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A novel fibrillated particulate microstructure has been fabricated in ultra high molecular 
weight polyethylene (UHMWPE) that produces a negative Poisson's ratio (auxetic) material. 
The processing route involves compaction, sintering and extrusion of a UHMWPE fine 
powder. The first, compaction stage is examined in this paper in detail in order to ascertain 
the compaction conditions required to produce, as an end-product, an auxetic polymer and 
to assess the importance of this stage in the processing route. It was found that while part of 
the function of the compaction stage was to impart structural integrity to the processed 
polymers, the conditions for optimizing the production of auxetic UHMWPE were not 
identical to those for optimum structural integrity of the compact. Both sets of conditions 
were examined, with compaction pressure and temperature being the most important of the 
variables examined. 

1. In troduct ion  
The fabrication of a microporous form of ultra high 
molecular weight polyethylene (UHMWPE)  which 
possesses a negative Poisson's ratio (v) was first re- 
ported in 1992 [1]. This auxetic material, in commma 
with a microporous form of polytetrafluoroethylene 
(PTFE) [2, 3], achieves a negative Poisson's ratio by 
means of its microstructure which consists of an inter- 
connected network of nodules and fibrils. When the 
material is deformed in tension, the nodules and fibrils 
react co-operatively to produce an expansion in 
the transverse direction with the fibrils causing the 
nodules to be pushed apart. In order to produce the 
auxetic form of U H M W P E ,  a novel thermal process- 
ing route was developed [1, 4] consisting of 3 distinct 
stages: compaction, sintering and extrusion of a fine 
powder of UHMWPE.  

An initial set of conditions for the production of 
U H M W P E  which combines an acceptable structural 
integrity (i.e. a modulus of at least 0.2 GPa  [5]) and 
the property of being auxetic have been determined [1, 
4]. The process commences with the compaction 
stage, which takes place within the barrel of a specially 
designed rig fitted with a blank die (see Fig. l(a)). The 
internal dimensions of the barrel were a bore diameter 
of 10 mm and a length of approximately 90 mm. For  
convenience, these will be referred to as the standard 
conditions. Finely divided U H M W P E  powder (sup- 
plied by Hoechst [6]) was poured into the barrel, 
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which was at a preset temperature of 110 ~ and left to 
equilibrate for a period of 10rain (referred to as the 
stand time). After this, compaction was achieved by 
lowering the brass tipped ram into the powder at 
a rate of 20 m m m in -1  (the loading rate) until an 
applied pressure of 0.04 GPa  had been achieved, with 
the load being applied via the ram which was attached 
to the load cell of a Schenk-Trebel electro-mechanical 
testing machine for 20 min, with fluctuations between 
0.041 and 0 .037GPa as the powder settled. After 
20 min loading time, the load was removed and the 
compacted rod pushed out of the barrel. 

After it had been allowed to slowly cool to room 
temperature, the compacted rod was reinserted into 
the barrel, which was now at a preset temperature of 
160~ The same rig was used as in the compaction 
stage of the processing route, except that the blank 
die was replaced with a die of exit diameter 5 mm, 
cone semi-angle of 30 ~ and capillary of 3.4 mm (see 
Fig. l(b)). After 20 rain sintering, extrusion took place 
at a rate of 500mmmin  -1, again at a temperature 
of 160 ~ 

In this new work, the conditions necessary to make 
auxetic U H M W P E  of larger dimensions (i.e. the dia- 
meter of the barrel was increased to 15 ram, the barrel 
length to 165 mm and the exit diameter of the die to 
7.5 ram) and the effects of varying the processing con- 
ditions away from the standard case were explored. In 
particular, interest centred on achieving structural 
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Figure 1 (a) Schematic of the rig used in the fabrication process, (b) 
schematic of a standard die. 

integrity of the extrudate and obtaining a range of 
Poisson's ratio. This paper forms part of a series [7, 8] 
which studies in detail the effects of varying the pro- 
cessing parameters within each stage of the fabrication 
route and concentrates on providing a greater under- 
standing of the first stage of the processing route, 
i.e. compaction of finely divided UHMWPE powder 
to produce rods for further processing. 

