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SYNOPSIS 

A wide range of polyethylene terephthalate fibres was prepared by melt spinning to different 
degrees of molecular orientation. The tensile drawing behaviour of these fibers was then 
studied, either by drawing over a heated cylinder at  85°C or by drawing over both a heated 
cylinder and a plate at  180OC. The mechanical properties and structure of the subsequent 
drawn fibres are discussed in terms of the network draw ratio, determined by matching 
true stress-strain curves for the drawn and initial melt spun fibres. It is shown that this 
procedure provides valuable insight into subtle differences in properties and structure that 
can arise from differences in processing routes. 

INTRODUCTION EXPERIMENTAL 

The drawing behaviour of polyethylene terephthal- 
ate has been the subject of many investigations. Re- 
cent studies primarily concerned with fibres spun at 
high wind-up speeds include those of Brody'.2 and 
Heuvel and H ~ i s m a n . ~  One issue that has been of 
some interest in both these later studies, as well as 
in earlier work,4 has been the continuity of a mo- 
lecular network throughout the spinning and draw- 
ing processes. The existence of a molecular network 
was revealed by stress-optical measurements on 
spun and drawn  yarn^^'^ and has been confirmed by 
examination of the strain-hardening behaviour of 
drawn yarns.' 

The present article describes a comprehensive 
study of pin drawing and pin and plate drawing of 
a series of spun yarns, prepared over a wide range 
of wind-up speeds. This produces yarns of different 
orientation and morphology, prior to drawing. The 
differences between pin drawing and pin and plate 
drawing are examined. Mechanical measurements 
of modulus, breaking stress, and breaking extensi- 
bility are combined with the determination of crys- 
tallinity, amorphous orientation, and network draw 
ratio to provide insight into the mechanisms of de- 
formation that occur in the drawing processes and 
how these affect final yarn properties. 

Preparation of the Precursor Spun Yarns 

Three groups of precursor spun yarns were produced 
by melt spinning under different conditions at  
Hoechst Celanese in Charlotte, North Carolina, 
U.S.A. Details of the preparation procedures are 
given in Table I. In the first group (yarns A-H), all 
feed stocks were spun at a spinning temperature ( T,) 
of 292OC and the wind-up speed (WUS) was varied 
between 0.5-4.6 km/min. The second group (yarns 
1-4) were spun at T, = 300°C and WUS in the range 
3.5-5.5 kmlmin. The third group (yarns 5-10) con- 
sisted of yarns spun at  T, = 290°C at WUS of 3.0, 
4.0, and 5.0 km/min with two yarns at each speed, 
differing only in filament diameter. 

Drawing Procedures 

A first set of drawn fibres was produced by drawing 
over a heated cylinder (the pin) at 85°C to a series 
of draw ratios, called pin-drawn yarns. 

A second set (pin- and plate-drawn yarn) was 
produced by drawing over a pin at  85"C, followed 
by a plate a t  180°C. 

Tensile Testing 

* To whom correspondence should be addressed. Fibre samples of 10 cm gauge length were extended 
at  an initial strain rate of 0.5 min-l on a conven- 
tional Instron tensile tester. The initial modulus was 
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Table I Preparation Procedures for Spun Yarns 

Spinning 
Wind-up Intrinsic Temperature 

Series Speed (km/min) Viscosity T, ("C) 

1 (A-H) 0.46-4.57 0.62 292 
2 (1-4) 3.50-5.50 0.64 300 
3 (5-10) 3.00-5.00 0.64 290 

obtained from the gradient of the linear region of 
the load-extension chart. To obtain reliable moduli, 
a large magnification was applied to the extension 
axis. 

Birefringence 

Birefringence measurements were made on a Carl 
Zeiss Polmi A microscope equipped with an Ehrin- 
ghaus compensator. 

Density 

Specimen densities were obtained from an aqueous 
potassium iodide density column. 

