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Tensile force at break of gel-spun/hot-drawn 
ultrahigh molecular weight polyethylene fibres 

J. P. PENNING,  D. J. D IJKSTRA* ,  A. J. PENNINGS 
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Fibres obtained by gel spinning of ultrahigh molecular weight polyethylene (UHMWPE) were 
drawn to various ratios, and the improvement of the tensile strength of the hot-drawn filaments 
with increasing draw ratio has been studied. The tensile force at break of gel-spun/hot-drawn 
UHMWPE fibres appeared to be constant for draw ratios exceeding X = 30. From scaling 
arguments, full chain extension is expected at this draw ratio. On the basis of development of the 
physical properties during drawing, it is concluded that little disentangling occurs up to ;L = 30. 
Beyond this point, slippage of chains through entanglement hooks becomes predominant. The 
observed constant tensile force at break can be explained by this drawing mechanism. 

1. I n t r o d u c t i o n  
The preparation of polymeric fibres with high elastic 
moduli and tensile strengths has attracted much atten- 
tion in the past decades. Polyethylene fibres and films, 
displaying excellent material properties, have been 
prepared by various routes, e.g. drawing of single- 
crystal mats [1], zone annealing [2], hydrostatic ex- 
trusion [3], as well as the technique of gel sp~nning 
and subsequent hot drawing [4, 5], the latter giving 
fibres with tensile strengths up to 7 GPa [6]. In these 
processes, a number of physical properties of the 
samples change dramatically with increasing exten- 
sion or draw ratio. 

In this paper, our attention will be mainly directed 
to the increase in strength that is observed for gel- 
spun/hot-drawn fibres, prepared from ultrahigh 
molecular weight polyethylene (UHMWPE). The 
strength of a fibre is calculated from the force at which 
the fibre breaks in the tensile test, divided by the 
cross-sectional area of this particular fibre. For draw 
ratios ranging from X = 30 to 60, this tensile force 
appeared to be constant. Since the tensile force at 
break may be related to the absolute number of load- 
carrying chains in the fibre cross-section, the strength 
increase in this range of draw ratios seems to arise 
from a progressively more efficient packing of the 
same number of load-carrying chains in the fibre 
cross-section. At higher draw ratios, achieved by 
applying a two-step drawing process, a similar beha- 
viour was observed. At attempt is made to explain this 
behaviour in terms of molecular events taking place 
during hot drawing. Since entanglements play an im- 
portant role in extending the chains during drawing, 
their behaviour will be discussed in more detail on the 
basis of physical properties of the drawn fibres. 

2. Experimental procedure 
The linear polyethylene sample used in this study was 
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Hifax 1900 (by Hercules) with Mw = 4 x 106 gmo1-1 
and M, = 2 x 105 gmol -t.  The polyethylene was dis- 
solved in paraffin oil containing 0.5% anti-oxidant by 
weight (2,6-di(t-butyl)-p-cresol) at 135~ through 
mechanical stirring, at a concentration of 5% by 
weight. The solution was homogenized for 48 h at 
150 ~ under a nitrogen atmosphere. Upon slow cool- 
ing of the solution, a gel formed that was fed to 
a piston cylinder apparatus and subsequently homo- 
genized at 190 ~ for 3 h. The solution was extruded at 
this temperature through a conical die (entrance angle 
6 ~ exit diameter 1 mm) at a speed of 1 m rain-1 and 
wound onto a winding drum, without stretching the 
spinline. The solvent was removed from the gel fibres 
by extraction with n-hexane for 48 h. The extracted 
fibres were dried at 50 ~ in vacuo  while keeping them 
at constant length. 

The as-spun fibres were stretched in an electric oven 
at 148 ~ between two rolls, located outside the oven. 
The draw ratio was determined from the ratio of 
wind-up and feed velocities of the fibre. Fibre feed 
velocities ranging from 1.3 to 13 mm min-t  were used. 
The oven was gently flushed with nitrogen, in order to 
prevent oxidative degradation. 

