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Abstract

Auxetic composites have attracted considerable attention in recent years and have
demonstrated a high potential of applications in different areas due to their wonderful
properties as compared to non-auxetic composites. In this study, a three-dimensional
(3D) auxetic textile structure previously developed was used as reinforcement to
fabricate auxetic composites with conventional polyurethane (PU) foam. Both the
deformation behavior and mechanical properties of the auxetic composites under
compression were analyzed and compared with those of the pure PU foam and
non-auxetic composites made with the same materials and structural parameters but
with different yarn arrangement. The results show that the negative Poisson’s ratio of
composites can be obtained when suitable yarn arrangement in a 3D textile structure
is adopted. The results also show that the auxetic composites and non-auxetic
composites have different mechanical behaviors due to different yarn arrangements in
3D textile structure. While the auxetic composites behave more like damping material
with lower compression stress, the non-auxetic composite behaves more like stiffer
material with higher compression stress. It is expected that this study could pave a
way to the development of innovative 3D auxetic textile composites for different

potential applications such as impact protection.
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1. Introduction

Auxetic materials are a special type of materials that exhibit negative Poisson’s ratio
(NPR). They laterally bulge when stretched or laterally shrink when compressed [1].
Although Lakes first produced isotropic PU foam materials with a Poisson’s ratio
value of -0.7 by using a non-auxetic open-cell structure through volumetric
compression and heating process in 1987 [2], some theoretical works on NPR [3-4]
had been undertaken before. Since then, more efforts have been made to discover,
propose, predict, and develop new auxetic structures and materials based on different
material scales. The examples include auxetic fibres [5-7], auxetic fabrics [8-13],
auxetic foams [14-21], and auxetic composites [22-25]. At the same time, theoretical
and simulation works on some fundamental auxetic structures and mechanisms at
nano-scale and micro-scale such as hexamer molecules [26], cubic metals [27],
graphene [28], silicates [29] and partial auxeticity [30] have also been done.
Anomalous behaviours such as locally negative stiffness and compliance in
constrained auxetic plates in three-dimension and two-dimension have also been
reported [31-32]. In recent years, auxetic materials continue to gain increasing
research interests due to their counter-intuitive behaviour [33]. With such unique
behaviours, auxetic materials have been shown to provide some remarkable benefits,
including fracture toughness, synclastic curvature, enhanced energy absorption ability,

and indentation resistance, which make them considerably outperform non-auxetic

2



materials with various potential applications [31, 34].

Auxetic foams could be fabricated from conventional foams through a process
involving compression, heating, cooling [2]. Recently another manufacturing method
has been suggested by Grima et al. based on the use of solvents [35]. As a particular
kind of auxetic materials, the development of auxetic composites has currently
attracted a great attention due to their potential application in protection such as
helmets and cushions, aerospace and automotive industry [36], etc. In 1992, Milton
[37] already proposed the possibilities of fabricating composite laminates with auxetic
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value near to ‘-1’. Presently, there are mainly two methods for fabricating auxetic
composites, either from conventional components via specially designed
configurations [23, 38-39] or from auxetic components [40]. The conventional
manufacturing method is to utilize unidirectional layers of carbon fibre reinforced
epoxy stacked in specific sequences [41] exhibiting in-plane [42] or out of plane
NPRs [38, 43]. The Poisson’s ratio value of composites produced with this method is
between -0.21 and -0.37 when the angle of laminates ranges from £15° to £30° [44].
A further method of fabricating auxetic composites is to make an auxetic structure by
using non-auxetic fibres. In 1992, Evans et al. [45] successfully modelled auxetic
effect in network-embedded composites. Chen and Lakes [40] investigated the
viscoelastic properties of composite made of non-auxetic and re-entrant auxetic foam
as a matrix. Alderson et al. [25] showed that utilizing auxetic fibres as reinforcement

exhibit better mechanical properties than other auxetic composites, because enhancing

the interface strength of the matrix and fibres enables the composites to bear more



