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Auxetic ultra high molecular weight polyethylene (UHMWPE) is produced via a novel 
thermal processing route consisting of three stages: compaction, sintering and extrusion. 
The latter stage, extrusion, is investigated in this paper, with particular reference to the 
effects of die geometry (cone semi-angle, exit diameter and capillary length) and extrusion 
rate on the ability of the polymer to produce an extrudate with a negative Poisson's ratio. It 
was found that a delicate balance must be achieved between the production of an extrudate 
which lacks structural integrity and one which is solid but possesses a conventional positive 
Poisson's ratio i.e. does not exhibit the nodule-fibril microstructure necessary for auxetic 
behaviour. 

In conjunction with the results from the first two papers in this series, it is possible to 
define a set of conditions required to produce auxetic UHMWPE. 

1. In troduct ion  
Auxetic ultra high molecular weight polyethylene 
(UHMWPE) is fabricated by a novel thermal process- 
ing route, which consists of three stages. The first two 
stages - compaction of finely divided UHMWPE 
powder and subsequent sintering - have been dis- 
cussed in two earlier papers El, 2]. This paper con- 
tinues by studying the third stage of the processing 
route, this being extrusion, and summarizes the whole 
process. 

Extrusion is one of the main thermoplastic process- 
ing routes and has been extensively used for process- 
ing UHMWPE applied either to the polymer melt 
[3, 4] or in the solid state [5] with the main aim of 
previous work being to achieve very highly oriented 
polyethylene. Ward [6] states that both ram extrusion 
and hydrostatic extrusion along with other solid state 
engineering processes such as the novel technique of 
die drawing [7, 8] have achieved these ends. The ef- 
fects of varying the processing parameters have been 
well documented, in particular with regard to the 
effects of die geometry [4, 5, 8] on the production of 
highly oriented polyethylene. For example, Hurez 
et al. [4] state that an optimum die entry angle of 
between 20 and 30 ~ should be employed for melt 
extrusion. Perkins and Porter I-5] studied varying the 
die entry angle from 10 to 180 ~ in solid state extrusion 
and they state that the optimum extrusion angle for 
the production of highly oriented polyethylene is one 
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in which extensional strains are large and extensional 
stresses are minimized, with shear forces also being 
present. The actual extrusion angle where these condi- 
tions exist will vary with the material being extruded 
and with extrusion conditions, with the aim being to 
achieve a balance between extensional and shear for- 
ces leading to an extrudate with superior physical 
properties due to a high degree of orientation. 

In the processing route considered here, however, 
the aim is neither to produce a highly oriented nor 
a fully densified solid, but rather to achieve a particu- 
lar form of nodule-fibril microstructure which has 
been found to lead to a negative Poisson's ratio in 
polymeric materials [9-12]. With the definition of 
optimum processing conditions for the first two stages 
of this processing route already achieved [1, 2], this 
paper studies the effects of varying the extrusion rate 
and die geometry on the structural integrity and abil- 
ity of the extrudate to exhibit auxetic behaviour. This 
enables a comprehensive summary of processing con- 
ditions required to produce auxetic UHMWPE to be 
specified. 

2. Experimental methods 
2.1. Standard compaction and sintering 

conditions for auxetic UHMWPE 
In order to study the effects of varying the extrusion 
stage of the fabrication route, all specimens were 
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subjected to the same standard [1, 2, 11] compaction 
and sintering conditions. For  completeness, these are 
summarized here; further details can be obtained else- 
where [1,2].  All three stages were carried out in 
a specially designed rig with a 15-mm diameter barrel 
using G U R  415 U H M W P E  powder [13]. 

The rig was fitted with a blank die and heated to 
a temperature of 110 ~ U H M W P E  powder was ad- 
ded and allowed to come to equilibrium for 10 min. 
The powder was then compacted by applying a pres- 
sure of 0.04 G P a  achieved by lowering a compaction 
ram attached to a Schenk-Trebel  electro-mechanical 
testing machine at 20 mm min-1.  Once the compac- 
tion pressure had been reached, it was maintained for 
20 rain, producing a rigid rod which was expelled from 
the barrel and allowed to slow cool to room temper- 
ature. The constant pressure condition can either be 
achieved manually, by altering the displacement con- 
trol or automatically, using a load control feedback 
loop on the tensile tester. If  this latter method is used, 
providing a much smoother pressure control, the pres- 
sure need only be applied for 800 s to provide speci- 
mens of equivalent compaction density [14]. Sintering 
then took place in the barrel at 160 ~ for 20 rain and 
rods so produced were immediately extruded at 
160 ~ with the various conditions described below. 

