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A series of tests have been conducted on (i) auxetic, (ii) compression moulded and
(iii) sintered ultra high molecular weight polyethylene. The auxetic material possesses a
negative Poisson’s ratio, ν, due to its complex porous microstructure which consists of
nodules interconnected by fibrils and the sintered material has a positive ν and is
microporous but does not contain fibrils. It was found that the auxetic material was both
more difficult to indent than the other materials at low loads (from 10–100 N) and was the
least plastic with the most rapid viscoelastic creep recovery of any residual deformation.
Indeed, at low loads, where the resistance to local indentation is most elastic, the hardness
increased by up to a factor of 8 on changing the Poisson’s ratio from ν≈ 0 to ν≈−0.8. A
mechanism is proposed based on local densification under the indentor of the nodules and
fibrils which explains how the microstructural response of an auxetic polymer can be used
to interpret the results. C© 2000 Kluwer Academic Publishers

1. Introduction
Although it is theoretically possible for both isotropic
and anisotropic materials to possess a negative
Poisson’s ratio (ν), it is generally believed that nearly
all materials, whether synthetic or naturally occurring,
have a positiveν. However, in 1987 [1], a novel poly-
meric foam was fabricated that expanded both trans-
versely to and along the direction of an applied tensile
load i.e. it had a negativeν. This discovery has led to a
range of materials being fabricated which also show this
effect, including metallic foams [2], microporous poly-
mers [3–5] and carbon fibre composite laminates [6].
These materials are now referred to as auxetic materi-
als [7].

Apart from possessing the counter-intuitive
Poisson’s ratio effect, auxetic materials are interesting
because, from classical elasticity theory, many of their
properties (such as plane strain fracture toughness and
shear modulus) are predicted to be enhanced [1, 8, 9].
One such property is the elastic indentation resistance,
He, which is related to Poisson’s ratio as:

He ∝ (1− ν2)−x (1)

where the value ofx depends on the theoretical analysis
used. For example, if a classical Hertzian model for two
contacting spheres is adopted,x is 2/3 [10] whereas if
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the system is treated as a uniform pressure distribution
over a circular cross-section on a semi-infinite solid,
x= 1 [11]. For positiveν for a range 0≤ ν ≤ 0.5, the in-
dentation resistance varies little. However, for isotropic
materials with−1≤ ν ≤ 0 being possible, the inden-
tation resistance may increase greatly. This has been
found to be the case i.e. enhancements are found in
the indentation resistance of auxetic materials such as
carbon fibre laminates [6], foams [12, 13] and poly-
mers [14] due to their having a negativeν. Indeed,
work done previously on comparing auxetic ultra high
molecular weight polyethylene (UHMWPE) with com-
pression moulded UHMWPE [14] has shown that the
auxetic material is up to three times more difficult to
indent than the conventional material at low loads. The
load range investigated was 25–250 N.

In this paper, the elastic indentation behaviour of aux-
etic UHMWPE is further investigated in detail. Since
auxetic behaviour is essentially an elastic phenomenon
it may be expected that the maximum benefits occur
when plasticity during indentation is at a minimum.
Hence, the load range has been extended particularly at
very low loads, with analysis beginning at a test load
of 5 N. The elastic and plastic elements of the indenta-
tion response were also examined. During the indenta-
tion process, under the application of the load, the ma-
terial undergoes both elastic and plastic deformation.
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The plastic deformation results in the formation of a
permanent impression while the stored elastic energy
is released, once the load is removed [15]. In addition,
the viscoelastic creep response to indentation was also
investigated with the observation of the indented spec-
imens over a period of up to a month.

2. Experimental
2.1. Specimen fabrication
The details on how the specimens for this work were
fabricated have been well documented, particularly for
the auxetic UHMWPE [16–18]. However, for com-
pleteness, they will be summarised below. In all cases,
the UHMWPE powder used was GUR 415 supplied by
Hoechst [19].

2.1.1. Fabrication of auxetic UHMWPE
Auxetic UHMWPE was produced by a three stage pro-
cess based on the powder metallurgy techniques of
compaction, sintering and extrusion. All the stages took
place within a specially designed processing rig with
a barrel of diameter 15 mm and length 165 mm. For
the compaction stage, the barrel was blocked off using
a blank die. The powder was introduced and was al-
lowed to reach equilibrium at a temperature of 110◦C
for 10 minutes. Then, compaction commenced at a rate
of 20 mm/min. and a compaction pressure of 0.04 GPa
was held for 20 minutes, resulting in a rod with suf-
ficient structural integrity to allow handling. The rod
was removed from the rig and allowed to cool to room
temperature.