than twice the maximum load. Miller et al [46] reported the fabrication of auxetic
composites using a woven auxetic fabric manufactured from auxetic yarns. Recently,
auxetic textile structures have also been developed for composite reinforcement. One
of the examples is a 3D auxetic textile structure developed by Ge, Hu et al. [9-10, 47]
from a 3D orthogonal woven structure by regularly eliminating reinforcing yarns in
one direction of the fabric structure. This innovative 3D auxetic textile structure has
similar mechanism to the nodule fibril mechanism used to explain auxetic effect in
microporous polymers studied by Alderson et al. [48]. Both types of structures could
result in positive and negative strain-dependent Poisson’s ratios when compressed. By
eliminating the stitch yarn in this 3D auxetic textile structure, Jiang, Hu et al. [24]
recently proposed a new process to fabricate auxetic composite using multilayer
orthogonal auxetic structure as reinforcement and polyurethane (PU) foam as matrix.
Based on the compression testing results, they found that the auxetic composite had
an obvious auxetic effect under compression. However, as the stitch yarns were not
used in the auxetic multilayer orthogonal structure, the delamination of composite
structure could happen under impact load.

This work aimed to study a novel type of auxetic composites using the same type of
3D auxetic textile structure proposed in [9-10] as reinforcement and non-auxetic PU
foam as matrix. The 3D textile structures were first produced on a prototype machine
specially developed by varying their warp yarn diameter and arrangement. Then,
composites were fabricated using an injection and foaming process. The composites

were finally tested under different compression conditions to assess their deformation



behaviour and mechanical properties. It is expected that this study could pave a way
to the development of innovative 3D auxetic textile composites for different potential

applications such as impact protection.

2 Experimental

2.1 Design and fabrication of 3D auxetic textile structure

3D auxetic textile structure used in this study was designed based on the modification
of a 3D orthogonal woven structure by regularly eliminating reinforcing yarns in one
fabric direction [9-10]. As shown in Figure 1(a), the structure consists of three yarn
systems, namely weft yarns in the x direction, warp yarns in the y direction and stitch
yarns in the z direction. The weft and warp yarns are used as reinforcing yarns. They
are alternately arranged layer by layer in two orthogonal directions of the fabric plane
(x-y plane) and are bound together by the stitch yarns through the fabric thickness
direction (z direction) to form an integrated fabric structure. Another objective of
using the stitch yarns is to avoid the possible delamination of the structure. The
cross-sections of the structure in x-y plane, x-z plane and y-z plane are shown in
Figure 1(b), (c) and (d), respectively. A small part of amplified structure is also shown
in Figure 1(c) to get a better view. At the unloaded state, both the weft and warp yarns
are in a straight state. In order to achieve auxetic effect in the x-z plane, as shown in
Figure 1(c), the warp yarns are regularly eliminated in each warp yarn layer to create
void spaces. As shown in Figure 2(a), due to the void spaces created by elimination of
the warp yarns, the weft yarns will crimp by action of the warp yarns under

compression, resulting in shrinking of the structure in the x-z plane. As a result,
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auxetic effect is achieved. Unlike the arrangement of warp yarns, the weft yarns are
arranged in each and every weft yarn layer without any elimination. In this case, the
warp yarns can keep straight state under compression due to support of the weft yarns.
Therefore, the 3D auxetic structure will have NPR in the x-z plane and zero Poisson's
ratio in the y-z plane for loading in the z direction.

In order to make the comparison, 3D textile structure with different warp yarn
arrangement is also included in this study. As shown in Figure 2(b), as the warp yarns
are arranged in the form of vertical lines in the loading direction and the distance
between two adjacent warp yarns Sx are kept unchanged, the weft yarn will not be
crimped under compression. In this case, the misalignment of the warp yarns could

happen with the increase of compression strain.
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Figure 1 3D auxetic textile structure: (a) 3D view; (b) x-y cross-section; (c) x-z
cross-section; (d) y-z cross section.
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Figure 2 Deformation of 3D textile structures under compression: (a) auxetic
structure; (b) non-auxetic structure.