Measurement of Network Draw Ratio 

The network draw ratio has been determined from 
a combination of two types of measurement. First, 
the measurement of shrinkage and shrinkage force 
showed that precursor A ,  the yarn of lowest wind- 
up speed, has a very low network draw ratio of 1.07. 
Second, the network draw ratio of all other precursor 
yarns was determined following a slight modification 
of the method proposed by Brody.' The load-exten- 
sion curves for the precursor yarns were obtained 
by drawing on an Instron tensile testing machine at  
room temperature and converted to true stress-nat- 
ural (logarithmic) strain on the assumption of con- 
stant volume. The higher wind-up speed precursors 
were then superimposed on the lowest wind-up speed 
yarn A to produce a strain axis shift. The network 
draw ratio A, of a precursor yarn is then given as 

where A, is the network draw ratio of precursor A 
and A, is the strain axis shift draw ratio for yarn x. 
The total network draw ratio for a drawn yarn is 
then given as 

A,& = L.sxhd, 

where AW is the imposed draw ratio. 

Determination of Crystallinity and Amorphous 
Orientation 

The crystalline volume fraction Vc is calculated from 
the sample density p on the basis of the formula 

(3)  

where p c  and p a  are the densities of the crystalline 
and amorphous phases, respectively. 

Recent work by Fakirov et al.' shows that p c  is 
dependent on the crystallisation conditions. We 
have followed their findings and assumed that the 
yarn drawn over a pin at 85°C will be equivalent to 
yarn crystallised at low temperatures where a value 
of p c  = 1484 kg m-3 is appropriate. Using a plate at 
180°C is considered equivalent to annealing under 
strain, and a higher value of p c  = 1515 kg mP3 has 
therefore been assumed. 

Studies of high wind-up speed yarns by Heuval 
and Huisman3 showed a variation in p c  from 1488 
kg m-3 at  4.7 km/min to 1501 kg m-3 at 6.0 km/ 
min. We have used their values of pc for the high 
wind-up speed yarns in the present investigation and 
a value of 1484 kg mP3 for the lower wind-up speed 
yarns. 

The amorphous density p a  was calculated using 
the formula of Heuval and Huisman3: 

p a  = 1336 + 9.4 f a ,  (4 )  

where f a  is the amorphous orientation. This was cal- 
culated by an iterative procedure using the eqs. ( 3  
and (4 )  with the relationship 

An - Vc fcAn: 
(1 - Vc)An8 ' f a  = ( 5  

where An: = 0.22, An: = 0.24, and An is the spec 
imen birefringence. 

In general, the values of p a ,  V,, and f a  became 
constant after three iterations, but a fourth iteration 
was performed in all instances to ensure consistency. 
From the previous work of Heuval and Huisman, f c  

for the precursor yarns was assumed to be 0.97. Fol- 
lowing Padibjo and Ward,8 the value of f c  for pin- 
only yarn was taken to be 0.90, and for pin and plate 
drawing a value of 0.935 was assumed, which is be- 
tween that of the spun yarn and the pin-only yarns. 

Theoretical Estimate of Extensional Modulus 

It will prove instructive to compare the measured 
extensional moduli with those predicted from simple 
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modelling. Following Samuels,' the extensional 
modulus Eo is given by 

- 

3 Vc(1 - f c )  ( 1  - Vc)(1 - f a )  + - =  
2 EO G O  G O  

, 

where Ego and Ego are the intrinsic moduli of the 
crystalline and amorphous regions, respectively, in 
the direction normal to the fibre axis. Knowing that 
Eo = 2 GPa for unoriented amorphous PET, Ego 
was calculated using the above expression. In this 
case, V, = 0, f a  = 0,  and f c  = 0: 

E L  was assumed to be similar to that quoted for 
polybutylene terephthalate." 

Infrared Spectroscopy 

The spun and drawn yarns were examined by po- 
larised infrared spectroscopy following the proce- 
dures devised by Yazdanian et a1.l' A filament wind- 
ing operation was used to produce a parallel grid of 
fibres on a KBr plate. The infrared spectra of the 
fibre grids were recorded with a Perkin-Elmer 580B 
ratio recording spectrometer. The analysis of the 
spectra was undertaken with computer fitting pro- 
cedures described in detail in previous publica- 
tions.11J2 
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Figure 1 Birefringence vs. wind-up speed for spun 
yarns. Spinning temperature: 0, T, 292°C; 0, T, 30OoC; 
0, T, 290°C. 
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Figure 2 
T, 292°C; 0, T, 300"C, 0, T, 290°C. 