The room temperature (or cold) compaction pro- 
cess for conventional polymers is well documented 
and understood [9-11]. Crawford and Paul [9] ex- 
plain the compaction process as occurring in a num- 
ber of distinct stages. On filling a chamber, the powder 
particles fall into a random arrangement and hold 
each other in position by the formation of arches and 
bridges between adjacent particles and by friction 
between particles and the chamber wall. The density 
of the powder at this point is the lowest achievable 
and is referred to as the bulk density. As the powder is 
compacted, the applied pressure causes the bridging to 
be destroyed and the particles move to a lower posi- 
tion. From powder metallurgy, this stage is known to 
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have an influence on the subsequent transmission of 
pressure through the powder. Further compaction 
results in the elastic deformation of particles at their 
contact points with other particles or the walls of the 
container. This elastic deformation allows further re- 
arrangement of particles, with smaller particles mov- 
ing to fill the gaps between larger particles. As the load 
increases, plastic deformation occurs, leading to 
a large reduction in porosity. 

This investigation examines the effects of varying 
the compaction conditions on the microstructure, 
density, mechanical properties and ability of the rods 
produced to form an auxetic polymer. The primary 
function of compaction in this processing route is to 
impart some degree of structural integrity to the rods 
without (unlike conventional compaction) excessively 
reducing porosity. Hot compaction is necessary to aid 
structural integrity, normally obtained by the higher 
pressures of cold compaction. So it is expected that the 
requirements for the compaction stage of this process 
will be very different from those of previous work 
where the aim was a highly compacted end-product. 

2. E x p e r i m e n t a l  m e t h o d s  
The polymer used in this study was GUR 415 
UHMWPE powder supplied by Hoechst [6] and its 
powder morphology is shown in Fig. 2. The barrel of 
the processing rig was heated by an external band 
heater, with the temperature being controlled by 
a thermocouple placed within the barrel wall (see 
Fig. l(a)). Precise calibration of the rig (and indeed of 
all barrel and bore sizes used to date) has been carried 
out by placing a second thermocouple in the powder 
in the bore and comparing the temperature it records 
with that displayed by the thermocouple sited in the 
barrel wall. It was found that the temperature of the 
powder was within 2% of that recorded by the 
thermocouple in the barrel wall up to the required 
sintering temperature of 160 ~ and beyond for all 
combinations of barrel and bore size used to date. In 
the example shown in Fig. 3, for the barrel and bore 
size used in this part of the investigation (i.e. a barrel of 
length 165 mm and bore diameter 15 mm), agreement 
within 0.1~ was seen between the two thermo- 
couples. 

A typical schematic load against time trace ob- 
tained during compaction is shown in Fig. 4. This 
shows the stand time (under zero load), the compac- 
tion stage (where the load gradually increases at first 
followed by a rapid increase) and the loading time 
(where the load is maintained around the desired 
value). 

2.1. Va r i ab les  i nves t i ga ted  in the  c o m p a c t i o n  
stage of  the  f a b r i c a t i o n  rou te  

The starting point for this work was the set of stan- 
dard conditions previously found to achieve auxetic 
properties in a smaller barrel geometry [1, 4] as de- 
tailed in the Section 1. In order to investigate the 
effects of each of the five variables in turn, one variable 
at a time was changed with the other four remaining 



and 155 ~ The temperature of 133 ~ was selected as 
this is the mid-temperature in the quoted crystalline 
melting range, which is 130-135 ~ [12-1. However, it 
should be noted that even at 190 ~ experiment has 
shown that the polymer is not fully molten, rather it 
has softened as a result of its very high molecular 
weight. 

It was not possible to achieve in practice a zero 
stand time because of the time needed to charge the 
barrel and set the ram in position before compaction 
could commence. The shortest stand time obtainable 
was found to be approximately 1 min. 