2.2. Variations investigated in the extrusion 
stage of the fabrication process 

The main processing conditions examined in this 
study were extrusion rate and die geometry. In all 
cases, several specimens were produced under stan- 
dard compaction and sintering conditions [1, 2] prior 

to extrusion in order to ensure consistency. Consider- 
ing firstly extrusion rate, initial tests were carried out 
using a die previously found to produce auxetic mater- 
ial [12]. This die had an exit diameter, d, of 5 ram, 
a cone semi-angle, 0, of 30 ~ and a capillary length, L, of 
3.4 mm, with the bore diameter (or die entry diameter), 
D, being 15 m m  (see Fig. 1). Four  extrusion rates were 
considered (see TableI);  85, 234.5, 469 and 
500 m m  min 1. A second set of tests were then carried 
out (also listed in Table I) using a die of entry diameter 
15 ram, exit diameter 7.5 mm, cone semi-angle 30 ~ and 
capillary length 3.4 mm. In this case, extrusion rates of 
20, 50, 75, 200, 300, 400 and 5 0 0 m m m i n  -1, were 
considered. 

Following this investigation, the remaining extru- 
sions were all carried out at ~ rate of 500 mm min - 1, 
with the die geometry being varied as listed in 
Tables II  IV. There were three variables under con- 
sideration: die exit diameter, d, cone semi-angle, 0 and 

Cone semi-angle 

, J  

Entry diameter 

I l i " .  L ~ I L 
~ T  - "  I 

Capillary t 
le~ [ 

diameter 

Figure 1 Schematic of a typical die, showing the variables studied in 
this investigation. 

TABLE I Conditions used to investigate the effect of extrusion rate 

Extrusion rate Die exit diameter Cone semi-angle Die capillary length 
(mm min-1) d (mm) 0 (~ L (mm) 

85, 234.5,469, 500 5 30 3.4 
20, 50, 75, 200, 7.5 30 3.4 
300, 400, 500 

TABLE II Conditions used to investigate the effect of die exit diameter 

Extrusion rate Die exit diameter Cone semi-angle Die capillary length 
(mm min- 1) d (mm) 0 (~ L (ram) 

500 5.0, 6.0, 7.0, 7.5, 8,0, 9.0 30 3.4 
500 5.0, 6.0, 7.0, 8.0, 9.0 45 3.4 
500 5.0, 6.0, 7.0, 8.0, 9.0 60 3.4 

TABLE III  Conditions used to investigate the effects of cone semi-angle 

Extrusion rate Die exit diameter Cone semi-angle Die capillary length 
(mm min- 1) d (mm) 0 (~ L (mm) 

500 5.0 30,45,60 3.4 
500 6.0 30,45,60 3.4 
500 7.0 45, 60 3.4 
500 7.5 30,90 3.4 
500 8.0 45,60 3.4 
500 9.0 45, 60 3.4 
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TABLE IV Conditions used to investigate the effects of die capillary length 

Extrusion rate Die exit diameter Cone semi-angle Die capillary length 
(mmmin i) d (ram) 0 (~ L (mm) 

500 6.5 45, 60 0.0 
500 6.75 45, 60 0.0 
500 5,0 30 3.4, 50.0 

die capillary length, L, as illustrated in Fig. 1. Keeping 
the die entry diameter, extrusion rate and die capillary 
length constant at 15 ram, 500 mmmin -1 and 3.4 mm 
respectively, investigations into the effect of die exit 
diameter were carried out at three cone semi-angles 
(30 ~ 45 ~ and 60~ At each, at least four die exit 
diameters were considered, varying fi'om 5 to 9 mm 
(see Table II). The second set of investigations into the 
effects of die geometry was carried out on cone semi- 
angle. As before, die entry diameter, extrusion rate and 
capillary length remained constant at 15mm, 
500 mm min - 1 and 3.4 mm respectively. In all, six die 
exit diameters were used, varying from 5 to 9 ram. At 
small die exit diameters (i.e. 5 mm and 6 mm), three 
cone semi-angles were considered whereas for the re- 
maining larger die exit diameters, two cone semi- 
angles were used. The cone semi-angles under invest- 
igation varied from 30 ~ to 90 ~ (see Table III). Finally, 
the effect of altering the die capillary length was inves- 
tigated, with zero, 3.4- and 50-mm length capillary 
dies used to produce extrudates (see Table IV). For  the 
zero capillary length dies, standard compaction and 
sintering conditions were employed, with the die entry 
diameter and extrusion rate constant at 15 mm and 
500 m mm in- 1  respectively. Two die exit diameters 
were considered (i.e. 6.5 and 6.75 mm), each at cone 
semi-angles of 45 ~ and 60 ~ For  the 50-mm capillary 
length die, standard compaction conditions were used, 
but sintering took place at 150~ for times of 10 and 
20 min. A die entry diameter of 15 mm together with 
an extrusion rate of 500 m m m i n -  1 were again held 
constant, with the die having an exit diameter of 5 mm 
and a cone semi-angle of 30 ~ 