Density vs. wind-up speed for spun yarns. 0, 

RESULTS 

Spun Yarns 

In Figure 1, the birefringence is seen to rise smoothly 
with wind-up speed, and there are only very small 
effects due to spinning temperature and filament 
diameter. On the other hand, Figure 2 shows the 
density to rise sharply at  about 3.5 km/min where 
crystallisation occurs, which was confirmed by wide 
angle X-ray diffraction measurements. Yarns spun 
at the highest T, show the greatest rise in density. 

The true stress-strain curves for the series of 
yarns spun at  292°C are shown in Figure 3. In Figure 
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Figure 3 True stress-strain curves for spun yarns. 
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yarns. 

Matching of true stress-strain curves for spun 

4, these curves have been matched against the lowest 
orientation precursor yarn by a horizontal shift to 
give a value of the network draw ratio. It can be seen 
that the match is a good first approximation, but 
there are differences in that the higher wind-up 
speed yarns that have crystallised show a higher rate 
of strain hardening, as might be expected. 

Drawn Yarns 

Figures 5 and 6 show the birefringence and initial 
modulus of the pin-drawn yarns as a function of 
actual drawn ratio ( a )  and network draw ratio ( b )  . 
It can be seen that the results are very well unified 

by the use of the network draw ratio, and that this 
brings together both the spun and drawn yarns. The 
concept of a network that maintains its existence 
throughout the spinning and subsequent drawing 
process is further substantiated by the results for 
the breaking extensibility of both the precursor and 
pin-drawn yarns shown in Figure 7. It appears that 
there is a limiting total extensibility of the network 
formed during spinning, and break occurs at a stress 
of about 600 MPa, as can be seen for the precursor 
yarns by inspection of Figure 3. 

The results for pin- and plate-drawn yarns are a t  
first sight similar to those for the pin-drawn yarns 
in that the variations of birefringence and modulus 
with processing can be unified to a good approxi- 
mation by the use of the network draw ratio (Figs. 
8 and 9 ) ,  although there is a good deal more scatter 
on the plots at the higher values of network draw 
ratio. A more important distinction between pin 
drawing and pin and plate drawing is, however, il- 
lustrated in Figure 10, where comparative room 
temperature stress-strain curves are shown for 
drawn yarns prepared from one of the highest wind- 
up speed precursors. It can be seen that the pin-only 
drawn yarns show a yield point and an ultimate 
breaking stress of about 600 MPa, which is similar 
to that of the precursors (Fig. 3 ) .  The pin- and plate- 
drawn yarns, on the other hand, show no yield drop 
and higher breaking stresses than the precursors, 
rising to 1 GPa at the highest draw ratio. This com- 
parison of the stress-strain curves indicates that the 
pin and plate drawing process produces oriented 
material with much enhanced strain hardening 
characteristics. A curve such as that shown in Figure 
10 ( d )  suggests that there is a much more homoge- 
neous distribution of stress in the molecular struc- 
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Figure 5 
pin-drawn yarns and their precursors. m, A, 0, B; 0, C; A, D; A, E; X, F; +, H. 

Birefringence vs. actual draw ratio AM (a) and network draw ratio Anet (b)  for 



TENSILE DRAWING OF PE TEREPHTHALATE 1915 

. 
> c ._ - 

300- 
ffl c 
0 
e 

2 

0 a . 
ffl 

3 v 
- 
e 

a 
0 

a 

- 16. 

mX+ 
0 

- 12- 

. 8 .  % +  

200- .- 
Y a 
? m 

100 

0-0- 
1.0 2.0 3.0 4.0 5.0 6.0 1.0 2.0 3 0  4.0 5.0 6-0 

a. 

B' 
A. 

- 

hd 'net 

n 

Figure 6 
for pin-drawn yarns and their precursors (symbols as in Fig. 5 ) . 

Initial modulus vs. actual draw ratio AM ( a )  and network draw ratio A,,, (b )  

*a 
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ture than in the case of the pin-drawn yarns, where 
there is a yield and fracture. These results suggest 
that the network structure formed during the spin- 
ning thread-line has been modified by the pin and 
plate drawing process. This conclusion is substan- 
tiated by matching the stress-strain curves of pre- 
cursor and drawn yarns, shown in Figures 11 (a )  and 
(b)  . It can clearly be seen that pin and plate drawing 
increases the breaking extensibility. The network 
structure is modified during drawing so that greater 
overall extension can be obtained before failure. 