The rod was re-introduced into the rig which was
now at a temperature of 160◦C so that the rod sat in the
middle of the barrel i.e. not in contact with the extrusion
die now fitted to the rig. This was to ensure the required
amount of expansion during the sintering stage [17],
which lasted for 20 minutes. Immediately after this,
the extrusion plunger was driven into the barrel at a
rate of 500 mm/min., forcing the UHMWPE through
a conical die of entry diameter 15 mm, exit diameter
7.5 mm and cone semi-angle 30◦ followed by a capillary
of length 3.4 mm and diameter 7.5 mm. The extrudate
thus produced was smooth and continuous with cup-
and-cone fractures restricted to the specimen ends.

2.1.2. Fabrication of sintered UHMWPE
This material was used as a direct comparison with the
auxetic UHMWPE. Basically, it is a form of conven-
tional UHMWPE with a positiveν but is microporous
and has a density very similar to that of the auxetic
UHMWPE. It was produced by following the first two
stages of the process as described above i.e. by com-
paction and sintering alone. After sintering was com-
plete, the rod thus fabricated was simply ejected from
the barrel.

2.1.3. Fabrication of compression moulded
UHMWPE

This material was used as a comparison with the auxetic
and sintered forms of UHMWPE. In order to ensure
that the highest quality of plaque could be produced,

an extensive series of tests was carried out varying the
temperature, pressure and time at pressure. The plaques
thus produced were then assessed in terms of their me-
chanical properties and variation of these within each
plaque and between plaques [20]. As a consequence of
this, the following conditions were selected.

Preliminary room temperature pressing of the ma-
terial was necessary to ensure that all the entrapped
air (which could lead to air bubbles in the final prod-
uct) was removed. After this preliminary treatment, the
hydraulic press was heated to 165◦C, the pretreated
powder and mould were placed in it and a pressure of
11.5 MN/m2 was applied for 15 minutes. After this,
the moulded plaque was water cooled rapidly under the
weight of the press. Once cooled, the plaque was re-
moved from the mould and any excess polymer in the
form of flash was trimmed.

2.2. Ball indentation
Indentation testing was carried out on the processed
forms of UHMWPE. In order to perform the tests, a
small amount of specimen preparation was required for
the auxetic and sintered specimens. These are produced
in the form of rods and were sectioned to produce flat
bars of length 40 mm, width 10 mm and depth 3 mm
(see Fig. 1). After this, the bars were ground slightly
to reduce any surface defects. The moulded plaques
required no additional specimen preparation. The load
in all cases was applied in the radial,r , direction, as
indicated in Fig. 1 as this is the direction in which the
negative Poisson’s ratio is found in the material due to
the orientation of the microstructure.

In order to eliminate any relaxation effects which
may result in inconsistencies and indeed in incorrect
values of elastic indentation resistance being obtained,
the tests were carried out so that the depth of penetra-
tion of the indentor was measured during load appli-
cation [21]. This was measured by extensometry and
plotted directly against the applied load.

The tests were performed by allowing a 5 mm di-
ameter steel ball to penetrate into the test specimen

Figure 1 Schematic showing the radial,r , testing direction for the in-
dentation tests.
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Figure 2 Typical graph of indentation load,F , against indentation
depth,h.

until the required test load was achieved. In this case,
the loads used were 15 N, 25 N, 50 N, 75 N, 100 N,
150 N, 200 N and 250 N. At each load, at least three
specimens of each type of UHMWPE were tested. For
all the specimens of all the different forms considered,
the data were analysed as follows. For the test load of
15 N, analysis of the loading portion of the curve was
also conducted at 5 N and 10 N. Likewise, for the test
load of 25 N, analysis was also conducted at 5 N, 10 N
and 20 N and for the test load of 50 N at 10 N and
25 N. For the remaining test loads (i.e. 75 N, 100 N,
150 N, 200 N and 250 N), analysis was carried out only
at the peak applied load. The tests were carried out us-
ing an Instron 1185 mechanical testing machine with a
crosshead speed of 0.5 mm/min. The full scale deflec-
tion was altered to give the clearest load/displacement
plots as the test load was varied. Accuracy was ensured
by re-calibration of the Instron between each test. An
example of a typical load/displacement curve produced
is shown in Fig. 2.