Mechanical properties of the fibres were determined 
using an Instron 4301 tensile testing machine, operat- 
ing at a crosshead speed of 12mmmin -1, using 
a sample gauge length of 32 mm. Cross-sectional areas 
were determined from the weight and length of the 
fibre, assuming a density of 1000kgm -3. Thermal 
properties were determined by differential scanning 
calorimetry (DSC), using a Perkin-Elmer DSC-7 op- 
erating at a scan speed of 10~ min -1. The crystal- 
linity was determined from the ratio of the heat of 
fusion of the sample to the heat of fusion of perfectly 
crystalline polyethylene, which was taken 292.8 J g-1 
[7]. Scanning electron microscopy (SEM) was per- 
formed on gold covered samples, using an ISI-DS 130 
microscope operating at 40 kV. 
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Shrinkage measurements were performed with con- 
strained pre-heating [8]. A piece of ca. 50 cm was 
clamped between two stainless steel grips and heated 
to 150 ~ after which the distance between the grips 
was reduced until the fibre was lax. The shrinkage was 
determined from the reduction of distance between 
several ink marks on the fibre. 

3. Results and discussion 
A porous as-spun fibre of UHMWPE was drawn in 
a one-step drawing process to ratios of X = 10, 20, 25, 
30, 35, 40, 50 and 60, the latter being the maximum 
draw ratio that could be achieved by applying a one- 
step drawing process. Fibres having higher draw 
ratios were obtained by drawing a fibre with X = 30 to 
the desired draw ratio. In this way, a maximum overall 
draw ratio of ~. = 100 could be achieved. 

Tensile tests were performed on fibres, obtained 
after drawing. From tensile tests, the strength of a fibre 
is calculated from the force at which the fibre breaks, 
as is recorded by the tensile tester, divided by the 
cross-sectional area of this particular fibre. In Fig. 1 
the tensile force at break of hot-drawn fibres is pre- 
sented as a function of draw ratio. 

The tensile force at break of fibres, drawn in a one- 
step process, initially increases slightly with increasing 
draw ratio and reaches a constant value beyond 
k = 30. Fibres obtained after a two-step drawing pro- 
cess (i.e. ~ > 70) also show a tensile force at break that 
is independent of draw ratio, but its value is substan- 
tially lower than the tensile force at break of fibres 
prepared in a one-step process. 

The tensile strength, calculated from tensile force at 
break data of hot-drawn fibres, is shown in Fig. 2 as 
a function of draw ratio. The maximum strength that 
can be achieved in a one-step drawing process;is 
3.8 GPa at a draw ratio of k = 60. By applying a two- 
step process, the maximum attainable draw ratio is 
raised to X = 100, giving a fibre with a tensile s t rength,  
of 4 GPa. This demonstrates that the ultimate proper- 
ties of the drawn fibre are not significantly improved 
by applying a two-step drawing process. Therefore it 
seems that the second drawing step merely changes 
the dimensions of the fibre, and no dramatic structural 

rearrangement, with respect to the mechanical proper- 
ties of the fibre, takes place. 

Fibres used for drawing experiments were obtained 
by extrusion of the spinning solution at a slow rate 
(1 m min-1), without stretching the spinline. Under 
these conditions, the fibre obtained after extraction of 
the solvent consists of large lamellae that are connec- 
ted by few fibrils. Upon hot drawing of the as-spun 
fibre, the lamellae are gradually transformed into 
smooth fibrils [5]. The basic structural element of this 
morphology is the microfibril, which can be visualized 
as a long array of extended-chain crystals, interrupted 
by disordered domains that originate from the pres- 
ence of topological defects like chain entanglements 
[9]. Adjacent crystalline blocks are thought to be 
connected by taut tie molecules (TTM), traversing the 
disordered domains. These TTM may be segregated 
to form crystalline bridges that transmit the stress 
from one crystal block to the next upon sample load- 
ing [10]. The fraction of the disordered domains that 
is taken up by these load-carrying TTM, 13, may be 
evaluated on the basis of a simplified morphological 
model of themicrofibril  structure described above 
[11]. In Fig. 3, the strength of the hot-drawn fibres 
used in this study is plotted as a function of the TTM 
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Figure 2 The tensile strength of gel-spun UHMWPE fibres, after 
hot drawing to various ratios. 
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Figure l The tensile force at break of gel-spun/hot-drawn 
UHMWPE fibres as a function of draw ratio. 
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Figure 3 Relation between the strength of UHMWPE fibres with 
various draw ratios and the fraction of taut tie molecules (TTM) in 
the disordered domains. 



fraction, calculated according to this model. Ob- 
viously, the strength of the fibre is closely related to 
the fraction of chains that transmit forces in the dis- 
ordered domains. Furthermore, the stress concentra- 
tion on the TTM, at the moment of sample failure, can 
be estimated from this relation by extrapolation to 
a TTM fraction of unity. In this way, a strength of 
30 GPa is estimated for the tie molecules. This value 
coincides very well with the strength of the C-C bond 
derived from, for instance, Morse potential calcu- 
lations [12, 13]. Sample failure, under the testing con- 
ditions applied, is therefore likely to be accomplished 
by rupturing the load-carrying tie molecules. The 
force required to break a sample can thus be related to 
the absolute number of chains ruptured in the fracture 
surface. 

