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Single fibre pullout tests on auxetic polymeric

fibres
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A novel route for production of auxetic fibres has been adapted from conventional melt
extrusion techniques. These fibres were reproduced, characterised and tested, for the first
time, to assess the potential of auxetic fibres as reinforcements in composite materials.
Initial experimental work has included the embedding of single fibres in modified epoxy
resin. Auxetic fibre specimens were then compared with conventional fibre specimens
through a specially designed fibre pullout testing procedure. The auxetic specimens
displayed superior anchoring properties. The average maximum force at de-bonding of the
auxetic fibres (0.95 N) was observed to be over 100% higher than that for conventional
ones (0.44 N) and the average energy required to fully extract the auxetic fibre from the
modified resin was 8.3 mJ while the conventional fibre required only 2.5 mJ on average.
The results indicate that composites employing auxetic fibres as the reinforcement phase
will exhibit enhanced resistance to failure due to fibre pullout.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Auxetic materials are those which possess a negative
Poisson’s ratio (ν)—that is, they undergo transverse
expansion when under axial tensile load, unlike most
materials which contract under the same loading con-
ditions, e.g. a rubber band or chewing gum. Poisson’s
ratio is defined:

νxy = −εy/εx (1)

where εx is tensile strain in the loading direction while
εy is the tensile strain perpendicular to this. Although
naturally auxetic materials do exist [1–3] most mate-
rials have ν ∼= +0.25 to +0.33. Exceptions to this
include cork which has a Poisson’s ratio of 0 and rubber
which has a Poisson’s ratio of ≈+0.5. Auxetic mate-
rials are predicted to offer potential enhancements in a
range of important properties. For example, the inden-
tation resistance H of isotropic materials is predicted to
be enhanced [4, 5] due to the relationship

H ∝ (1 − ν2)−x (2)

where the value of x varies according to the analytical
theory used, and

−1 ≤ v ≤ +1

2
(3)

for isotropic materials. Looking at the two extremes, if
an isotropic material with ν = −1 could be obtained
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as opposed to one with ν = +0.5, then it can be seen
from Equation 2 that the hardness would be predicted
to be substantially enhanced. This has now been exam-
ined in foams, microporous polymers and composites
and enhancements of up to 4 times over conventional
materials have been seen [6].

Lakes’ work, in 1987, with polymeric re-entrant
foams [4] was the first documented synthesis of an
auxetic material and subsequently has inspired further
work into the synthesis of auxetic polymeric materials.
This was given impetus by the discovery of a nodule-
fibril microstructure in an already available microp-
orous, anisotropic form of expanded polytetrafluroethy-
lene (PTFE) with auxetic properties [7]. Its Poisson’s
ratio value varied with strain and negative values as
large as −12 were measured. Following Caddock and
Evans’ findings in microporous PTFE there was inter-
est in the possibility of synthetically producing nodule-
fibril microstructures in other polymeric materials.

A patent application was made by Evans and
Ainsworth [8] to cover the production route for poly-
mers having a microstructure comprising of nodules
and fibrils, leading to a negative Poisson’s ratio. They
fabricated auxetic polymers in the form of cylinders
or rods. The production route of these rods incorpo-
rated compaction [9], sintering [10] and extrusion [11]
stages with careful temperature management. During
this work, an examination of the morphology of the
powder used as a starting point for manufacture was car-
ried out and it was found to be an essential component in
the successful synthesis of auxetic ultra high molecular
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weight polyethylene (UHMWPE) and polypropylene
(PP) [12]. For auxetic PP, for example, a finely divided
powder with average particle-size distribution between
50 and 300 µm, with irregular shape and rough surfaces
was found to produce the best results.