Comparison of Figures 8 and 12 shows the vari- 
ation of f a  with Xnet to be very similar to that of 
birefringence with hnet. It must be concluded that 

the calculation described earlier is unable to give 
values of fa that are independent of the birefringence, 
even for the relatively high crystallinity pin and plate 
yarns. 

DISCUSSION 

Spinning Process 

Differences in the stress-strain curves for the spun 
yarns precursors are small, and can be attributed to 
crystallisation in the threadline above the critical 
speed of about 3.5 km/min rather than major mod- 
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Figure 7 Breaking extensibility vs. network draw ratio 
A,, for pin-drawn yarns and their precursors (symbols as 
in Fig. 5). 
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Figure 9 Initial modulus vs. network draw ratio A,,, for 
spun precursors 0, pin-only yarns 0, and pin and plate 
yarns 0. 

ifications of the molecular network with increasing 
wind-up speed. The total network draw ratio (in- 
cluding the extension to break of the drawn yarn) 
falls from a maximum of 6.3 for precursor yarn A 
to about 6.0 for the other precursors, suggesting that 
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Figure 10 Room temperature stress-strain curves. (a)  - 
(d)  , pin- and plate-drawn yarns; (e)  - ( g )  pin-only drawn 
yarns. 
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Figure 11 Matching of true stress-strain curves for (a)  
pin-drawn yarn and (b)  pin- and plate-drawn yarn from 
the high wind-up speed precursor H .  

there is a gradual change in the network with in- 
creasing wind-up speed, but this is a very small effect 
compared with changes that  can be induced by the 
drawing process, as has been shown. 

Pin-Drawing Process 

The pin-drawing process also does not appear to  
greatly alter the nature of the molecular network. 
I t  is especially to be noted that  pin-drawn yarns lie 
on the same path as the precursor spun yarns for 
plots of birefringence vs. network draw ratio, with 
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some scatter about Anet > 3.5 where crystallisation 
occurs. It is also to be noted that the extension to 
break of the pin-drawn yarns is very similar to that 
of the precursors, further confirmation that the net- 
work is not modified significantly during pin 
drawing. 

There is a better correlation between initial mod- 
ulus and the network draw ratio Anet than for that 
between birefringence or amorphous orientation and 
Anet. This may indicate a “biasing” of the network 
with increasing wind-up speed, as suggested by 
Brody,2 and it may be considered that initial mod- 
ulus reflects the extension of the network better than 
birefringence which is affected by structural factors 
such as crystallinity, which do not relate directly to 
the load-bearing capacity. The idea is that the num- 
ber of shortest chains a t  a given value of A,,, is con- 
stant for different processing results, giving a similar 
modulus, but the distribution of tie molecules widens 
with increasing wind-up speed, resulting in lower 
values of birefringence and amorphous orientation. 
This concept of network bias has also proved useful 
in understanding shrinkage force and free shrinkage 
results for these materials, reported in the accom- 
panying paper.13 

The stress-strain curves for the pin-drawn yarns 
show a clear yield point, followed by cold drawing 
and then homogeneous extension to failure. This 
behaviour is seen even for drawn yarns from the 
highest wind-up speed precursors. There is a loss of 
orientation during pin drawing that leads to a loss 
of molecular orientation that is only regained in the 

strain-hardening region where cold drawing is taking 
place. This leads to a final degree of orientation very 
comparable to that achieved by cold drawing at room 
temperature, which is being used to determine Anet, 
i.e., with regard to the molecular network (but not 
necessarily the morphology of the drawn yarn) cold 
drawing and drawing over a heated pin at  85OC ap- 
pear to be comparable. 

In the pin-drawing process, the heated pin is po- 
sitioned between the feed and draw rollers in a way 
that allows the yarn to be extended on the pin itself. 
Following orientation on the pin, the yarn is able to 
relax, leading to a loss of molecular orientation. This 
relaxation can be inferred in that the pin-only pro- 
cess resulted in a lower geometric draw ratio than 
pin and plate drawing at  the same machine draw 
ratio. As mentioned in the following section, pin and 
plate drawing prevents this relaxation, which was 
observed during the drawing treatments. In the pin 
and plate case, there was little difference between 
the machine and geometric draw ratios. Clearly, the 
addition of the heated plate helps prevent the re- 
laxation of the drawn yarn. 