Figure 2 Micrograph of the polymer powder. 
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Figure 3 Temperature calibration curve for the barrel of length 
165 mm and bore diameter 15 mm used in this investigation. 
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Figure 4 Graph of load against time for the compaction process, 
indicating the variation of load as the compaction process goes 
through the various stages. 

as standard. The stand times investigated were 0, 5, 10, 
15, 20 and 40 min. Loading rates were 1, 5, 10, 20, 40 
and 80mmmin  -1 up to pressures of 0.005, 0.011, 
0.022, 0.040, 0.082 and 0.164 GPa. The pressure was 
held for times of 1, 5, 10, 20, 40 and 80 min and the 
barrel temperature was set at 80, 95, 1 I0, 125, 133, 140 

2.2. Examination of the compacted rods 
After compaction was completed, the rod was pushed 
from the barrel and examined. An initial visual assess- 
ment was made to note any obvious differences and 
the degree of compaction was examined by measuring 
the density of the rods. Mechanical property data were 
obtained by performing a 3-point bend test. A span 
equal to five times the diameter of the rod was used in 
accordance with a British Standard [13]. Although 
not strictly applicable, the test is justified on the basis 
that it provides data which can be used to examine 
variations with respect to the different compaction 
conditions. The 3-point bend test provided informa- 
tion on the flexural strength, modulus and strain 
which were calculated using the equations below 

8PL  
Flexural strength, S reD3 (1) 

4PL 3 
Flexural modulus, E - 3rcD4y (2) 

6Dy 
Flexural strain at failure, ~ - Lz (3) 

where P is the load at failure, L the support separ- 
ation, D the rod diameter and y the maximum rod 
deflection at failure [14]. The majority of specimens 
failed by brittle fracture with a well defined failure 
point. 

The final method of examination was to look at the 
fracture surfaces produced by the 3-point bend test. 
A suitable section, consisting of a fracture surface, was 
taken from each rod, mounted on an aluminium stub 
and gold coated using an Edwards S150 sputter 
coater. The coated samples were then examined using 
a Philips 501 scanning electron microscope (SEM) at 
magnifications of up to x 1250. 

2.3. Sintering and extrusion of compacted 
rods 

As a final stage, some of the rods which had been 
compacted under certain selected conditions were 
subjected to standard sintering and extrusion condi- 
tions [1, 4], as detailed in Section l, to evaluate their 
ability to produce auxetic material. The rods thus 
produced were subjected to simple compression test- 
ing in the radial direction and, using a photographic 
technique developed in-house [3], the Poisson's ratio 
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Figure 5 Micrograph of a rod compacted under standard conditions. 

TABLE I Values of the 3-point bend data obtained from rods 
compacted under standard conditions 

Units Value  Standard deviation 

Density (kgm 3) 880 3 
Strength (MPa) 5.2 0.5 
Modulus (MPa) 290 10 
Failure strain (%) 1.8 0.1 

was measured. The accuracy of this very simple tech- 
nique has been verified by the use of electronic resist- 
ance strain gauges [15]. 

3. Results 
3.1. Assessment of rods compacted 

under standard conditions 
To assess the consistency, five compacted  rods were 
produced under s tandard conditions. Fig. 5 shows the 
fracture surface of one such rod as observed using the 
SEM. The rods were subjected to density measure- 
ments and 3-point bend tests and the'results of these 

investigations are shown in Table 1. It can be seen that 
the error on the measurements  is small, particularly 
for the properties of density and modulus,  indicating 
that the compacted  rods produced are of an accept- 
able consistency. 

3.2. Effect of the variables investigated 
in the compaction process 

The results of investigations into the five variables 
in the compac t ion  process are considered separately 
below. Unless specified, all other non-varying condi- 
tions were kept at the s tandard values (as detailed in 
Section 1). 