As a development of the latter work, polypropylene
filaments were melt-extruded to exacting conditions
which allowed the production of filaments with auxetic
character [13, 14]. The importance of the fibre work
lay in the need to produce auxetic polyolefins in a form
that lent itself more readily to applications-based re-
search. The principles used in the ram-extrusion pro-
duction route for the rods were the basis of the work.
However, continuous production of fibres, using an ex-
truder of Archimedian screw principle, cannot allow for
a separate compaction stage. The static sintering stage
used in the rod work [10, 12] was adapted to this ex-
trusion method by reducing the throughput speed. This
allowed the material to move slowly through the ex-
truder’s 3 barrel zones before reaching the adapter or
die zones, where it emerged with no drawing apart from
that caused by gravity as the fibres exited the spinneret
[14].

Characterisation of these fibres included Scanning
Electron Microscopy (SEM), Differential Scanning
Calorimetry (DSC), Video Extensometry (VE) and ten-
sile testing. The auxetic fibres were found to be auxetic
with a typical Poisson’s ratio value of ν = −0.6 [14].
Conventional fibres were also produced, with a typical
Poisson’s ratio of ν = +0.34.

The primary objective of this work is, by experi-
ment, analysis and modelling, to investigate the pre-
dicted benefits of using auxetic fibres as fibre reinforce-
ments in composite materials [5, 15]. Premature failure
of composite materials due to crack propagation and
fibre pullout is seen as a limiting factor. The nature of
an auxetic material to expand when being stretched is
predicted [5, 15] to assist in the control and delay of
fibre pullout as shown in Fig. 1.

In relation to fibre pullout behaviour, the majority
of researchers reviewed [16–24] have been concerned
with the highly complex behaviour of the fibre-matrix
interface, the propagation of interfacial failure and the
stresses and elastic behaviour of the immediate ma-
trix area during the fibre pull-out event. The success-
ful development of auxetic fibres [14] now enables a

Figure 1 Predicted anchoring effect provided by auxetic fibre when un-
der tensile load. The negative Poisson’s ratio causes the fibre to expand
instead of contract - maintaining interfacial contact for longer.

new approach to minimising failure due to fibre pull-
out. Hence, this work focuses upon a comparison of
the fibre pullout performance of auxetic fibres and the
conventional fibres.

To assess the quality of the fibre-matrix interface,
there are many variations on four basic characterisation
methods or micro-mechanical tests, which are single fi-
bre pullout, micro-bond, fibre push-out and indentation
or push-down.

In the single fibre pullout test the fibre end is partially
embedded in a resin matrix and the matrix is then held
stationary on a solid base while the fibre is pulled out.
This was selected as the most suitable method for this
work, since the mechanisms of fibre pullout of auxetic
fibres are what the work set out to assess.

A method of fibre pullout was developed, based on
the work of Betz [16], and the pullout performance of
auxetic and conventional fibres was assessed. It was
found that the auxetic fibres required up to twice as
much external force to reach the peak of de-bonding and
that the energy required to complete pullout of auxetic
fibres was, on average, three to four times that required
for the conventional fibres.

2. Experimental methods
2.1. Production of auxetic fibres

In accordance with the patented manufacturing pro-
cess [13] polypropylene fibres were produced using
the same powder used by Pickles et al. [12] to pro-
duce PP rods. This was grade PB0580 produced by
Plast-Labor S.A. and supplied by Univar plc. The melt
extrusion process was performed using an Emerson
and Renwick Ltd Labline extruder, (Fig. 2), which has
five thermostatically controlled temperature zones, a
3:1 compression ratio and a 25.4 mm diameter screw
of length/diameter ratio 24:1. Screw speed was set
to 1.05 rad s−1 with a take-off speed of 0.032 m
s−1, using cooled rollers. A batch of conventional fi-
bres was produced as a comparative control with tem-
perature zones set to 180, 185, 190, 195 and 200◦C
respectively. The auxetic fibres were produced un-
der exactly the same conditions except that the tem-
perature profile was amended to 159◦C across all
zones.