A prototype machine was built to fabricate the above designed 3D auxetic and
non-auxetic textile structures [49]. The process includes two steps. The first step is to
place the weft and warp yarns in a mold made of stainless steel as shown in Figure 3.
The second step is to stitch the weft and warp yarns together to form a 3D integrated
textile structure. The difference in the fabrication of auxetic and non-auxetic
structures is the result of different placements of the warp yarns in the mold. In order
to easily achieve NPR of the auxetic structure, rigid braided yarns made of polyamide
fiber were used as the warp yarn, and flexible braided cotton yarn was used as the
weft yarn. Polyester multifilament was used as stitching yarn to bind the warp and
weft yarns together. To facilitate the comparison, the space between two adjacent weft

yarns (weft yarn spacing Sy) and that between two adjacent warp yarns (warp yarn
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spacing Sx), as shown in Figure 1(c) and (d), were kept unchanged for both the
auxetic structure and non-auxetic structure, respectively. Previous studies [9-10] have
shown that a high size difference between the warp and weft yarns could achieve
higher auxetic effect of the auxetic structure. For this reason, warp yarns with a much
larger diameter than that of the weft yarns were used for fabricating the auxetic textile
structure. Table 1 lists the structural parameters of both the auxetic and non-auxetic
structures fabricated. It should be noted that except the difference in the arrangement
of the warp yarns, all the structural parameters were kept the same for the auxetic and

non-auxetic structures.

Figure 3 Fabrication of 3D auxetic textile structure on a prototype machine.

Table 1 Structural parameters of auxetic and non-auxetic structures

Diameter  Diameter  Diameter Weft Warp Fabric
Fabric of weft of warp of stitch yarn yarn structure
structure yarn yarn yarn spacing  spacing thickness
(mm) (mm) (mm) Sy (mm) Sy (mm) (mm)
Auxetic (4mm) 2 4 0.5 7.5 15 46
Non-Auxetic (4mm) 2 4 0.5 7.5 15 46
Auxetic (6mm) 2 6 0.5 7.5 15 50
Non-Auxetic (6mm) 2 6 0.5 7.5 15 50




2.2 Fabrication of composites

Both auxetic and non-auxetic composites were fabricated using the 3D textile
structures above fabricated as reinforcement and PU foam as matrix via an injection
and foaming process. The fabrication process is shown in Figure 4. In order to keep
all the weft yarns and warp yarns in a straight state, 3D textile structure fixed together
with the stainless steel mold (Figure 4(a)) was first placed into a mold made of
Polytetrafluoroethene (PTFE) (Figure 4(b)). Then, the chemical solution, which was
uniformly mixed with two chemical constitutes PU resin composition and MDI
(isocyanate), was injected into the PTFE mold (Figure 4(c)) to form the PU foam
(Cst-1076A/B) in the presence of a blowing agent. The PU resin composition contains
ingredients including polyether polyol, catalysts and blowing agents. The general
technical indicators of Cst-1076A/B PU foam are listed in Table 2. All chemical
materials were of analytical grade and used as received without further purification.
After injection, the mold was closed to let the foaming process to occur. After
finishing the foaming process, the composite was de-molded from the mold and cut to
the required size for the subsequent compression tests. Four types of composites
including two auxetic composites made of structures Auxetic (4mm) and Auxetic
(6mm), named as 4mm NPR and 6mm NPR, and two non-auxetic composites made of
structures Non-auxetic (4mm) and Non-auxetic (bmm), named as 4mm PPR and 6mm
PPR, were finally obtained. For comparison purpose, the pure PU foam was also
fabricated. Some of the produced samples including the pure PU foam, the auxetic

composite 6mm NPR and non-auxetic composite 6mm PPR are shown in Figure 5



(a)-(c), respectively.
Table 2 General technical indicators of Cst-1076 A/B PU foam

A B
Composition polyether polyol Isocyanate
Color Ivory blackened brown
Blending Ratio 100 30-40
Foaming Ratio (%) 15-20
Foam Density (kg/md) 32-35
Tensile Strength (/k pa) 60-118
Tear Strength (/N/cm) 2.8-8.6
Rebound Rate (%) 26-60
(@) —_— (b) —_— (© —_— (d)
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Figure 4 Fabrication process of composites.

Figure 5 Samples produced: (a) pure PU foam; (b) auxetic composite; (c) non-auxetic
composite.