3.2. 1. The effect o f  stand time 
Both visual and SEM examinations of compacted  
rods produced at the s tandard  (10 min) and extremes 
(1 and 40 min, respectively) revealed that  all specimens 
produced were of similar physical appearance,  micro- 
structure, dimensions and structural integrity. Table II  
shows the variations of density, strength, modulus  and 

TABLE II Variation of properties with stand time, with errors as shown in Table I 

Stand time (min) 

Units 1 5 10 15 20 40 

Density (kgm 3) 884 881 884 884 886 876 
Strength (MPa) 6.4 6.1 6.0 6.1 6.3 6.4 
Modulus (MPa) 324 302 299 301 340 317 
Failure strain (%) 2.0 2.0 2.0 2.0 1.9 2.0 
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TABLE III  Variation of properties with loading rate, with errors as shown in Table I 

Loading rate (ram min- 1) 

Units 1 5 10 20 40 80 

Density (kg m- 3) 878 878 883 877 878 880 
Strength (MPa) 5.9 5.4 5.5 4.8 4.4 4.8 
Modulus (MPa) 291 263 272 279 270 266 
Failure strain (%) 2.0 2.1 2.0 1.7 1.6 1.8 

TABLE IV Variation of properties with applied pressure, with errors as shown in Table I 

Applied pressure (GPa) 

Units 0.005 0.011 0.022 0.040 0.082 0.164 

Density (kg m - 3 )  705 788 849 880 870 878 
Strength (MPa) 1.6 3.9 4.7 4.9 3.8 3.8 
Modulus (MPa) 117 194 239 278 223 263 
Failure strain (%) 1.7 2.0 2.0 1.8 1.7 1.6 

strain with stand time, with all other conditions kept 
as standard. From Table II, it can be seen that densifi- 
cation is relatively unaffected by increasing stand 
time with the average value of density being 
883 _+ 3 kg m -3, which is consistent with the standard 
rod density of 880 kg m -  3. Variation in the properties 
measured using 3-point bend testing is also slight. 
Overall, these results show that stand time is of little 
or no importance in terms of the compactabili ty of 
rods. 

3.2.2. The effect of loading rate 
As with the stand time, the loading rate has only 
a small effect on the properties of the compacted rod 
(see Table III). The density remains almost constant, 
whilst the strength, modulus and strain to failure show 
a slight drop with increasing compaction rate. It is 
probable that this slight drop in properties is a result 
of the particles not having sufficient time to move and 
rearrange their positions in the early stages of com- 
paction, compared to the low compaction rates. This 
is also supported by the work of Umeya and Hara  
[-16] who found that a slower compaction speed 
allowed easier sliding between particles and, as a re- 
sult of this, a better bond between particles. 

Since the decrease in compact  quality resulting from 
a change in rate from 20 to 80 m m  min - ~ was so small, 
it was decided that the value of compaction rate could 
be redefined to be much faster  than the standard 
20 m m  min - 1 thus far employed. Some work was then 
carried out using a compaction rate of 140 m m  m i n -  
(see Section 3.3) to investigate the effects of using an 
even higher compaction rate but the majority of the 
results given were obtained at a compaction rate of 
20 m m  min -  2. 

3 .2 .3 .  The effect of applied pressure 
Visual examination of the rods compacted using dif- 
ferent applied pressures revealed that, generally, the 

quality of rods increased markedly with pressure up 
until about 0.04 GPa,  above which no further changes 
could be detected by the naked eye alone. The most 
noticeable change in the rods compacted at the lower 
pressures was in length and surface porosity (also 
confirmed by SEM examination) as compaction pres- 
sure was varied. 

The applied pressure also had one of the largest 
effects on the mechanical properties (see Table IV 
and Fig. 6). The density gradually increases from 
700 kg m -  3 to of the order of 880 kg m -  3 at a pressure 
of 0.04 GPa,  after which it remains virtually constant. 
The values of strength, modulus and strain to failure 
(the latter being less susceptible to changes in applied 
pressure) show similar trends, with a large increase as 
the pressure is increased up to 0.04 GPa.  After this, 
higher pressures appear to result in a drop in proper- 
ties. The general decrease in mechanical properties 
may indicate that at higher pressures the particles are 
being damaged. It is probable that at the higher pres- 
sures, considerable plastic deformation will have oc- 
curred as well as elastic bulk deformation. When the 
pressure is removed, the compacted rod is able to 
recover slightly, and it appears that the deformation 
process results i n  less cohesion between particles 
(observed by SEM examination), leading to a 
reduction in properties. 