2.2. Characterisation of fibres
In order to fully characterise the fibres, a number of
tests were carried out. Fibre diameter was measured
using both an engineer’s micrometer and a graticule of
0.01 mm scale. Ten measurements were taken evenly
spaced along each of ten 120 mm fibre specimens. This
was done for both auxetic and conventional specimen
types. The two types of measurement were found to be
within ∼20 microns (10%) error. An average value was
obtained from these measurements. Then, the density
was determined by measuring 3 samples of 10 metres
of fibre, weighing each individual length on electronic
weighing scales accurate to 0.001 g and referring to
the diameter measurements taken earlier. The mechan-
ical properties were determined through tensile testing
using Instron 4303 equipment, fitted with 100 N load
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Figure 2 Schematic of extruder set up used to produce fibres for this work.

cell, situated in an environmentally controlled room
at 65%relative humidity and a temperature of 23◦C.
Gauge-length and grip-distance were set to 50 mm with
travelling speed of 25 mm min−1. Finally, the Poisson’s
ratio was determined using Biax 200C micro-tensile
testing equipment, which was fitted with 10 Newton
load-cell and a Messphysik video extensometry pack-
age as described in the earlier paper [14].

2.3. The design and preparation
of a resin matrix

Due to the auxetic fibres’ thermal characteristics [25],
the matrix material was selected carefully to avoid in-
troducing an extra variable. Since the fibres possessing
a negative Poisson’s ratio were produced at 159◦C, the
matrix had to be a cold-cure resin and was also needed
to produce only a low exotherm during setting, of 140◦C
or less.

It was necessary to modify the resin to a point where
the fibre may be removed from the matrix or the fibre-
matrix interface failed before the fibre itself reached its
elastic limit and began necking. The single fibre pull-
out comparisons made between the auxetic and con-
ventional fibres required the careful design of a model
composite which took into account the tensile charac-
teristics of the fibres themselves.

The material selected for the matrix was a cold-cure
epoxy resin, Araldite LY 5052 with hardener HY 5084.
Properties of the unmodified, cured, neat resin casting
(non-reinforced) when gelling and curing at room tem-
perature are given in Table I. Dibutyl phthalate was
used to inhibit the resin’s ability to form cross-links in
the curing process, by a process developed in house.

TABL E I Properties of non-modified epoxy resin used for matrix

Araldite LY5052/HY5084 cold cure epoxy

Tensile strength 60–63 MPa
Strain at tensile strength 2.3–3.0%
Tensile stress at rupture 58–62 MPa
Strain at rupture 2.4–3.2%
Tensile modulus 3.1–3.2 GPa
TGonset 52◦C
TG 56◦C
Flexural strength 80–85 MPa
Strain at flexural strength 2.8–3.1%
Flexural stress at rupture 80–85 MPa
Strain at rupture 2.9–3.1%
Tensile modulus 2.95–3.05 GPa

The amount of dibutyl phthalate added to the resin
mixture started at 2.75 × 10−6 m3 and increased by
2.75 × 10−6 m3 increments for each resin mixture up
to 41.25 × 10−6 m3. Table II shows the resin mixtures
considered.

44.25 g of resin was weighed carefully in a plastic
beaker using electronic scales accurate to 1 × 10−5 g,
the relevant quantity of plasticiser was added and
thoroughly mixed with the resin. The hardener was
added last, as 10.2 g, and thoroughly blended with
the resin/plasticiser mixture. Resin coupons measuring
12.7 mm × 60 mm × 3 mm, and a model single fibre
pullout specimen of each resin mixture were made and
cured at room temperature. These pairs were then in-
dividually subjected to tensile loading and results were
collated and analysed until the desired fibre matrix pull
out behaviour was observed.

2.4. Single fibre pullout specimen
preparation

A clear polystyrene bijou tube with flat internal base,
Fig. 3A, was pierced centrally in the base with a 0.5 mm
drill. An auxetic fibre was threaded carefully through
the hole and secured with BluTak©R in the external re-
cess of the base, Fig. 3B. The tube and fibre were then
carefully inserted into one of the holes in a specially
built loading rack, Fig. 3C. The fibre was then held ver-
tical by inserting it into a hole, machined central to the
axis of the tube and fibre. The fibre was held in place
with BluTak©R on the top surface of the hole.