It should be noted that when an intermediate 
wind-up speed precursor (2.1 km/min) was pin 
drawn there was an increase in breaking stress a t  
the highest Anet, suggesting that each feedstock yarn 
has its own optimum drawing conditions, which 
should ( ideally) be experimentally determined. 

Pin- and Plate-Drawing Process 
The pin and plate drawing of low wind-up speed 
yarns, where significant crystallisation does not oc- 
cur in the threadline, appears to give very similar 
products to the pin drawing of all yarns, irrespective 
of wind-up speed. Some differences are detectable 
a t  the highest wind-up speeds, where the network 
may be slightly modified, but these are compara- 
tively small. The most dramatic changes in the final 
yarn properties are obtained for the pin and plate 
drawing of high wind-up speed yarns where out- 
standing mechanical strengths can be achieved. The 
stress-strain curves of these drawn yarns are dif- 
ferent in character from the pin-drawn yarns. It ap- 
pears that the crystallisation of the pin- and plate- 
drawn yarns introduced by the addition of the heated 
plate prevents the loss of orientation. The clear yield 
point is not present, and there is a much more rapid 
strain- hardening. 

The loss of orientation during pin drawing must 
be eliminated if significant further work-hardening 
is to take place. Following yielding, viscous flow oc- 
curs, which involves untangling and orientation of 
the network chains. As these chains become taut, 



1918 LONG AND WARD 

work-hardening is observed. This relaxation does 
not occur in the pin and plate process because sec- 
ondary crystallisation intervenes immediately, 
“setting in” the orientation. Even more important, 
it appears that the original network has been mod- 
ified so that a greater overall extensibility and hence 
a higher degree of molecular orientation can be 
achieved. It is suggested that the introduction of the 
heated plate allows further drawing to occur over 
the plate a t  high temperatures where some of the 
limiting entanglements can be drawn out to give a 
much enhanced network extensibility. This in- 
creased extensibility is shown very clearly by the 
further data on the matching of the true stress- 
strain curves shown in Figure 11 (b) . 

The exceptional breaking strengths of the pin and 
plate yarns cannot be accounted for solely on the 
basis of the increased total network extensibility 
compared to the pin-drawn yarns. Figure 13 illus- 
trates this point, showing separate relationships be- 
tween breaking stress and A,,, for the two processes. 
The pin and plate yarns show a sharp rise in strength 
at the highest draw ratios. 

A subsidiary experiment has been carried out that 
involved the unconstrained shrinkage of the pin- 
and plate-drawn yarns at relatively high tempera- 
tures ( -  1 4 O O C ) .  These shrunk yarns were then 
cold drawn. It the network draw ratio is adjusted to 
account for the very low shrinkages observed, it was 
found that the breaking stresses fell on the upper 
curve in Figure 13. This interesting result confirms 
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Figure 13 Comparison of ultimate breaking stress vs. 
network draw ratio Anet for 0 0 pin-drawn and H 0 pin- 
and plate-drawn yarns from the high wind-up speed pre- 
cursor H. 

Table I1 Comparison of A,,, (From Matching 
Stress-Strain Curves) and AM (Measured 
Hot Draw Ratio) 

Process xhd L e t  L A e t  

Pin only 1.25 1.40 0.89 
1.37 1.53 0.89 

1.40 1.62 0.86 
Pin and plate 1.33 1.48 0.90 

the dependence of the ultimate yarn properties on 
the drawn yarn A,,,. 

Network Draw Ratio of Drawn Yarns 

The initial strategy employed in this investigation 
described in the experimental section above was to 
use the matching of the stress-strain curves to find 
the effective network draw ratio for the precursor 
spun yarns, but to obtain a value for the further 
draw ratio occurring in the drawing processes from 
the change in dimensions of the yarn. The obser- 
vation that the network might be modified by the 
drawing process led to the recognition that this pro- 
cedure is inadequate and should be replaced by the 
matching of the true stress-strain curve for the 
drawn yarn to that of its precursor spun yarn. Table 
I1 compares values for A,,, obtained from the two 
routes and shows that AM) determined from changes 
in macroscopic dimensions, is an underestimate of 
the true molecular network draw ratio. It is inter- 
esting to note that the ratio of the two estimates is 
approximately constant regardless of the process 
and, of coure, to recall that the molecular network 
is preserved at very high overall deformation in spite 
of clear differences in orientation and structure. 