It should be noted that each extrusion except that 
using the 50-mm capillary length die was carried out 
at the optimum sintering temperature of 160~ as 
previous work [2J has shown that extrusion must take 
place directly after sintering. If sintering is carried out 
and then the sample is allowed to cool to room tem- 
perature before extrusion takes place, the extrudate 
obtained is an unexpanded solid with a conventional 
positive Poisson's ratio. 

2.3. Microscopic examination of the 
extrudates 

At least one example of each of the extrudates ob- 
tained using conditions as described above was frac- 
tured in order to study the microstructure. The frac- 
ture surfaces were mounted on aluminium stubs and 
sputter-coated with gold prior to examination by 
a scanning electron microscope (SEM) at magnifica- 
tions of up to x 1250. 

2.4. Measurement of the Poisson's ratio 
For each sample, the Poisson's ratio was measured in 
one of two ways. For  a simple measurement giving the 
value of the Poisson's ratio at a particular strain, 
a simple single strain compression test in conjunction 
with a highly magnified photographic record of the 
change in specimen dimensions [9] was employed. 
This method provides a simple one-off test of auxetic- 
ity. A more detailed measurement of Poisson's ratio 
was obtained using electronic resistance strain gauges 
[-15] to provide a complete strain history of the sam- 
ples. This latter test is of use in selected cases since the 
value of Poisson's ratio is known to be highly strain 
dependent [-16]. 

2.5. Measurement of mechanical properties 
In order to compare the specimens produced under 
different extrusion conditions, mechanical property 
data were obtained by performing a three-point bend 
test to a deflection of 7 mm on an Instron 1185 tensile 
testing machine. The three-point bend test was se- 
lected as a convenient means of mechanical perfor- 
mance to provide information on the flexural stress, 
flexural modulus and flexural strain at 7-mm deflec- 
tion for specimens produced under different extrusion 
conditions. 

3. Results 
3.1. The effects of varying the extrusion rate 
Varying the extrusion rate with all other processing 
variables remaining constant had a marked effect on 
the extrudates produced. At low extrusion rates (i.e. 
less than 100 mm rain-1), the extrudates produced re- 
sembled very closely the sintered material [2] macro- 
scopically but did possess fibrils which were, however, 
very short and not widespread (see Fig. 2). The extru- 
dates were subjected to compression testing and this 
revealed that the Poisson's ratio, u, was similar to that 
of conventional compression moulded polyethylene 
i.e. a constant value of u = + 0.2 independent of 
strain. At medium extrusion rates (200-300ram 
min - 1), the extrudates also had a conventional posit- 
ive u, but their microstructure had begun to resemble 
that which is known to produce a negative u in poly- 
mers i.e. nodules interconnected with fibrils. However, 
the exact requirement for this microstructure to 
achieve auxetic behaviour is more complicated, with 
the interconnectivity of the nodules and fibrils and the 
density and length of the fibrils all being of importance 
[9, 10]. In this case, the fibrils were too short and the 
fibril density too small to produce the co-operative 
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T A B L E  V Poisson's ratio and engineering strain values obtained 
from single compression tests for six samples processed under stan- 
dard compaction and sintering conditions with an extrusion rate of 
500 m m  m i n -  ~ employed in tandem with a die of entry diameter 
15ram, exit diameter 5 1rim, cone semi-angle 30 ~ and capillary 
length 3.4 ram. The error on the radial Poisson's ratio is _+ 0.02 

Engineering strain Radial Poisson's ratio 

0.009 - 6.30 
0.009 - 5.44 
0.019 - 1.43 
0.019 - 1 . 3 6  
0.019 0.00 
0.029 0.00 

Figure 2 Micrograph of the microstructure produced at a low (i.e. 
75 mm min 1) extrusion rate. 