The loading portion of the curve was used to generate
the elastic equivalent of the Brinell hardness number for
the material,He, given by:

He = F

πa2
(2)

whereF is the applied force anda the radius of the area
of contact. Assuming that indentation depth is small
compared with the ball radius, then:

a2 ≈ 2Rh (3)

whereR is the radius of the indentor andh the inden-
tation depth. Thus,

He = F

2πRh
(4)

Once the test load had been applied, as can be seen from
Fig. 2, the load was then removed immediately at the
same rate so that the unloading characteristics and the
amount of retained deformation could be studied with-
out any residence time. The retained deformation was
recorded at the end of the test and again after 1 month.

2.3. Measurement of Poisson’s ratio
So that the relationship between the elastic indentation
resistance of the materials fabricated and tested and
their Poisson’s ratios can be evaluated, it is necessary
to measure the Poisson’s ratio of the actual material
tested. This was carried out for the sintered material and
the compression moulded plaques without much diffi-
culty. The specimens were subjected to simple com-
pression testing in the radial (r ) direction and these
were monitored using a photographic technique devel-
oped in-house. This allowed for accurate measurements
of the strains to be made. However, it should be noted
that the strains thus measured are engineering strains
and the resulting strain ratio is only, strictly speaking,
the Poisson’s ratio for small linear elastic strains [22].
In this case, the measured values obtained are, for the
sintered material,ν= +0.11 and for the compression
moulded plaques,ν= +0.20.

However, it is well documented that auxetic mate-
rials may exhibit strain dependent behaviour. Thus a
more complex analysis method must be employed for
these materials. This approach has been previously used
very effectively to analyse the experimental data gath-
ered from indentation testing of auxetic UHMWPE [14]
and so will be employed here. In order to conduct such
analysis, however, data from more than 100 separate
compression tests were gathered. Small sections of aux-
etic rods were subjected to simple compression testing
in the radial (r ) direction as for the sintered material
and the compression moulded plaques and monitoring
took place using the in-house photographic technique,
allowing the engineering strains to be very accurately
obtained and the total engineering strain ratio in the
radial direction,Nrz, to be calculated from:

Nrz = −ez

er
(5)

whereer andez are the engineering strains in ther and
z directions and the load is applied in ther direction
(see Fig. 1). This experimental total engineering strain
ratio was then used to calculate the Poisson’s ratio. The
details of the analysis method are given fully in section 3
below.

A further consequence of the strain dependent nature
of the behaviour of auxetic materials is that the actual
values of Poisson’s ratios obtained by analysis cannot
be used as they are. This is because these values ofν

are obtained at a certain strain which is not usually that
at which the ball indentation tests are carried out. Thus,
further data manipulation is required at this stage [14],
which is also detailed in section 3.

2.4. Microscopic examination of auxetic
UHMWPE

Samples of the auxetic UHMWPE extrudates were
taken, mounted on aluminium stubs, sputter coated with
gold and observed in a Philips 501 SEM at magnifica-
tions of up to×1250. The purpose of this was two-fold.
The microstructure which produces the negativeν ef-
fect is well documented for polymeric materials as be-
ing nodules interconnected by fibrils and observation of
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(a)

(b)

Figure 3 Two examples of the microstructure of auxetic UHMWPE, each displaying a range of fibril angles.

the samples in this work allowed conformation of this
microstructure. Fig. 3a and b show typical examples
of the microstructure of auxetic UHMWPE specimens
used in this work and Fig. 4 is a general schematic
of the microstructure of auxetic polymers. Secondly, it
was necessary for the data manipulation required here
for the size, shape and orientation of the microstructural
parameters shown schematically in Fig. 4 to be mea-
sured. (The shaded rectangles represent the nodules of
sidesa andb and the solid lines the interconnecting fib-
rils of lengthl , as labelled in Fig. 4. There is no material
in the unshaded regions.) To achieve this, photographs
of the microstructure of a large number of specimens
were taken and from these, measurements of the nod-
ule and fibril dimensions were made. In addition,α, the
angle between the fibril and ther axis, was monitored.

Figure 4 Schematic of the microstructure of an auxetic polymer, show-
ing the parametersa andb (the major and minor lengths of the nodules,
represented by the shaded rectangles),l (the fibril length) andα (the
angle between the fibril and ther axis).