Taking great care to avoid contamination of the free
fibre end, a syringe containing a 3×10−6 m3 measured
quantity of prepared resin mixture was used to charge
the tube, via an access hole formed in the top of the
loading rack, Fig. 3D. The loading rack was then kept
in a warm room with ambient temperature of 24◦C ±
2◦C. A gel time of 6 h at room temperature was allowed
followed by seven days curing time in the same condi-
tions [26]. The 3×10−6 m3 of resin gave an embedded
fibre length of 20 mm.

When the model composite had completed its curing
time, it was carefully removed from the loading rack,
the BluTak©R was removed and a new razor blade was
used to shear the protruding fibre from the base, level
with the surface of the plastic tube. The free fibre end
was carefully held, to avoid compressive damage or ten-
sile loading. Pullout specimens made using the different
resin types, Table II, were tested (using experimental
parameters described in ‘Fibre pullout tests’).
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TABLE I I Resin matrix midifications attempted. Bold figures indicate most successful recipe used for all following work

Dibutyl Dibutyl Total Dibutyl Dibutyl
LY5052 HY5084 Phthalate Phthalate Volume Total Phthalate Phthalate
(×10−6 m3) LY5052 (g) (×10−6 m3) HY5084 (g) (×10−6 m3) (g) (×10−6 m3) Weight (g) Volume(%) Weight(%)

40 44.24 9.20 10.176 2.75 2.89 51.95 57.31 5.29 5.04
40 44.24 9.20 10.176 5.50 5.78 54.70 60.20 10.06 9.60
40 44.24 9.20 10.176 8.25 8.67 57.45 63.09 14.36 13.74
40 44.24 9.20 10.176 11.00 11.56 60.20 65.98 18.27 17.52
40 44.24 9.20 10.176 13.75 14.45 62.95 68.87 21.84 20.98
40 44.24 9.20 10.176 16.50 17.34 65.70 71.76 25.12 24.17
40 44.24 9.20 10.176 19.25 20.23 68.45 74.65 28.12 27.10
40 44.24 9.20 10.176 22.00 23.12 71.20 77.54 30.90 29.82
40 44.24 9.20 10.176 24.00 25.20 73.20 79.62 32.79 31.65
40 44.24 9.20 10.176 24.75 26.01 73.95 80.43 33.47 32.34
40 44.24 9.20 10.176 25.00 26.30 74.20 80.72 33.69 32.58
40 44.24 9.20 10.176 25.44 26.73 74.63 81.15 34.08 32.94
40 44.24 9.20 10.176 26.13 27.46 75.32 81.87 34.69 33.54
40 44.24 9.20 10.176 26.81 28.18 76.01 82.60 35.28 34.12
40 44.24 9.20 10.176 27.50 28.90 76.70 83.32 35.86 34.69
40 44.24 9.20 10.176 30.25 31.79 79.45 86.21 38.08 36.88
40 44.24 9.20 10.176 33.00 34.68 82.20 89.10 40.15 38.93
40 44.24 9.20 10.176 35.75 37.57 84.95 91.99 42.09 40.85
40 44.24 9.20 10.176 38.50 40.46 87.70 94.88 43.90 42.65
40 44.24 9.20 10.176 41.25 43.35 90.45 97.77 45.61 44.34

Figure 3 Schematic of single fibre pullout specimen preparation.
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It was noted that the surface tension and residual
stresses in the resin during setting were sufficient to
pull the fibre down from the supporting frame where it
was secured with BluTak©R, leading to the fibre being
curved at times. With this in mind, regular checks were
made during the setting period to gently secure the fi-
bres and ensure their straightness, although the problem
was reduced as the inhibitor percentage increased.