TA B L E  VI Poisson's ratio and engineering strain values obtained 
from single compression tests for seven samples processed under 
standard compaction and sintering conditions with an extrusion 
rate of 500 m m m i n - 1  employed in tandem with a die of entry 
diameter 15 mm, exit diameter 7.5 mm, cone semi-angle 30 ~ and 
capillary length 3.4 mm. The error on the radial Poisson's  ratio is 
_+ 0.02 

Engineering strain Radial Poisson's ratio 

0.020 - 0.92 
0.026 - 1.03 
0.026 - 0.80 
0.031 - 0.88 
0.040 - 0.29 
0.100 - 0 . 2 0  
0.296 - 0.39 

T A B L E  VII  Data  obtained from three-point bend tests conduc- 
ted to 7-mm deflection for rods produced under s tandard compac- 
tion and sintering conditions using a die of entry diameter 15 mm, 
exit diameter 7.5 mm, cone semi-angle 30 ~ and capillary length 
3.4 ram. Extrusion rates were allowed to vary as shown 

Extrusion 
Figure 3 Micrograph of the microstructure produced at a medium rate 
(i.e. 300 m m m i n -  1) extrusion rate. ( m m m i n -  1) 

Flexural Flexural Flexural 
stress modulus  strain 
(MPa) + 0.5 (MPa) + 10 + 0.01 

20 56.6 390 0_14 
50 51.5 350 0.15 
75 57.0 370 0.15 

200 56.0 360 0.16 
300 58.4 380 0.16 
400 53.4 340 0.16 
500 55.6 360 0.16 

which possesses a large strain dependent negative to i.e. 
is auxetic (see Tables V and VI). As can be seen from 
Table VII, the mechanical properties of the rods using 
the three-point bend test were very similar for the 
entire range of extrusion rates considered. 

Figure 4 Micrograph of the microstructure which generates a nega- 
tive Poisson's  ratio in U H M W P E .  

effect needed to result in auxetic behaviour (see 
Fig. 3). 

The required nodule-fibril microstructure is pro- 
duced (see Fig. 4) at high extrusion rates (i.e. greater 
than 400 mmmin -1) and the result is an extrudate 
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3.2. The effects of varying the die geometry 
The three die geometry variables investigated in this 
paper and summarized in Tables II-IV are considered 
separately below. 

3.2. 1. The effect of varying the die exit 
diameter 

The conditions investigated for this processing vari- 
able are given in Table II. With die entry diameter (i.e. 



15 mm), extrusion rate (i.e. 500 mm min-1) and capil- 
lary length (i.e. 3.4mm) kept constant along with 
standard compaction and sintering conditions, tests 
were carried out at three cone semi-angles, each with 
at least five different die exit diameters. Studying in 
detail the 30 ~ cone semi-angle, the effects of varying 
the die exit diameter were clearly observed (see Fig. 5). 
At small die exit diameters (i.e. 5 mm), the extrudates 
produced were expanded and microporous but were 
not in the form of a consistent rod; having helical 
fractures along their lengths. If the die exit diameter is 
increased to 6 ram, the structural integrity of the ex- 
trudate is improved although not to an acceptable 
level and the fibrillation in the microstructure is re- 
duced. At die exit diameters greater than 7 ram, homo- 
geneous rods are produced with the microstructure 
necessary to achieve auxetic behaviour. However, as 
the die exit diameter is increased above 7.5 mm (indic- 
ating a very narrow range) a reduced amount of fibril- 
lation is observed. This increases with increasing die 
exit diameter, affecting the overall behaviour of the 
specimen and leaving an increasingly large unfibril- 
lated central core. It should be noted, though, that the 
outer layers of the extrudates do show fibrillation even 
after processing with a die exit diameter of 9 mm (see 
Fig. 6) and a negative Poisson's ratio is still obtained 
(see Table VIII), though this is much less negative than 
that obtained using a 7.5-mm exit diameter die (see 
Table VI). 