3.2.4. The effect of loading time 
The time for which the standard 0.04 G P a  pressure is 
applied does have an effect on the properties of the 
compacted rods (see Table V). A peak in mechanical 
properties was observed at a loading time of 10 min. 
After this time, a gradual decrease in properties was 
obtained, along with an increase in specimen por- 
osity as confirmed by SEM examination. According 
to the results of Hart et al. [11, 17], the increase in 
porosity was probably due to the relaxation of the 
particles due to the length of time available for the 
process. 
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Figure 6 Graph of (a) density, (b) strength, (c) modulus and (d) strain to failure as a function of applied pressure. 

T A B L E  V Variations in properties with loading time, with errors as shown in Table I 

Loading time (min) 

Units 1 5 10 15 20 40 

Density (kg m - 3) 849 860 878 884 892 880 
Strength (MPa) 5.3 5.7 6.5 5.9 6.3 4.9 
Modulus (MPa) 240 266 325 299 318 274 
Failure strain (%) 2.3 2.1 2.0 1.9 2.0 1.8 

3.2.5. The effect of compaction temperature 
Variation in compaction temperature showed by far 
the greatest effect on mechanical properties (see Table 
VI and Fig. 7) and morphology. Figs 8 and 9 show 
fracture surfaces obtained from samples produced at 
temperatures of 80 and 140 ~ respectively. It can be 
seen that the particles of the rod compacted at 80 ~ 
were clearly identifiable, were relatively undeformed 
and even in regions of intimate contact had not coales- 

4064 

ced to any great degree. The particles of the rods 
compacted at 140 ~ had, however, coalesced to such 
an extent that the interparticle boundaries in some 
regions had disappeared completely. This would ap- 
pear to indicate that the rods had fully densified around 
this temperature, which was indeed the case. Fig. 7(a) 
shows a peak in density of 951 kg m-3 at a temperature 
of 133 ~ which is in agreement with the theoretical 
maximum density of the order of 950 kg m-3. 



TABLE VI Variation of properties with compaction temperature, with errors as shown in Table I 

Compaction temperature (~ 

Units 80 95 110 125 133 140 155 

Density (kgm 3) 811 858 878 890 951 905 920 
Strength (MPa) 1.6 3.4 5.6 10.5 15.6 29.4 31.5 
Modulus (MPa) 139 235 296 358 428 290 188 
Failure strain (%) 1.1 1.5 1.9 2.9 3.6 10.1 9.5 
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Figure 7 Graph of (a) density, (b) strength, (c) modulus and (d) strain to failure as a function of compaction temperature. 

3.3. Sintering and extrusion of compacted 
rods 

Based on the results  of  the densif icat ion measure-  
ments,  visual  and  S E M  examina t ion  and  mechanica l  
p r o p e r t y  testing, rods  p r o d u c e d  under  selected com- 
pac t ion  condi t ions  were p r e p a r e d  and  subjected to 
s t a n d a r d  sinter ing and  ex t rus ion  condi t ions  as de-  
ta i led above.  The  ex t ruda tes  thus p r o d u c e d  were 

tested in compress ion  to measure  their  Po isson ' s  ra t io  
to ascer ta in  the effects of  c ompa c t i on  on the abi l i ty  of 
the rods  to form auxet ic  mater ia l .  I t  was found  tha t  
the c o m p a c t i o n  condi t ions  do  have a very definite 
effect besides tha t  of  impa r t i ng  s t ruc tura l  integri ty,  
which remains  one of the p r i m a r y  funct ions of this 
s tage in the process ing route.  Specimens c o m p a c t e d  
under  s t a n d a r d  condi t ions  do  p roduce  auxet ic  mater -  

4 0 6 5  



T A B L E  V I I I  Radial Poisson's ratio values measured in compres- 
sion for rods compacted at a temperature of 125 ~ after a stand 
time of 3 rain, with a loading rate of 140 mm min-  t at a pressure of 
0.04 GPa for a loading time of 10 min. Each result is for a separate 
sample and the error on the radial Poisson's ratio is • 0.02 