Due to the possibility of air gaps, it was necessary
to observe the fibre/matrix interface to judge the qual-
ity of adhesion. This was done by open-casting small
lozenges of resin of the optimum formula, approxi-
mately 2 mm thickness and 10 × 50 mm, with fibres
of each type laid in. These were allowed to set and
cure in exactly the same manner as the pullout speci-
mens. The samples were then cryogenically fractured
(using liquid N2) in strategic positions so fragments
of the fibres would be exposed. The broken fragments
were each examined microscopically. At the same time,
the fragments were observed for any evidence of sur-
face interaction between the fibre and matrix. No ev-

Figure 4 Schematic of single fibre pullout experimental set up.

idence was found of any surface interaction between
the two materials in either auxetic or conventional
specimens.

2.5. Fibre pullout tests
Using Instron 4200 testing equipment fitted with a
100N load cell, the specimen (still in its tube) was in-
verted and gripped in the collet grip, which was attached
to the cross-head with a self-levelling gimble attach-
ment, Fig. 4. The free fibre end was clamped in the lower
rubber lined jaw. The grip distance was set to 70 mm,
which represented the distance from the top edge of the
resin in the inverted tube to the top edge of the lower
grip. The gauge length was set to 20 mm, representing
the fibre’s embedded length. The rate of displacement
was 5 mm min−1 and the sampling rate was 10 points
per second. For each specimen, a record was made of
any amount of fibre pullout (visually identifiable) and
any amount of plastic deformation and necking, with
measurements.
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Using these parameters the complete range of pull-
out specimens was tested. When the resin containing
24.75×10−6 m3 of inhibitor was tested, the fibre pulled
out cleanly and without damage. Markers placed on
the fibre near the resin confirmed that the fibre had
pulled out without fracture or plastic deformation. Fur-
ther tests were performed to confirm the best resin for-
mula between 24 × 10−6 m3 and 25 × 10−6 m3 of
inhibitor. These confirmed that the 25×10−6 m3 quan-
tity was the most consistent in allowing the fibre to
extract as described. Consequently, this resin formula
was used for all further pullout tests in this research.
This formula produced a resin with a Young’s modulus
of 0.13 GPa and tensile strength of 0.76 MPa. Having
confirmed the most suitable resin formula, two compar-
ative sets of pullout specimens were made using auxetic
and conventional fibres and tested as before.

3. Results
3.1. Fibre characterisation
The fibre characterisation methods revealed that apart
from Poisson’s ratio values, the two fibre types used in
this work had very similar dimensions and mechanical
properties (see Table III).

3.2. Fibre pullout results
Figs 5 and 6 show a selection of force-displacement
curves for both auxetic and conventional fibre pull-
out specimens. Typically, the auxetic fibres’ peak
de-bonding force remains higher over a greater dis-
placement distance, indicating a prolonged de-bonding
event. In comparison, the conventional fibres, Fig. 6,
suffer much lower and sharper peak de-bonding events,
requiring much less energy to pull out the fibre.

TABLE I I I Fibre properties compared

AUXETIC FIBRE
Diameter 226 µm
Density (ρ) 633 kg/m3

Young’s modulus (E) 1.34 GPa
Tensile strength 28 MPa
Poisson’s ratio value −0.6 ± 0.05

CONVENTIONAL FIBRE
Diameter 228 µm
Density (ρ) 774 kg/m3

Young’s modulus (E) 1.38 GPa
Tensile strength 32.57 MPa
Poisson’s ratio value +0.34

Figure 5 Auxetic fibre pullout curves.

Figure 6 Conventional fibre pullout curves.

Figure 7 Average force-displacement curves compared for the conven-
tional and auxetic single-fibre pullout tests.

The auxetic fibres exhibit two distinct types of curve
as can be seen in Fig. 5; one being a typical pullout
curve (referred to as Type P) and the other indicating
plastic deformation (referred to as Type N). The Type N
indicates an initial pullout of up to 6 mm before necking
occurs at between 1.1 and 1.3 N. The Type P curves tend
to decline after the peak representing complete pullout
with no ‘necking’.