These findings were reinforced by using cone semi- 
angles of 45 ~ and 60 ~ in conjunction with die exit 
diameters of between 5 and 9 mm. In all cases, the 
small die exit diameters led to an expanded fibrillar 
structure but with poor structural integrity and sur- 
face quality. Large die exit diameters (i.e. greater than 
7.5 mm) led to an increase in structural integrity but 
a decrease in the amount of nodule-fibril microstruc- 
ture in the resulting extrudates, though this was ob- 
served in the outer layers of all the specimens. Thus 
a very narrow range of die exit diameters capable of 
producing auxetic material of high structural integrity 
has been defined. 

Figure 6 Micrograph of the microstructure produced using a 9-mm 
exit diameter die with a cone semi-angle of 60 ~ showing the fibrillar 
outer region of the sample. 

Figure 5 Extrudates produced under standard compaction and sin- 
tering conditions, with a die entry diameter of 15 ram, cone semi- 
angle 30 ~ , capillary length 3.4ram and extrusion rate 
500 m m m i n - I  Die exit diameters employed were (a) 5 mm, (b) 
6 ram, (c) 7 ram, (d) 7.5 ram, (e) 8 mm and (f) 9 mm. 

T A B L E  V I I I  Poisson's ratio and engineering strain values ob- 
tained from single compression tests for 22 samples processed under 
standard compaction and sintering conditions with an extrusion 
rate of 500mmmin-1  employed in tandem with a die of entry 
diameter 15 mm, exit diameter 9 mm, cone semi-angle 30 ~ and 
capillary length 3.4 mm. The error on the radial Poisson's ratio is 
+ 0.02 

Engineering strain Radial Poisson's ratio 

0.040 0.00 
0.070 - 0.29 
0.070 - 0.29 
0.070 -- 0.29 
0.070 0.00 
0.070 0.00 
0.070 0.00 
0.070 0.00 
0.070 + 0.10 
0.070 + 0.13 
0.090 -- 0.90 
0.090 -- 0.33 
0.090 -- 1.10 
0.090 + 0.10 
0.090 + 0.11 
0.090 + 0.22 
0.100 0.00 
0.110 - 0.18 
0.110 --0.18 
0.110 - 0.09 
0.110 - 0.09 
0.110 + 0.09 
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T A B L E  IX Data  obtained from three-point bend tests conducted to 7-mm deflection for rods produced under standard compaction and 
sintering conditions using a die of entry diameter 15 ram, capillary length 3.4 m m  and extrusion rate of 500 m m  min - 1. Die exit diameters and 
cone semi-angles were allowed to vary as shown 

Exit diameter Cone semi-angle Flexural stress Flexural modulus  Flexural strain 
(mm) O (~ (MPa) _+ 0.5 (MPa) _+ 10 _4- 0.01 

7 45 57.9 380 0.15 
7 60 59.2 380 0.15 
8 45 59.1 370 0.16 
8 60 56.6 360 0.16 
9 45 55.4 350 0.16 
9 60 56.9 360 0.16 

dies of capillary length 3.4 mm and cone semi-angles 
of 45 ~ and 60 ~ . 

Figure 7 Micrograph of the microstructure produced using a 45 ~ 
cone semi-angle die. 

3.2.2. The effect of  varying the cone 
semi-angle 

For any specific die exit diameter, the following 
trends, with varying cone semi-angle, were observed. 
At small cone semi-angles, the extrudates produced 
had very good structural integrity but had a much 
reduced amount  of fibrillation. Increasing the cone 
semi-angle increased the fibrillation. This is illustrated 
in Figs 7 and 8, which show the difference in micro- 
structure obtained when the cone semi-angle is in- 
creased from 45 ~ to 60 ~ for a die exit diameter of 
6 mm. Despite the changes in microstructure, the ex- 
ternal appearance of the rods was not significantly 
affected by a change in cone semi-angle. If a cone 
semi-angle of 90 ~ is used, the extrudate produced has 
a very large strain dependent negative Poisson's ratio 
due to a very fibrillar microstructure. However, the 
specimens have very little structural integrity and are 
often fragmentary. 

From these finding a cone semi-angle of 30 ~ appears 
to give the best compromise between structural integ- 
rity and auxetic behaviour. 

Figure 8 Micrograph of the microstructure produced using a 60 ~ 
cone semi-angle die. 