It is seen in Fig. 1 that the tensile force at break of 
hot-drawn fibres is practically constant for draw 
ratios ranging from )~ = 30 to 60. This implies that the 
absolute number of load-carrying chains in the fibre 
cross-section, created in the drawing process, is about 
the same for a fibre with X = 30 as it 'is for a fibre with 
X = 60. Since the cross-sectional area of a drawn fibre 
progressively decreases with increasing draw ratio, 
this number of load-carrying chains is confined to 
a smaller cross-section in fibres with a higher draw 
ratio, which is expressed as an increasing tensile 
strength with increasing draw ratio (see Fig. 2). This 
observation may therefore yield valuable information 
on the processes at work during hot drawing, which 

\ , 

are responsible for the improvement of mechamcal 
properties upon drawing. A constant tensile force at 
break was also observed for dry-spun/hot-drawn 
poly(L-lactide) fibres and gel-spun/hot-drawn poly- 
(vinyl alcohol) fibres [14]. 

In order to explain the observed tensile force at 
break behaviour, we will have to deal with the forma- 
tion of tie molecules in the course of the drawing 
process. This is, however, an extremely complicated 
matter, since this process involves the deformation of 
a transient entanglement network and crystallization 
from the highly oriented melt, giving a fibre of a com- 
plex morphology. The formation of load-carrying 
chains will be closely related to the orientational 
changes that are induced by the elongational flow field 
in the drawing process. Chain entanglements play 
a very important role herein, in both polymer solution 
[15] and solids [16], and will be considered in more 
detail. 

The concentration of entanglements in a polymer 
solution is generally expressed as the molecular weight 
of the chain section that connects two entanglements, 
Me(sol). From scaling arguments, de Gennes [17] 
derived a relation between Me(sol) and the volume 
fraction d~ of polymer in the solution: 

Me(sol) = Me(melt) dp-" (1) 

where Me(melt) represents the average molecular 
weight between entanglements in the polymer melt 
and ~ is a constant, determined by the quality of the 
solvent. De Gennes derived a value of et = 1.25, when 
excluded volume effects are large, while Graessley and 
Edwards [18] report a value ranging from 1.0 to 1.3 

for ~. For solutions under 0-conditions, ~ can be 
calculated to be 2.0 [17]. Taking a value of 
2000 kgkmo1-1 for Me(melt) [19], the average mo- 
lecular weight between entanglements in the spinning 
solutions used in this study (qb = 0.05) can be cal- 
culated to be 8.5 x 104 kg kmol-  1 from this relation. 
This corresponds to a chain section comprising ap- 
proximately 6.1 x 103 monomeric units. 

From the average entanglement spacing calculated 
by this method, we can estimate the draw ratio at 
which the molecules become fully stretched between 
entanglements, referred to as the "maximum network 
draw ratio". This draw ratio, ~-n, corresponds to the 
ratio of the random coil dimensions (2Rg) to the con- 
tour length of the fully extended chain (Lc). In the case 
of polyethylene 

~n ~ Lc/2Rg = 0.39n 1/2 (2) 

where n is the number of monomer units in the chain 
section of interest [8, 20]. From Equation 1, a value of 
n = 6.1 x 103 was calculated for our system, which 
means that at a draw ratio of ~ = 30 the molecules 
become fully extended between entanglements. 

In the above calculation, it is tacitly assumed that 
no entanglements are lost in the course of the prepara- 
tion process. In the spinning procedure, extrusion of 
the solution at a slow rate is followed by rapid crystal- 
lization (quenching to room temperature), which traps 
the entanglements between the crystallites formed. We 
therefore assume that the average entanglement spa- 
cing, calculated for the spinning solution, also holds 
for the as-spun fibre. During hot drawing, however, 
chain slippage through entanglement hooks is more 
likely to occur, due to the high drawing temperature 
and the low deformation rate. Since the maximum 
draw ratio that can be achieved in a one-step process 
exceeds )~ = 30, this seems to be the case. This was also 
found by Smith et al. [21] for drawing of polyethylene 
films above 90 ~ 

The question arises, at which stage of the drawing 
process these slippage events start to play an import- 
ant role, since these processes will strongly affect the 
formation of tie molecules. Since the extension of the 
molecules between entanglements introduces orienta- 
tion of the chains in the drawing direction, the devel- 
opment of orientation in the course of the drawing 
process may reveal the onset of slippage events. In- 
formation on the amount of molecular orientation 
and deformation efficiency can be obtained from, for 
instance, shrinkage data [22]. 