Fig. 7 shows a direct comparison between the average
auxetic Type P curves and average conventional fibre
pullout curves. It can be seen that the energy used to
pull out an auxetic fibre, at 8.3 mJ, is over three times
greater than for pull out of the ‘conventional’ fibres, at
2.5 mJ.

4. Discussion
The results have shown significant improvements in
fibre pullout resistance for auxetic fibres. The mech-
anisms responsible for this will now be discussed by
considering the behaviour of the idealised conventional
and auxetic single-fibre pull-out specimens at various
stages of the pull-out test shown schematically in Fig. 8.

After 40 years of fibre pullout testing, analysis of the
curves is still open to interpretation [27]. In the case
of a weakly bonded interface, such as that found in
systems containing glass fibres [28], carbon fibres [29]
and Kevlar [30], a typical single fibre pull-out curve
consists of 4 phases. In the initial phase a linearly
increasing force-displacement curve exists, corre-
sponding to elastic deformation of the free fibre end,
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Figure 8 Schematic of the pull-out process for the conventional (left hand side) and auxetic (right hand side) single-fibre specimens. Displacements
(d) correspond to points shown on Fig. 7. The original position and dimensions of the fibres are indicated by a dashed outline in each case.
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elastic shear of the fibre-matrix interface, and elastic
deformation of the embedded fibre end. The point (A)
at which the force-displacement curve deviates from
linearity defines the beginning of the second phase of
the pullout behaviour, which culminates in a maximum
to the force-displacement curve (B). If the work of oth-
ers is followed [16–24], this represents the initial stages
of interfacial failure between the fibre and matrix, in
which the formation of a void or voids between the
fibre and matrix occurs. The third phase of the pull-
out behaviour (B-C) is characterised by a decrease in
the force as the displacement increases further, and is
indicative of increased fibre-matrix de-bonding at the
interface, and slip-stick frictional sliding of the de-
bonded region(s) of fibre as it is extracted from the
resin matrix. In this region, the frictional response of
the de-bonded region(s) of fibre becomes increasingly
dominant (over the shear of the bonded interface) in
the force-displacement curve. Frictional pullout of the
completely de-bonded fibre represents the final phase
(C-D) of the pull-out behaviour and is characterised by
an essentially linearly decreasing force-displacement
curve.

Points A-D are indicated on Fig. 7 for both the auxetic
(subscript ‘A’) and conventional (subscript ‘C’) fibres.

The auxetic fibre specimen clearly displays an abil-
ity to withstand a higher peak load, which occurs at a
higher displacement, and is able to sustain a higher load
over the entire displacement range. In comparison, the
conventional PP fibre specimen displays a much lower
and sharper peak to the force-displacement curve.

The specimens used in this work were relatively soft
and flexible and the free fibre length was relatively
large, which is likely to be responsible for the smooth,
featureless initial elastic regions (0-A) shown for both
curves in Fig. 7.

For the purpose of this work the point A, at which the
curve becomes non-linear, will be taken as the initia-
tion of de-bonding [16–24, 27]. The conventional fibre
specimen appears to undergo initiation of de-bonding at
slightly lower load and displacement values (0.3 N and
0.4 mm, respectively) than the auxetic fibre specimen
(0.5 N and 0.55 mm, respectively). This may be due
to the tendency for the conventional fibre to undergo
positive Poisson’s ratio-induced radial contraction dur-
ing the test which, therefore, acts to pull the fibre away
from the matrix perpendicular to the loading direction.
This will add to the effects of the applied shear stress
at the interface and eventually lead to the formation
of a void (initiation of de-bonding). This is shown in
Fig. 8c for the case of a surface de-bond where the stress
build-up will be greatest [16, 17, 21, 23, 27] for the two
combined effects. The tendency for the auxetic fibre to
expand radially, on the other hand, will act to maintain
the integrity of the interface to higher applied loads and
displacements (e.g. Fig. 8d).