Compressive strain Radial Poisson's ratio 

0.003 + 0.76 
0.003 - 0.77 
0.003 - 0.38 
0.006 - 0.79 
O.O06 - 1.50 
0.011 - 0.60 
0.011 - 0.28 

Figure 8 Micrograph of a compacted rod produced at a temper- 
ature of 80 ~ 

T A B L E  IX Radial Poisson's ratio values measured in compres- 
sion for rods compacted at a temperature of 155 ~ after a stand 
time of 40 min, with a loading rate of 80 mm min - a at a pressure of 
0.164 GPa for a loading time of 80 min, Each result is for a separate 
sample and the error on the radial Poisson~ ratio is • 0.02 

Compressive strain Radial Poisson's ratio 

0.052 + 0.57 
0.053 + 0.17 
0.060 0.00 
0.064 + 0.37 
0.064 + 0.62 
0.064 + 1.42 
O.065 + 0.76 
0.070 + 1.42 

Figure 9 Micrograph of a compacted rod produced at a temper- 
ature of 140~ 

T A B L E  VI I  Radial Poisson's ratio values measured in compres- 
sion for rods compacted at a temperature of l l0~ after a stand 
time of 10 rain, with a loading rate of 20 mm rain- ~ at a pressure of 
0.04 GPa for a loading time of 20 rain. Each result is for a separate 
sample and the error on the radial Poisson's ratio is • 0.02 

Compressive strain Radial Poisson's ratio 

0.003 -- 0.75 
0.010 - -  1.52 
0.010 0 . 0 0  

0.010 0.00 
0.010 -- 0.67 
0.011 - 1 . 4 5  

0.011 + 2.90 
0.011 -- 0.54 

ial, but variations in compaction conditions also allow 
for auxetic material to form (see Tables VII and VIII). 
This will be discussed in detail below. 

However, it should be stated that results also 
revealed that certain compaction conditions do not 
produce, under standard sintering and extrusion 
conditions, an auxetic material. Rods compacted at 
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above 125 ~ at high applied pressures and after sub- 
sequent sintering and immediate extrusion did not 
yield auxetic material, but rather produced positive 
Poisson's ratio material (see Table IX). Also, below 
temperatures of 110 ~ and at low pressures, the ma- 
terial was almost entirely lacking in structural integ- 
rity. In all cases, there is a considerable variation of 
Poisson's ratio with strain, a characteristic feature of 
this auxetic material that has been previously de- 
scribed [18]. 

4. Discussion 
The full conclusions concerning optimum compaction 
conditions to produce auxetic polyethylene cannot be 
drawn until sintering and extrusion have also been 
considered in detail. However, at this stage certain 
compaction conditions can be eliminated. 

In conventional polymer processing, the aim of the 
compaction process is usually to achieve the best 
possible densification. For this investigation, clearly 
the most important variables in the compaction pro- 
cess to achieve these ends are applied pressure and 
temperature. For optimum mechanical properties and 
density, a compaction pressure of around 0.04 GPa is 
required (see Table IV and Fig. 6). Compaction for 
conventional processing is usually carried out at room 
temperature and it is expected that at the higher 
temperatures investigated here the additional mech- 
anism of sintering will play a large part in the actual 
specimen response and morphology. Sintering alone is 



a vital stage in the processing route to produce 
U H M W P E  with a negative v and as such is discussed 
in detail in a subsequent paper [7] but it should be 
noted that sintering is occurring in tandem with com- 
paction in this investigation at the higher temper- 
atures. From Fig. 7 and Table VI, it can be seen that 
the mechanical properties increased with temperature 
up to 133 ~ above which they remained constant or 
fell slightly. If the end requirement was a compacted, 
well densified rod, then the temperature selected for 
processing would be 133 ~ 

Regarding the other three variables investigated, 
the following conclusions can be drawn. Stand time 
and loading rate have no effect on the quality of rods 
produced within the wide range of variables con- 
sidered here, indicating that the optimum conditions 
for compaction should be as short a stand time and as 
fast a loading rate as is obtainable safely with the 
current experimental set up incorporating a blank die. 
This would mean a stand time of 3 minutes (allowing 
the charging of the barrel and setting up of the ram to 
be carried out manually) and a loading rate of 
140 mmmin-~ .  As far as loading time is concerned, 
this is acknowledged as not being the most significant 
of the compaction variables under investigation, but 
an optimum loading time for the powder of 10 rain 
can be defined. Thus, it has been possible from this 
investigation to define for this particular experimental 
configuration (i.e. polymer powder used, compaction 
rig available etc.) a set of conditions which would lead 
to a conventional well densified compacted rod. These 
are summarised in Table X. 