Shrinkage measurements were performed on gel- 
spun/hot-drawn UHMWPE fibres according to the 
"constrained pre-heating" method, in order to avoid 
"ribbon-shaped melting", which is usually observed 
when highly oriented samples are heated close to their 
melting point with free ends [8]. Fig. 4 shows an SEM 
micrograph of a fibre with )~ = 100 that was shrunk by 
immersing it in silicone oil at 150~ with free ends. 
Under these conditions, ribbon-shaped melting starts 
simultaneously at several weak spots on the fibre 
surface (e.g. kink bands). As a result of this, the shrink- 
age proceeds inhomogeneously and the fibre loses its 
original shape. In this way, unreliable shrinkage data 
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are obtained. When the fibre is shrunk according to 
the constrained preheating method, however, its cylin- 
drical shape is maintained as shown in Fig. 5. Appar- 
ently, shrinkage of the f ibre  has taken place 
homogeneously and is not disturbed by melting ef- 
fects. The nature of the longitudinal striations that can 
be observed on both samples is still unclear. 

In Fig. 6, shrinkage data of gel-spun/hot-drawn 
U H M W P E  fibres are presented as a function of draw 
ratio. As can be seen, the shrinkage displayed by 
hot-drawn filaments steeply increases with increasing 
draw ratio up to X = 30, where this increase starts to 
deflect. This indicates an efficient orientation of the 
macromolecular chains (i.e. little disentangling) at 
draw ratios not exceeding X = 30. At higher draw 
ratios, slippage of chains through the hooks formed by 
entanglements becomes predominant, as is reflected in 
a much slower increase of the shrinkage beyond 
X =  30. 

A similar trend can be observed in the crystallinity 
of drawn filaments as a function of draw ratio (Fig. 7). 
Initially, the lamellar structure of the as-spun fibre is 
partially destroyed, as is demonstrated by the decrease 
in crystallinity from 68 to 47% upon drawing the 
as-spun fibre to X = 10. Drawing to higher ratios 
results in fibres with progressively higher crystallini- 
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Figure 6 Shrinkage (the quotient of the sample length before and 
after constrained pre-heating shrinkage treatment) of gel-spun/hot- 
drawn UHMWPE fibres as a function of draw ratio. 
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Figure 7 The crystallinity, calculated from heats of fusion, of hot- 
drawn filaments with various draw ratios. 

Figure 4 Scanning electron micrograph of a fibre wih X = 100, after 
unconstrained shrinkage treatment. 

Figure 5 Scanning electron micrograph of a fibre with ;L = 100, 
after shrinkage according to the constrained pre-heating method. 
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ties, up to X = 35. In this range of draw ratios, the 
broad melting endotherm typical for the lamellar crys- 
tals in the starting material gradually shifts to higher 
temperatures and becomes much sharper. This results 
from the transformation from a lamellar to a fibrillar 
morphology, which is accomplished by an effective 
extension of the macromolecules between entangle- 
ments. At higher draw ratios, the melting point of the 
drawn fibre increases at a much slower rate with 
increasing draw ratio. Apparently, in this stage of the 
process, a more perfect crystal structure is achieved, 
but no dramatic morphological rearrangements take 
place. 

These results are consistent with the observations of 
Anandakumaran et al. 1-23], who found that a number 
of physical properties (e.g. birefringence, crystallinity 
and melting point) of U H M W P E  fibres reach a limit- 
ing value at the draw ratio at which full chain exten- 
sion is expected. Our results indicate that slippage of 
chains through the hooks formed by entanglements 
begins near the point in the drawing process where the 
chains become fully extended between entanglements, 
i.e. near X = 30, as was derived in a theoretical ap- 
proach. Hadziioannou et al. 1,24] also found that, for 
coextrusion oriented polystyrene, the entanglements 
effectively hold to near the maximum network draw 