Initial Modulus 

Examination of the initial modulus data (Fig. 9 )  
shows a good approximate correlation between 
modulus and Anet, as anticipated. The highest wind- 
up speed yarns drawn by the pin and plate route are 
unusual, as discussed above, because the network is 
changed by the drawing process. For the other cases, 
where the network is not so modified, it can be seen 
that the pin and plate process gives higher moduli 
for a given Anet at low values of A,,, and vice versa 
for pin-only yarns. This results from the complex 
relationship between modulus and both orientation 
and crystallinity. As shown in Figure 9, the reduction 
in modulus due to the addition of the heated plate 
is more distinct than the drop in amorphous ori- 
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entation or birefringence. I t  can be proposed that 
the increased crystallinity of the pin and plate yarns 
leads to secondary crystallisation, which nucleates 
on the highly oriented structure. This can give rise 
to an increase in birefringence but no increase in 
modulus because the new highly oriented material 
is not load-bearing. These ideas have been previously 
discussed by Brody' and by Yazdanian et a1." 

Figure 14 shows an attempt to fit the results to 
the Samuels' model. Although there is a good cor- 
relation between the theoretical and experimental 
values, the theory is clearly not adequate. Moreover, 
even the correlation is poor for pin and plate yarns 
where this complication of non-load-bearing ori- 
ented material is not accommodated by the model. 
Although Figure 14 shows the deviation of pin and 
plate results from those of the pin-drawn and pre- 
cursor yarns, the presentation of the data in com- 
pliance form effectively reduces the large differences 
in modulus between the two drawing treatments, 
which is brought out very clearly in Figure 9. 

Infrared Spectroscopy 

The infrared results on these materials are described 
in detail e1~ewhere.l~ The key results with regard to 
the present investigation relate to the following fea- 
tures. 

First, it was interesting to observe the presence 
of the 989 cm-' fold band in both a highly crystalline 
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Figure 14 Attempt to fit data to Samuel's model. 0, 
spun precursor yarns; 0, pin-only yarns; 0, pin and plate 
yarns; Eelp = measured initial modulus; Eth = predicted 
modulus. 
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Figure 15 Trans fraction (973 cm-' band) vs. net- 
work draw ratio Xnet. 0, as spun; ., pin only; 0, pin and 
plate. 

annealed yarn and also in the pin- and plate-drawn 
yarns. The intensity of this 989 cm-' band reduced 
at high values of Xnet, suggesting that the secondary 
crystallisation is chain-folded in nature and that 
chain-folding is lower at  high network strains, lead- 
ing to a reduction in network bias and an increase 
in breaking stress. 

Second, Figure 15 shows a greater concentration 
of the fraction of material associated with the 973 
cm-' trans band to exist in the pin and plate material 
compared to the as-spun and pin-drawn yarns. Fig- 
ure 16 shows that there is a good correlation between 
the breaking stress and the concentration of con- 
formers associated with the 973 cm-' trans band, 
except perhaps for the most highly drawn pin and 
plate yarns. This result is consistent with the con- 
clusions of Yazdanian et al.," where the 973 cm-' 
trans conformation was considered to be load-bear- 
ing, and appeared to be the major constituent of the 
"backbone" molecules that carry the load and de- 
termine the modulus. 

CONCLUSIONS 

It has been shown that the use of a network draw 
ratio provides a valuable basis on which to compare 
the properties and structure of drawn polyethylene 
terephthalate fibres. In this way, it is possible to 
combine the deformations introduced at the spin- 
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ning and drawing stages to gain an understanding 
of the differences in properties that arise from dif- 
ferent processing routes. It is of particular interest 
that in this respect pin and plate drawing gives rise 
to better ultimate properties than those obtained by 
drawing over a pin only. The improved properties 
are attributed partly to the reduction in network 
shrinkage occurring during drawing, and partly (and 
more tentatively) to a possible modification of the 
network during pin and plate drawing. 
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