However, the aim of this investigation was not to 
define a set of processing conditions to produce well- 
densified rods but rather to define the parameters 
which would produce, after sintering and extrusion, an 
auxetic end-product. It was expected from previous 
work that one of the primary functions of this part of 
the processing route would be the imparting of struc- 
tural integrity to the specimens and this was indeed 
the case. However, if too high a temperature (above 
125 ~ or applied pressure (above 0.04 GPa) is em- 
ployed, the material forms a too highly densified 
solid rod which cannot be transformed to an auxetic 
form. 

Rods were compacted, sintered and extruded using 
the standard conditions and with the modified com- 
paction conditions as shown in Table X. It was found 
that in both cases, rods with a sufficient degree of 
structural integrity were obtained and that both ma- 
terials were auxetic. Indeed for the revised compaction 
conditions, the characteristic strain dependency of 
Poisson's ratio was readily obtained, with v as low as 
- 1.5 measured at very low strains (see Table VIII). 

This is in agreement with previous work [15, 18]. This 
indicates that there is a well defined range of compac- 
tion conditions which can be employed to produce 
auxetic U H M W P E ,  and has an important conse- 
quence as far as increasing the productivity of com- 
pacted rods as a precursor to the formation of auxetic 
rods under standard sintering and extrusion condi- 
tions. Comparing the standard and revised compac- 
tion conditions, it can be seen that applied pressure 

T A B L E X List of compaction conditions (a) previously defined as 
standard for the production of auxetic UHMWPE, (b) revised in 
accordance with this investigation and (c) optimum for mechanical 
performance of compacts 

(a) (b) (c) 
Standard Revised Mechanical 

Temperature 
(~ 110 110-125 133 

Stand time 
(min) 10 3-10 3 

Loading rate 
(mm min- ~) 20 20-140 140 

Pressure 
(GPa) 0.04 0.04 0.04 

Loading time 
(min) 20 10-20 10 

should always be around 0.04 GPa  with too low 
a pressure resulting in a severe loss of structural integ- 
rity and too high a pressure in the deformation of 
particles. The temperature can range from l l0~  to 
125 ~ without losing the ability of the rods to form 
auxetic material. As stated previously, stand time is of 
little or no importance in terms of compactibility, thus 
allowing compaction to be carried out after as short 
a stand time as is practical, this being 3 rain for this 
experimental configuration, which is a significant re- 
duction from the 10rain originally recommended. 
A further reduction in processing cycle time can be 
obtained by reducing the loading time to the optimum 
defined in this investigation (i.e. from 20 min to 
10 min), with structural integrity maintained. Also, 
a faster loading rate can be used without any signifi- 
cant detrimental effect to compact quality and ability 
to form auxetic U H MW P E.  

5. Conclusions 
By studying the extremes of the compaction process, it 
can be seen that there is a range of compaction vari- 
ables within which auxetic material can be formed 
after standard sintering and extrusion has occurred. 
The five variables under investigation can be ranked 
in order of increasing importance as follows: stand 
time, loading rate, loading time, applied pressure and 
temperature. With a view to optimizing the compac- 
tion conditions, this investigation indicates that stand 
time and loading time can be substantially reduced 
and the loading rate increased compared with pre- 
vious experiments [4]. This significantly reduces the 
overall time needed to compact a rod and hence in- 
crease productivity without any loss in structural in- 
tegrity or auxetic behaviour of the end-product. Ap- 
plied compaction pressure and temperature may be 
left as before, i.e. at 0 .04GPa and l l0~ though 
temperatures as high as 125 ~ may be successfully 
employed. These conditions are not the same as those 
required for optimum mechanical performance of the 
compact. 
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