ratio, and that disentangling starts at higher ratios. 
At low draw ratios, the lamellae in the as-spun fibre 

are transformed into fibrillar crystals upon drawing. 
This structural rearrangement is apparently accom- 
panied by an increase of the tensile force at break of 
the drawn filament (see Fig. 1). This is not very sur- 
prising, however, since this process increases the num- 
ber of chains that are aligned along the fibre axis. It 
was concluded that no substantial slip of chains 
through entanglement hooks occurs in this stage of 
the drawing process. Initially, only one-third of the 
network chains transmit forces in the fibre direction, 
as was pointed out by Bueche [25], and consequently 
only one-third of the network chains will be extended 
between the entanglement points. A similar behaviour 
is observed during cold drawing of UHMWPE [26]. 
During cold drawing, crazes are formed on the fibre 
surface, and these crazes are spanned by fibrils that are 
oriented in the draw direction. Initially the length of 
these fibrils increases with draw ratio, until a certain 
maximum fibril length is reached. Applying higher 
extensions results in the formation of more crazes. The 
maximum fibril length appeared to correspond very 
well to the contour length of molecular strands that 
are fully extended between entanglements. 

In our hot-drawing experiments, slippage of chains 
through entanglement hooks becomes predominant 
when the maximum network draw ratio is exceeded. 
These slippage events allow elongation of the molecu- 
lar strands oriented in the fibre direction, at the ex- 
pense of the remaining material which is, in thi~ way, 
pulled in the fibre direction through the entanglement 
hooks. This process reduces the fibre diameter and 
increases its length, while the number of chains that 
transmit forces in the fibre direction remains constant. 
This mechanism is consistent with the observation of 
a constant tensile force at break of drawn fibres in this 
particular range of draw ratios, since elongation of the 
fibre proceeds through slippage, rather than by break- 
age of load-carrying chains. This process will be ac- 
companied by migration of entanglements that are 
acting as "slip-links" [27]. The maximum attainable 
draw ratio is likely to be limited by the accumulation 
of entanglements in complex topological defects and 
tight knots that cannot be removed upon drawing 
[28, 293. 

By drawing in a second step, the maximum attain- 
able draw ratio can be further enhanced to )~ = 100. 
This increase, however, is not accompanied by a sim- 
ilar increase in strength. The tensile force at break of 
fibres, obtained after two-step drawing, is approx- 
imately two times lower than is displayed by the 
precursor with )~ = 30. Apparently, load-carrying 
chains present in the fibre with k = 30 are broken in 
the second drawing step. Considering the mechanical 
properties, it is clear that a much higher stress is 
required for the extension (at 148 ~ of a fibre with 

-~ 30 than it is for the extension of the as-spun fibre 
in the first drawing step. In other words, it will be 
more difficult to rearrange the mechanically coherent 
fibrillar crystals than to unfold the relatively weak 
lamellae. In the second drawing step, the stress re- 
quired for drawing will cause fracture of a number of 

load-carrying chains, resulting in a lower tensile force 
at break of fibres obtained after the second draw. 
Since the second drawing step further reduces the 
fibre's cross-sectional area, the maximum strength 
that can be achieved in the two-step drawing process 
is about the same as the maximum strength that can 
be achieved in the one-step process. 

4. Conclusions 
In the drawing of gel-spun UHMWPE fibres, en- 
tanglements act as temporary physical cross-links and 
therefore they play an important role in the drawing 
process. The draw ratio at which the chains become 
fully extended between entanglements was estimated 
from scaling arguments and conformational statistics. 
Beyond this draw ratio, a number of physical proper- 
ties of the drawn material improve less steeply with 
increasing draw ratio than is observed at lower draw 
ratios. These results suggest that little disentangling 
occurs up to the draw ratio at which full chain exten- 
sion is expected. At higher draw ratios, slippage of 
chains through entanglement hooks becomes pre- 
dominant. The constant tensile force at break ob- 
served in this range of draw ratios seems to be 
explained by these slippage events, since elongation of 
the fibre can take place without a decrease in the 
absolute number of chains that transmit forces in the 
fibre direction. When a fibre with a fibrillar morpho- 
logy is subjected to hot drawing, the higher stress 
required for rearranging the extended chain crystals 
causes fracture of load-carrying chains. Consequently, 
drawing in a second step decreases the tensile force at 
break of the hot-drawn fibres. Therefore, the ultimate 
mechanical properties of the fibre are not significantly 
improved by hot-drawing in a second step. 
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