Despite the differences in microstructure and Pois- 
son's ratio, it can be seen from Table IX that varying 
the die exit diameter has very little effect on the mech- 
anical properties in flexure of the specimens produced. 
Very close agreement is seen between the flexural 
stress, flexural modulus and strain at 7-mm deflection 
as the exit diameter is increased from 7 to 9 mm for 
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3.2.3. The effect of  varying the die capillary 
length 

The final variation to the processing route that was 
investigated was the die capillary length. A definite 
effect on the extrudate was observed. All extrudates 
processed under standard compaction and sintering 
conditions and extruded through a zero capillary die 
suffered from complete lack of structural integrity, 
often fragmenting, regardless of the other extrusion 
conditions. 

The extrudates produced using the die of capillary 
length 50 mm did possess structural integrity but they 
exited from the capillary with a helical fracture ex- 
tended to the point of forming a zig-zag specimen 
geometry (see Fig. 9). It should be noted that despite 
the changes in macroscopic appearance, the extru- 
dates produced using the 50-mm capillary length die 
did possess a nodule fibril microstructure (see 
Fig. 10) but the resulting unstable specimen geometry 
is of little use. 



Figure 9 Extrudates produced under standard compaction with 
a die entry diameter of 15 mm, exit diameter 5 ram, cone semi-angle 
30 ~ capillary length 50.0 mm and extrusion rate 500 mmmin-1 
Sintering took place at 150 ~ for (a) 10 min and (b) 20 rain. 

Figure 10 Micrograph of the microstructure produced using a 50- 
mm capillary length. 

4. D i scuss ion  
The importance of the extrusion conditions in the final 
stage of the production of auxetic polymers has been 
made clear by this investigation. The processing con- 
ditions imposed on the U H M W P E  are more akin to 
those in a solid extrusion process than in melt flow 
extrusion. These conditions directly affect the produc- 
tion of the nodule-fibril microstructure required to 
give auxetic behaviour, in particular the formation of 
fibrils of the desired length, diameter and orientation 
in relation to the nodules. In all of these tests, fibrils 
have been observed to lie more predominantly in 
a radial orientation. This suggests that radial com- 
pression through the die followed by expansion be- 
yond the die is an important element of the process. 
Hence the importance of the relative change in dia- 
meter in passing through the die. However, shear 
through the die, and hence the cone semi-angle are 
also likely to be of importance in determining fibrilla- 
tion. 

Considering firstly extrusion rate, slow extrusion 
rates impart less shear and therefore less expansion 

and fibrillation is seen, resulting in shorter fibrils than 
are required for the desired nodule fibril microstruc- 
ture. Very fast extrusion rates give very high strain 
rates, and, if used in conjunction with certain die 
geometries, can cause helical fracture of the specimen, 
greatly reducing the structural integrity of the auxetic 
material formed. There is, therefore, a competition 
between the requirements of microstructural deforma- 
tion, to encourage fibrillation, and macroscopic defor- 
mation causing specimen fragmentation. 

It also follows that the die geometry must be se- 
lected with care. There are three variables associated 
with it: exit diameter, cone semi-angle and capillary 
length. As far as die exit diameter is concerned, auxetic 
material of a good structural integrity has only been 
obtained using a very narrow range of 7-7.5 mm for 
the current entry diameter of 15 mm. Below this, the 
material fractures on extrusion whereas with an exit 
diameter of above 7.5 ram, the material retains its 
fibrillar microstructure only in the outer regions of the 
specimen (see Fig. 6). The core of the material is unfib- 
rillated. 

Similar arguments can be used to explain the results 
seen with variations in cone semi-angle. Large cone 
semi-angles (i.e. approaching 90 ~ ) cause the specimens 
to undergo a very large amount  of expansion, result- 
ing in complete fracture of the material. As the cone 
semi-angle is reduced, the specimens show increased 
structural integrity until at 30 ~ , they are of acceptable 
quality and modulus [17] whilst undergoing sufficient 
shear and extensional flow to produce a nodule-fibril 
microstructure capable of exhibiting a large strain- 
dependent negative Poisson's ratio. Hence, an opti- 
mum cone semi-angle of 30 ~ has been defined pro- 
vided the microstructure produced has the required 
connectivity. 

The final die geometry variable is that of die capil- 
lary length and the need for this to be present was 
investigated by reducing the capillary length from 
3.4 mm to zero. This produced extrudates which were 
fractured and fibrillar. A capillary length of 3.4 mm 
provides sufficient length to prevent over-expansion 
and fragmentation, as the material cools on leaving 
the die. If this constraint is applied for too long the 
material undergoes severe helical fracture, producing 
a zig-zag macrostructure. 