2.3 Compression tests
The pure PU foam, auxetic and non-auxetic composites above produced were
subjected to the compression tests in order to assess their deformation behavior and

mechanical properties. The testing device used was an Instron 5566 Universal Testing
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Machine (Instron Worldwide Headquarters, Norwood, Massachusetts, USA) equipped
with two 150mm circular compression plates. The set-up of the testing system is
shown in Figure 6. All the compression tests were carried out at a compression speed
of 30mm/min up to a 55% deformation of the initial thickness of each sample. The
maximum load of the testing device and the sample size were 10kN and 10cm x 10cm,
respectively. Three samples were used for each type of material and the mean value
was calculated. In order to measure the axial and transversal size changes of sample,
as show in Figure 6, four black points were marked on the cross-section of each
sample to facilitate recording of the deformation information during compression
process. A camera Canon PowerShot G10 with a timer shot function, which was
placed at a distance of 50 cm from the sample, was used to take pictures of the
marked points. The initial distances between the marked points in both the horizontal
and vertical directions were first measured before compression. As shown in Figure 6,
H is the distance between the two marked points in the vertical direction and L is the
distance between the two marked points in the horizontal direction. Ho and Lo are
their initial values. The distances of the marked points were measured from the
pictures taken by the camera during the compression process using a screen ruler.
Based on the measured results, the compression strain €, and transversal strain e

could be calculated from Eq. (1) and (2).

1)
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Finally, Poisson’s ratio v could be calculated from Eq. (3).
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Figure 6 Set-up of the testing system.

One of the problems to be encountered by an auxetic textile composite is the loss of
its auxetic behavior and mechanical properties under repeating compression
conditions, which will affect its performance during repeated uses. In order to
understand how the produced 3D auxetic composite samples could keep their auxetic
behavior and mechanical properties, a repeating compression test was also conducted.
The compression cycles used were ten. A pre-load of 0.2N was applied at the start of

each cycle. For each compression cycle, the composite was first compressed to a 55%
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deformation related to its initial state at a speed of 30 mm/min and kept at this
deformation for 2 seconds, and then released to its initial position with the same speed

and kept for 5 seconds at this position.

3. Results and discussion

3.1 Deformation behavior

The Poisson’s ratios as a function of the compression strain calculated from the
experimental result for all three types of materials, namely the pure PU foam, the
auxetic composites and the non-auxetic composites, are shown in Figure 7. It can be
seen that the Poisson’s ratio values of three types of materials are not constant with
the increase of compression strain and that the quasi-zero Poisson’s ratio phenomenon
exists for all three types of materials in the initial stage of compression process. For
the pure PU foam, its Poisson’s ratio is about zero from 0% to 5% of compression
strain and reaches a maximum value of 0.103 at the compression strain of 10%. After
then, its Poisson’s ratio starts to decrease slightly, but still above zero. For the
non-auxetic composites, their Poisson’s ratios are about zero from 0% to 9% of
compression strain and then start to increase but the values do not exceed 0.026. For
the auxetic composites, their Poisson’s ratios are about zero from 0% to 5% of
compression strain, and then become negative. It is found that their NPR values first
increase with the increase of the compression strain up to 35%, then start to slightly
decrease up to 55%. It is also found that larger diameter of the warp yarns can result

in higher NPR wvalues. This quasi-zero Poisson’s ratio phenomenon has been
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confirmed in our previous study [24]. For the self-made pure PU foam, it has the
quasi-zero Poisson’s ratio in the initial stage of compression due to its particular
porous structure. In this stage, the compression mainly causes the decrease of voids
sizes in the compression direction, and not in the transversal direction. As a result, the
size of the pure foam in the transversal direction almost keeps unchanged. For the
auxetic and non-auxetic composites, as the gaps between each layer of textile
reinforcements and the peripheries of the reinforcements are filled with the PU foam,
and at the same time, the compressive modulus of PU foam is much lower than that of
the braided cotton yarn and braided polyamide yarn, their deformation in the initial
stage of compression process mainly comes from the deformation of the PU foam. As
the pure PU foam has quasi-zero Poisson’s ratio in the initial stage of compression
process, the auxetic and non-auxetic composites have also quasi-zero Poisson’s ratio
in this stage. However, with the increase of the compression strain, the PU foam starts
to be compact and the deformation of composites mainly comes from the textile
reinforced structure. As explained above, for the auxetic composites, the weft yarns
will crimp under compression because of the void spaces created by elimination of the
warp yarns. But for the non-auxetic composites, the warp yarns are arranged in each
and every layer without any elimination, which can support all the weft yarns to be
kept in the straight state under compression. Therefore, the NPRs are obtained for the
auxetic composites reinforced with 3D auxetic textile structure and the positive
Poisson’s ratios are obtained for the non-auxetic composites reinforced with