3. Use of nodule-fibril geometric models to
aid in indentation analysis

The analysis used for the complete interpretation of
the indentation data involves three stages, which are
considered below.
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Firstly, the results from the experimental compres-
sion tests were plotted to produce the total engineering
strain ratio against strain plots. Due to the nature of
the material produced, the microstructure can be vari-
able and thus, in order to interpret fully the graphs, it is
necessary to find the best fit model curves to the exper-
imental single test data. This is achieved using models
based on the geometry of Fig. 4, in this case giving:

Nrz = − (sinα0− sinα)(a+ l cosα0)

(cosα − cosα0)(b− l sinα0)
(6)

whereα0 is the initial fibril angle to ther axis before
any loading takes place,l is the fibril length anda and
b are the major and minor lengths of the rectangular
nodules [22]. From SEM examination,a/b= 0.9 and

l = 0.05a (7)

but the initial fibril angle was found to vary greatly.
It was this quantity which was used as an adjustable
parameter to obtain the best possible agreement of the
model with the experimental results. To interpret the
data correctly, then, it is necessary to see if certain
discrete values ofα0 can be identified or if a summa-
tion average forNrz should be used. It was found that
though a range of angles was represented in the spec-
imens, the majority of data points fell close to model
values obtained usingα0= 20◦, α0= 50◦, α0=−20◦
andα0=−50◦ (see Fig. 5 for these plots). As already
stated, in excess of 100 compression tests were car-
ried out to obtain these data. So, for clarity, the large
number of data points are omitted from Fig. 5, which
simply shows the four lines generated by Equation 6
to represent most closely the experimental data points.
This degree of variation of the microstructure is as ex-
pected since it is known that a large degree of anisotropy
exists and the values ofα0 quoted are seen in SEM
examinations of auxetic UHMWPE. The significance
of the latter two angles has been previously discussed
with reference to auxetic polypropylene [5]. The minus

Figure 5 Graph of total engineering strain ratio,Nrz, against strain (er )
for auxetic UHMWPE. (a) represents a best fit line withα0= 20◦, (b) has
α0= 50◦, (c) hasα0=−20◦ and (d) hasα0=−50◦. Data points are
omitted for clarity.

sign indicates that the microstructure is over-expanded
and the result of this is strain dependent but positive
ν behaviour as opposed to auxetic behaviour. This can
be just as beneficial for enhancements in indentation
resistance, as the latter varies asν2 of course. The en-
gineering strain in the radial direction,er , based on the
geometry of Fig. 4, is given by (see [22] for details):

er = l (cosα − cosα0)

a+ l cosα0
(8)

The second stage of the analysis was to use the cal-
culated and experimentally verified engineering strain
ratio against strain plot to obtain a theoretical Poisson’s
ratio against strain plot. This was achieved by using the
experimentally obtained values ofa, bandl in conjunc-
tion with the best fit values ofα0. These parameters were
fed into the nodule-fibril model for Poisson’s ratioνrz,
where the load is applied in ther direction, which is:

νrz = − (cosα)(a+ l cosα)

(sinα)(b− l sinα)
(9)

The derivations of Equations 7–9 are given in full in a
previous publication [22].

The theoretically determined plot ofν againste can
now be used to generate the required Poisson’s ratio
associated with the strain incurred by each individual
elastic indentation test. The average strain experienced
by the material during the test was calculated using an
empirical formula proposed by Tabor [23]:

e≈ 0.2

(
a

R

)
(10)

Assuming small indentation depths,

e= 0.2

(
2h

R

)1/2

(11)

= 0.4

(
h

D

)1/2

(12)

whereD is the diameter of the indenter. The constant
0.2 was used by Tabor to indicate plastic strain. In this
work, particularly at low strains, the indentation process
is mainly elastic rather than plastic, so here, the strain
was estimated using:

e= 0.2

(
h

D

)1/2

(13)

This somewhat arbitary choice has been previously em-
ployed and shown to be an accurate approximation [14].
For each indentation test, a value of strain was calcu-
lated using Equation 13 and the corresponding value of
νrz for each strain was obtained by reading the values off
the theoretically determined but experimentally based
plot of νrz against strain. This allowed aνrz associated
with each value ofHe to be identified.
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4. Results
4.1. Variation of indentation resistance with

Poisson’s ratio
Table I gives the values of indentation resistance of the
three differently processed forms of UHMWPE. For
the sintered and compression moulded materials, the
indentation resistance quoted is a simple average. For
the auxetic material, however, the average indentation
resistance is not a meaningful quantity due to the strain
dependency of the material. So, here, the range of values
attained is given. A better representation of this is shown
in Fig. 6 which plots the indentation resistance against
Poisson’s ratio for selected test loads of 10 N, 15 N, 50 N
and 100 N for the auxetic, sintered and compression
moulded materials. Similar plots were obtained for the
remaining loads investigated up to 100 N. Note that
the error bars have been omitted from the compression
moulded data in Fig. 6 for clarity, but these are given
in Table I.