5. Summary and conclusions 
By considering the results of this paper with the first 
two papers in this series [1, 2], it is now possible to 
define the optimum processing conditions for this 
experimental configuration to produce auxetic 
U H M W P E  acceptable as a structural material [-171. 
The processing route consists of three stages: compac- 
tion of finely divided U H M W P E  powder, sintering 
and extrusion. The compaction stage [11 of the pro- 
cess exists to provide adequate bonding between par- 
ticles. Investigations have shown that there exists 
a well defined optimum pressure of 0.04 GPa  for com- 
paction and a range of compaction temperatures of 
110-125 ~ If the compaction pressure and temper- 
ature are too low, the resulting extrudate has a very 
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low modulus whereas if the two parameters are too 
high, the particles are deformed. The samples are held 
at this temperature and pressure for between 10 and 
20 rain. This is not critical. The compaction conditions 
for successful production of auxetic UHMWPE are 
significantly different from those for maximum struc- 
tural integrity in the compacted rod. 

The sintering and extrusion conditions require, 
however, more precise definition. The compacted rod 
is reheated to 160 ~ maintained at this temperature 
for 20 min and then immediately extruded at a rate of 
500 mm rain- 1 [2]. The die geometry used to achieve 
an auxetic extrudate with high structural integrity is 
a die entry diameter of 15 mm, a die exit diameter of 
between 7 and 7.5 mm, a cone semi-angle of 30 ~ and 
a small (of the order of 3.4 mm) die capillary length. 
The resulting extrudate has been shown to demon- 
strate a strain dependent negative Poisson's ratio 
which can be successfully interpreted using a geomet- 
ric model for the characteristic nodule-fibril micro- 
structure observed in this class of auxetic materials 
[16]. 

Acknowledgements 
The authors wish to acknowledge the financial sup- 
port of ICI Chemicals and Polymers (APP) and the 
EPSRC through the provision of a studentship (PJN) 
and Research Associateship (KLA). KEE wishes to 
acknowledge the award of an EPSRC Advanced Fel- 
lowship during this work. 

References 
1. A . P .  PICKLES,  R. S. WEBBER, K. L. ALDERSON,  P. J. 

NEALE and K. E. EVANS, J. Mater. Sci. 30 (1995). 
2. K. L. ANDERSON,  A. P. KETTLE,  P. J. NEALE, A. P. 

PICKLES and K. E. EVANS, J. Mater. Sci. 30 (1995). 
3. Y. S. LIPATOV, V. V. SHILOV and Y. P. GOMOSA,  

J. Appl. Polym. Sci. 26 (1981) 2763. 
4. P. HUREZ,  P. A. TANGUY and D. BLOUIN,  Polym. Eng. 

Sci. 33 (1993) 971. 
5. W.G.  PERKINS and R. S. PORTER,  J. Mater. Sci. 17 (1982) 

1700. 
6. I .M.  WARD, Plast. Rub. Compos. Process. AppIic. 19 (1993) 7. 
7. Y. W. LEE and J. X. LI, J. Appl. Polym. Sci. 48 (1993) 

2213. 
8. Idem., Ibid. 49 (1993) 15. 
9. B.D.  C A D D O C K  and K. E. EVANS, J. Phys. D: Appl. Phys. 

22 (1989) 1877. 
10. K .E .  EVANS and B. D. C A D D O C K ,  Ibid. 22 (1989) 1883. 
11. K .E .  EVANS and K. L. AINSWORTH,  International Patent 

Publication no. W091/01210 (1991). 
12. K. L. ALDERSON and K. E. EVANS, Polymer 33 (1992) 

4435. 
13. Hoechst Plastics, Hostalen G U R  (PE-UHMW) datasheets, 

6230 Frankfurt  am Main  80, Germany. 
14. P . J .  NEALE0 Ph.D. Thesis, University of Liverpool, Liver- 

pool (1995). 
15. P .J .  NEALE, K. L. ALDERSON,  A. P. P ICKLES and K. E. 

EVANS, J. Mater. Sci. Lett. 12 (1993) 1532. 
16. K .L .  ALDERSON and K. E. EVANS, J. Mater. Sci. 28 (1993) 

4092. 
17. K .E .  EVANS and K. L. ALDERSON,  J. Mater. Sci. Lett. 11 

(1992) 1721. 

Received 22 August 
and accepted 10 October 1994 

4094 