The sharper peak to the force-displacement curve
(0-A-B-C) for the conventional PP fibre specimen in-
dicates a more catastrophic de-bonding of the fibre-
matrix interface. This can be explained by consider-
ing the stress concentration at the tip of the de-bond
at the interface, and the behaviour of the de-bonded

section of fibre (Figs 8d and e). In the case of the con-
ventional fibre, the positive Poisson’s ratio-induced ra-
dial contraction acts to pull the fibre away from the
matrix at the crack (de-bond) tip. This causes an in-
crease in the stress concentration at the crack tip for
the conventional fibre specimen. The de-bonded length
of fibre is no longer constrained from radial deforma-
tion by the matrix and so it undergoes radial contrac-
tion. This leads to a reduction in the frictional slid-
ing behaviour of the de-bonded length of conventional
fibre.

In the case of the auxetic fibre specimen, on the other
hand, the negative Poisson’s ratio-induced radial ex-
pansion of the fibre causes the tip of the de-bond to
close up, leading to a reduction in the stress concen-
tration in this region. The tendency of the de-bonded
length of auxetic fibre to expand radially ensures con-
tact between the un-bonded fibre and matrix is max-
imised, leading to an increase in the frictional contact.
This is evidenced by the notably rougher B-C region of
the load-displacement curve for the auxetic fibre spec-
imen, indicative of slip-stick frictional sliding of the
de-bonded region of fibre, and has also been noted in
the work on auxetic and conventional copper foam fas-
teners [32]. Hence, the decreased stress concentration
at the de-bond tip, and the increased frictional forces
experienced by the de-bonded length of fibre combine
to produce a retarded de-bond event for the auxetic fi-
bre specimen. In other words, total de-bonding occurs
at a lower displacement during the pull-out test for the
conventional fibre specimen (Cc-displacement ∼4 mm)
than for the auxetic fibre specimen (CA-displacement
∼14 mm)-Figs 7, 8f and g.

The tendency of the matrix to restrict the radial ex-
pansion of the de-bonded section of auxetic fibre con-
strains the axial deformation of the auxetic fibre to
occur predominantly along the free fibre section only
(Fig. 8d–f). This contrasts with the conventional fi-
bre case where axial deformation will occur predomi-
nantly along both the de-bonded and free fibre sections
(Fig. 8c–e). Hence, it might be expected that the auxetic
fibre would undergo some degree of plastic deforma-
tion during the test before the conventional fibre, as a
result of accommodating more local strain in the de-
formable section of fibre (Fig. 8f). This is consistent
with the fact that some of the auxetic fibre specimens
show clear evidence of yielding (Fig. 5), whereas the
conventional fibre specimens do not (Fig. 6).

It is interesting to note that the curve for the conven-
tional fibre shows a small dip followed by an increase at
Cc, Fig. 7. The dip possibly represents the reduction in
applied force necessary to maintain the displacement
rate immediately after the final destruction of the in-
terface. At this point the fibre is essentially free from
the matrix and will undergo both shortening along its
length and expansion radially as the fibre tends to relax
back to its original dimensions (Fig. 8f). The contact
and, therefore, frictional forces between the de-bonded
fibre and surrounding matrix will thus be increased due
to the radial expansion of the fully de-bonded fibre.
Hence, the increase in the curve, immediately after the
dip, is suggested to correspond to the increase in force
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required to overcome the increased friction force as-
sociated with the radial expansion of the de-bonded
conventional fibre.

In the case of the auxetic fibre specimen, the dip in
the curve at CA is again interpreted as the decrease in
force required to maintain constant displacement rate
at the point of full failure of the fibre-matrix interface.
In this case, however, there is no increase in the curve
following the dip. Again, this is explained in terms of
the tendency of the fibre to undergo relaxation towards
the initial fibre dimensions once full de-bonding has
occurred. For the auxetic fibre, the longitudinal con-
traction of the fibre at the point of full de-bonding is
accompanied by a radial contraction due to the nega-
tive Poisson’s ratio (Fig. 8g). This results in a reduction
in contact between the fully de-bonded fibre and ma-
trix, and therefore a reduction in the frictional sliding
force. Hence the drop at CA is likely to be due to two
effects, the full failure of the interface and the reduction
in friction forces due to radial contraction of the fully
de-bonded fibre.