It can be seen from Table I and Fig. 6 that enhance-
ments are found in indentation resistance due to the
material being auxetic at loads from 10 N upwards.
Enhancements were not found at the lowest investi-
gated load of 5 N. This could be due to the very small
load involved i.e. to inaccuracies in the test method at

TABLE I Ball indentation resistance values of the sintered (S), com-
pression moulded (CM) and auxetic materials (A). For both the former,
an average value at each load is quoted; for the latter, the range of values
attained is given

Indentation
resistance (N/mm2)

Test load (N) CM S A

5 6± 3 3± 2 1 – 6
10 9± 4 6± 3 2 – 16
15 10± 4 10± 4 3 – 18
25 13± 5 13± 4 4 – 23
50 18± 5 19± 4 9 – 29
75 23± 5 23± 4 20 – 32
100 25± 5 27± 5 23 – 36
150 29± 5 33± 4 34± 3
200 30± 4 37± 3 37± 2

Figure 6 Graph of elastic indentation resistance (He) against Poisson’s
ratio (νrz) at test loads of 10 N, 15 N, 50 N and 100 N. For comparison,
the sintered and compression moulded data are also plotted at each load.

low loads and strains or it could be due to the way
in which the material responds initially to indentation.
The indentation resistance values for the compression
moulded and sintered materials are very similar from
15 N to 100 N, with the auxetic UHMWPE being sub-
stantially more difficult to indent in this load range i.e.
up to about twice the values at 15 N and 25 N. Here,
for 15 N, the average indentation resistance of the sin-
tered and compression moulded material is 10 N/mm2

with the auxetic material having values of indentation
resistance increasing up to 18 N/mm2 and for 25 N,
the average indentation resistance of the sintered and
compression moulded material is 13 N/mm2 with the
auxetic material having values of indentation resistance
increasing up to 23 N/mm2.

After 100 N, the auxeticity of the material is lost,
i.e. ν= 0 due to the higher strains being imposed. It is
for this reason that in Table I, an average indentation
resistance with standard deviation is quoted for the test
loads of 150 N and 200 N for all three material types.

Fig. 7a shows the measured indentation resistance
against Poisson’s ratio at 25 N using the microstructural
model witha/b= 0.9, l = 0.05a andα0= 20◦. a/b and
l are obtained directly from SEM photographs while
α0= 20◦ provides the best fit as discussed previously.
Also plotted on both Fig. 7a and b are the data points
for the sintered and compression moulded materials at
values ofν= +0.11 andν= +0.20 respectively. By
using the same values ofa/b andl it was possible to fit
all the data to one curve, using only 3 values ofα0 : 20◦,
50◦ and−50◦, the majority being fitted withα0= 20◦.
This is shown in Fig. 7b. This process was repeated for
test loads of 5 N, 10 N and 15 N and similar results
were obtained again using the same three initial angles
with the same initial geometry. Basically, scatter in the
test data could be eliminated by using one of the three
identified initial angles in the analysis. This indicates
once again the variabilty of the microstructure and also
the importance of careful identification of the model
parameters.

4.2. Elastic and viscoelastic recovery
of indentations

The values of the initial retained deformation expressed
as a percentage of the total indentation depth,h, are
shown in Table II for all three types of material. The
data were gathered from at least three specimens tested
at each load from 15 N to 250 N and the following can
clearly be seen.

