similar. The median fatigue lifetimes of fibres 
were seen to increase dramatically as the minimum 
cyclic load was increased as is shown in Fig. 13. The 
differences in fatigue behaviours of the two fibre types 
is again shown in Fig. 14 which reveals that 
the same median lifetime was obtained when the 
minimum cyclic load was approximately five times 
higher for the 2 GTA fibre than with the 2 GTB fibre. 

The fatigue lifetime of  a specimen depends princi- 
pally on three factors: 

- time for crack initiation 
speed of  crack propagation 

- shape of the crack front reducing the load bear- 
ing cross section. 

It seems that of these three factors it is the time 
for crack initiation which is likely to be the most 
important in determining total fatigue lifetimes. The 
2 GTB fibres were found to have considerably longer 

T A B L E  V Average strain to failure under creep and fatigue 
conditiops with the same maximum loads 

Fibre Average strain to Average strain to fail- 
type failure for a fatigue ure for a creep test 

test of  (0 57 cN tex t) with a constant  load 
of 57 cN tex-  i 

2 G T A  15.8(_+4.04)% 12.5(_+1.1)% 
2 G T B  13.12(_+5.46)% 7 .6 (_+1 .0 )% 
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Figure 12 Comparison of stratus 
to failure of fibres subjected to 
steady creep loading and to 
fatigue loading. 

fatigue lives than the 2 GTA fibres despite having 
poorer creep behaviour. This can be understood as the 
2 GTB fibres had a higher density of mesomorphous 
molecules which would have restricted molecular 
movement and restructuring. This suggests that it is 
the possibility of molecular movement within the fibre 
which determines fatigue behaviour. This hypothesis 
is supported by the observation that fatigued fibres 
fail at greater strains than do fibres failed under 
creep loading as shown by Table V and Fig. 12. The 
minimum load criterion for fatigue failure can be seen 
therefore to be determined by the need for reorganiz- 
ation of the molecular structure. This reorganization 
becomes increasingly difficult as the minimum cyclic 

toad is increased which leads to longer lifetimes and 
the minimum load threshold level above which fatigue 
is not observed and creep processes dominate. The 
minimum load threshold level for fatigue was found to 
be different for the two types of fibres tested. The 
2 GTB fibres were found to have a significantly lower 
threshold level than the 2 GTA fibres indicating again 
that the high density of the mesomorphotts phase of 
the 2 GTB fibres inhibited molecular movement and 
fatigue as the minimum load was increased. 

It seems likely therefore that fatigue lifetime is 
largely controlled by the initiation phase and that 
the fibre structure undergoes reorganization before a 
crack develops. Fig. 15 shows the surface of a fibre 

Figure 13 Cumulative histograms of fatigue lifetimes 
showing the influence of  the minimum load. 
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Figure 15 Surface modification revealing internal structural changes 
occurring during fatigue. 

which had been subjected to several tens of thousands 
of load cycles under conditions which it was known 
would eventually lead to fatigue cracking. No fatigue 
crack was observed when the fibre was examined 
under SEM, however modification of the fibre surface 
indicating internal reorganization was observed. This 
type of surface irregularity was not seen with other 
fibres which had been subjected to loading which did 
not lead to fatigue. 

5. Conclus ion 
The mechanisms involved in controlling the behaviour 
of polyester fibres under various tensile loading 
conditions have been determined. Fibres showing the 
best behaviour under simple tensile or creep loading 
conditions should be made up of large crystallites to 
which a maximum number of mesomorphous molecules 
should be attached. 

The fatigue failure of polyester fibres requires the 
reorganization of the molecular structure, the effects 
of which can sometimes be seen on the fibre surface as 

a localized irregularity. The reorganization is rendered 
more difficult if the mesomorphous phase is dense and 
this results in a low minimum load threshold level 
above which fatigue does not occur. The structural 
modifications which occur lead to the development of 
an amorphous zone which develops along the fibre 
working gradually in towards the fibre centre in an 
irregular manner depending on the macromolecular 
fibre make-up. The fatigue crack would therefore 
appear to be the last stage of fatigue damage and 
result from the earlier molecular structural changes. 
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