To summarise in terms of frictional contact: the de-
bonded section of conventional fibre is in minimal con-
tact during the de-bond event due to the positive Pois-
son’s ratio effect, and increases contact following full
de-bonding due to the tendency to return to the original
fibre dimensions. For the auxetic fibre, the contact dur-
ing the de-bond event is increased due to the negative
Poisson’s ratio, and reduces following full de-bonding
as the fibre tends to return to its original dimensions.
The contact per unit area once the fibres have relaxed
following full de-bond will be approximately equal in
both cases since they will both have tried to return to
the original fibre dimensions. However, full recovery
of the original dimensions will be hindered by the fric-
tional forces acting, and also any plastic deformation
that may also have occurred. Fig. 5 provides clear evi-
dence of the tendency for the auxetic fibres to undergo
some degree of plastic deformation in the pull-out tests.
Since the frictional forces during the de-bond event
will be higher for the auxetic fibre then it is unlikely
to undergo the same degree of recovery as the conven-
tional fibre following full de-bond. Hence it is expected
that a greater length of de-bonded auxetic fibre within
the matrix following full de-bond (Fig. 8g), and a cor-
respondingly larger frictional force at any given dis-
placement following full de-bonding are found. This
explains the higher force for the auxetic fibre sample
for displacements above CA in Fig. 7. Note however,
that the slope of the two curves is similar in this high dis-
placement region (>14 mm), as expected for frictional
pull-out.

The area under the load-displacement curve repre-
sents the energy required to cause fibre pull-out, and this
is over three times greater for the auxetic fibre specimen
than for the conventional fibre specimen. Further anal-
ysis of the pullout curves reveals that if energy values
are calculated separately for the four individual phases,
auxetic fibres require 2.3 times more energy for the first
0-A phase, 9.2 times more energy to complete the A-B
de-bonding phase, 6.5 times more energy to complete
the B-C de-bonding phase and 0.4 times the energy re-

quired for the C-D phase (because this phase is so much
shorter for the auxetic fibre pullout).

Previously, the anchoring or self-locking properties
of auxetic foam materials have been investigated in the
design and testing of an auxetic copper foam fastener
[32], and also in model calculations using the finite
element method [33]. The finite element method has
also been employed to study the effects of a negative
Poisson’s ratio on an elastic plate undergoing tangen-
tial tension whilst under constant normal compression
between two rigid blocks [34]. In all cases the pres-
ence of a negative Poisson’s ratio was shown to lead to
enhanced anchoring behaviour.

The work reported in this paper extends the previ-
ous studies to consider anchoring enhancements in sys-
tems employing auxetic fibres. Auxetic fibres have been
shown, through experimental comparative testing, to
enjoy enhanced fibre pull-out resistance over their con-
ventional counterparts. The results reported here have
implications for the use of auxetic fibres in, for exam-
ple, fibre-reinforced composites [5] and in biomedical
applications such as suture or muscle ligament anchors
[35].

5. Conclusion
Comparative single fibre pullout tests have been per-
formed on samples containing auxetic and conventional
PP fibres. The auxetic and conventional fibres have
closely matched diameters and Young’s moduli. The
auxetic specimens were found to demonstrate higher
load over the entire displacement range employed dur-
ing the test. The auxetic specimens sustained an aver-
age maximum load of 0.96 N compared with average
maximum load of 0.44 N for the conventional speci-
mens. The total energy required to pull out the auxetic
fibre (8.3 mJ) was found to be over 3 times that for
the conventional fibre (2.5 mJ). A conceptual model of
the fibre pullout process has been presented to explain
the essential features of the load-displacement curves
and to account for the differences between the two fibre
types.
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