Firstly, the auxetic UHMWPE is the most elastic
of the three materials tested at the lower loads (i.e.
5± 2% compared with 7± 1% for the compression
moulded and 11± 3% for the sintered materials at 15 N
and 8± 2% compared with 13± 2% for the compres-
sion moulded and 24± 2% for the sintered materials
at 25 N). This is the range in which the material is
behaving auxetically and the indentation resistance is
enhanced. As the test load increases, the auxetic effect
is gradually lost and the material behaves in a more
plastic fashion until at the higher test loads, the aux-
etic material is the most plastic of those tested (i.e. at
250 N, the retained deformation for the auxetic material
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(a)

(b)

Figure 7 Graph of elastic indentation resistance (He against Poisson’s
ratio (νrz) at a test load of 25 N. (a) shows the test data analysed using one
initial angle,α0= 20◦ and (b) shows the test data whereα0 is allowed
to vary for individual scattered points such thatα0= 50◦ or α0=−50◦.
Scatter is eliminated. Test data are represented by crosses forα0= 20◦,
filled circles forα0= 50◦ and open circles forα0=−50◦ so that the
angles can be identified. This key also applies in Fig. 7a so that the scatter
points are identified even though all data here is assignedα0= 20◦. For
comparison, the sintered and compression moulded data are also included
as lines atν=+0.11 and+0.2 respectively.

is 37± 1% whereas it is 31± 1% for the compression
moulded material and 33± 2% for the sintered mate-
rial).

It should be noted that the sintered material behaves
plastically even at low loads, having three times the re-
tained deformation of the auxetic material and approxi-
mately twice that of the compression moulded material
at 25 N. The possible reasons for this are considered in
the next section.

Since polymeric materials show a complex viscoelas-
tic behaviour, it was decided to observe the sam-
ples again after a period of 1 month (approximately

TABLE I I The percentage instantaneous retained deformation for the
sintered (S), compression moulded (CM) and auxetic (A) materials

Test load Percentage instantaneous retained deformation for

(N) CM S A

15 7± 1 11± 3 5± 2
25 13± 2 24± 2 8± 2
50 21± 5 19± 1 22± 2
75 22± 5 27± 1 24± 1
100 17± 3 29± 1 28± 2
150 28± 2 30± 1 28± 3
200 32± 4 31± 2 33± 1
250 31± 1 33± 2 37± 1

720 hours) to see if there had been any further vis-
coelastic recovery of the indents. It was expected that
this would be the case since previous work by Lorenzo
et al. [24] had shown that impressions produced in
polyethylene by Vickers microindentations did not re-
main constant in shape but recovered with time. All
three types of material were measured after the 1 month
period to see if any differences could be observed be-
tween the auxetic, sintered and compression moulded
materials. It was found that no impression could be ob-
served in the sintered material which had been tested to
loads of 15 N and 25 N but impressions could still be
seen for specimens tested at loads of 50 N and above.
For the compression moulded material, the lowest load
applied to a specimen after which an impression re-
mained after 1 month was 75 N and for the auxetic
material, it was 100 N. This indicates that the auxetic
material displays the most rapid viscoelastic creep re-
sponse, with the material losing, effectively, all trace
of the indent at loads of up to and including 75 N after
720 hours.

5. Discussion
Before discussing the results of this study, the method
and complexity of the analysis and modelling required
to interpret the data should be commented on. Ideally,
the Poisson’s ratio of the material under test should be
measured directly at all deformations instead of being
predicted for the different values ofHe (albeit using the
experimentally determined values ofN, α0, l , a andb).
This issue is currently being addressed by conducting
continuous strain history tests on auxetic and equiva-
lent positive Poisson’s ratio materials using video ex-
tensometry techniques.

The main finding from this work is that indentation
resistance is enhanced in auxetic UHMWPE when com-
pared with conventional UHMWPE under test loads of
10–100 N with a maximum increase of a factor of×8
from ν≈ 0 toν≈−0.85. It should also be noted that at
the higher test loads (i.e. 150 N and 200 N), the inden-
tation resistance of the auxetic materials might not be
enhanced but it is at least equal to that of the sintered
and compression moulded materials so even after the
auxetic effect is lost, the indentation resistance does not
decrease but rather becomes conventional.

The large variation seen in the range of indentation re-
sistance values for the auxetic material can be attributed
to microstructural variations and this is in itself borne
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out by the fact that four initial angles are required to
completely and comprehensively analyse and interpret
the data. The initial angles required to describe fully
the nodule-fibril microstructure areα0=+20◦, +50◦,
−20◦ and−50◦, and use of these have allowed any scat-
ter in the data to be accounted for (see Fig. 7a and b).
The microstructural variations are an issue and obtain-
ing homogeneity in all samples is one of the main aims
of future work in the processing of auxetic, microp-
orous polymers. Otherwise, all the properties of the
material will vary along the specimen length, making
every section effectively a different material.

The elastic/plastic/viscoelastic nature of the inden-
tation response which has been characterised by the
recovery of the indentation impression immediately af-
ter the test load was removed and after 720 hours (i.e.
1 month) was also investigated. The auxetic material
proved to be the most elastic of the three materials at
the two lower loads of 15 N and 25 N, with the sin-
tered material being the most plastic. For example, at
a test load of 25 N, the auxetic material retained only
8± 2% of its indentation depth after the load was re-
moved whereas the sintered material retained 24± 2%.
This is an important finding as it points to the cooper-
ative behaviour of the nodules and fibrils in the mi-
crostructure of the auxetic material being instrumental
in its response to indentation rather than it being simply
due to the closing up of the pores in the material. If the
latter were the case, then the sintered material would
behave exactly as the auxetic material does. However,
the sintered material appears to be squashed under the
indenter (see Fig. 8a). This is further underlined by the
findings after 1 month. Even allowing for such a long
recovery time, the impression remained clearly visible
to the naked eye in sintered specimens which had been
tested up to loads of only 50 N. This is the most plastic
response seen.

The results from this study can be used, then, to sug-
gest how the auxetic material reacts to indentation. The
mechanism proposed must take account of the facts that
the material is more difficult to indent the more auxetic
it is and that the response is more elastic than that in
both the sintered and compression moulded materials.
This suggests that the material response is microstruc-
tural in nature and, from the differences in behaviour
between the sintered and auxetic materials, is believed
to be due to the fibrils. The mechanism proposed here
involves the cooperative behaviour of the nodules and
fibrils such that the fibrils pull the nodules under the in-
denter, causing a local densification of the microstruc-
ture (see Fig. 8b). The shaded circles in Fig. 8b represent
the nodules (as did the shaded regions in Fig. 4) and the
solid lines the interconnecting fibrils, as labelled. It is
believed that the fibrils wrap around the nodules when
the indenter is applied and further work is underway to
observe this process in the straining stage of an SEM to
verify if this is the case. Thus, the fibrils appear to disap-
pear in Fig. 8b(ii) but are actually wrapped around the
nodules, conforming to their shapes. This is the same
type of effect seen when auxetic honeycomb structures
are indented [25] which adds credence to the ideas ex-
pressed here.

(a)

(b)

Figure 8 Schematic showing the proposed microstructural response for
indentation of (a) sintered and (b) auxetic polymers. In each case, (i) rep-
resents the polymer before indentation and (ii) represents the polymer
under indentation. The shaded circles represent the nodules.

If the indentation response is due to local densifica-
tion under the indentor, then in the more open regions of
the specimen, this would be achieved more easily due
to the cooperative nature of the response of the nodules
and fibrils, resulting in a material that is more difficult to
indent. Then, on removal of the load, it is expected that
the fibrils would unwrap and nodules would relax and
return to close to their original positions. This would
explain the much more elastic nature of the indentation
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response for the auxetic material compared with the
sintered material at low loads. Also, it would then be
expected that further relaxation due to the viscoelastic
response would take place over a period of time as the
microstructure gradually returns to its initial state. This
is also the case with much less permanent damage ef-
fected for the auxetic material than the sintered material
characterised by the fact that no impression can be seen
in samples that had been tested up to and including 75 N
for the auxetic material whereas the lowest load inves-
tigated where recovery of the impression was complete
for the sintered materials was only 25 N.

The auxetic material does become more plastic at
the higher loads considered than the other two material
types. The reason for this is that the nodules and fibrils
are completely densified under the indenter and further
loading in this state can only lead to plastic deformation
of the microstructure.

6. Conclusion
The indentation resistance of auxetic UHMWPE is en-
hanced at low loads (i.e. up to 100 N when the strains
imposed on the microstructure cause the auxetic effect
to be lost) when compared to sintered and compression
moulded UHMWPE.

It was found that the auxetic material was the most
elastic at the lower test loads and was also had the most
rapid viscoelastic response, which was assessed by re-
examining the specimens after 1 month. The sintered
material had the most plastic response and this has al-
lowed a mechanism to be proposed explaining how the
microstructure of the auxetic material reacts to inden-
tation. This is proposed to take place by the local den-
sification of the nodules caused by the fibrils under the
indenter and not simply by the closing up of the pores
in the material, which would mean that the sintered
and auxetic materials would behave identically. Verifi-
cation of this microstructural mechanism is continuing
in current work.
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