non-auxetic textile structure. The results clearly show that textile structure plays a
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vital role in the deformation behavior of the composites.

0.2

0.15

01

0.05

Poisson's ratio

S
o

-0.15

-0.2

-0.25

—a—Pure PU foam
—eo—4mm NPR
—e—4mm PPR
—s=—6mm PPR
——6mm NPR

-0.05

Compression Strain (%0)

Figure 7 Poisson’s ratio-compression strain curves of pure PU foam, auxetic

composite and non-auxetic composites

Figure 8 and Figure 9 show the lateral deformations of 6mm NPR auxetic composite

and 6mm PPR non-auxetic composite under compression. From Figure 8, it can be

seen that the auxetic composite laterally contracts under compression. This effect

comes from the crimping of the weft yarns in the x-z plane as shown in Figure 2(a).

On going from (a) to (c) of Figure 8, with the increase of the compression strain, the

weft yarns get more crimped, resulting in an increase of shrinkage of the composite,

and thus an increase of NPR values. However, on going from (c) to (d) of Figure 8,

the NPR values start to slightly decrease from 35% to 55% of compression strain

because the void spaces of auxetic composites are gradually filled under compression.

Although the value of L increases from (c) to (d) of Figure 8, the value of L is still
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smaller than that of Lo, indicating the composite still has the NPR effect, but with a
decrease of NPR values. Moreover, an increase of the warp yarn diameter allows a
larger displacement of the weft yarns in the compression direction, causing a higher
shrinking of the composite at the same compression strain. Therefore, increasing the
diameter of the warp yarns can also result in an increase of auxetic behavior of the
composite. However, for the non-auxetic composites, the influence of the yarn
diameter on the Poisson’s ratio is not very evident. As shown in Figure 2(b), as all
warp yarns are arranged in the form of vertical lines in the loading direction, the weft
yarns can keep a straight form under compression. As shown in Figure 9, at the lower
compression strains under 9%, as the warp yarns which are arranged in the form of
vertical lines well support the weft yarns and the weft yarns cannot be crimped, the
Poisson’s ratios of composites are quasi-zero. However, after the compression ratio
exceeds 9%, on one hand, the cross-section of the warp yarns changes from the
circular form to the elliptic form with increased compression stress; on the other hand,
the warp yarns arranged in vertical lines start to lose their stability and the warp yarns
located in the central layer shift towards the left or right side of the composite,
causing an increase of composite size along the horizontal direction in x-z plane. As a
result, the Poisson’s ratio values become positive. The above analyses indicate that
although the auxetic and non-auxetic composites were made with the same materials
and the same structural parameters, their deformation behaviors are completely
different because of the different arrangements of the warp yarns in the 3D textile

structure. While the auxetic composites have NPRs with a very stable composite
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structure, the non-auxetic composites have zero and positive Poisson’s ratios with
instable composite structure.

In order to know the experimental errors, the error bars are also inserted in Figure 7
for each Poisson’s ratio value. In the initial stage of compression strain, the error
range is relatively large for three types of materials. With compacting of the PU foam,
their Poisson’s ratio values tend to become relatively stable. The largest standard
deviations for composites 4mm NPR, 6mm NPR, 4mm PPR, 6 mm PPR and PU foam
are 1.9%, 4.1%, 0.9%, 0.9% and 4.4% respectively, which all happened between 0%
and 20% of compression strain except for 4mm NPR that happened at 33% of
compression strain. For the pure PU foam, the error ranges are much higher at lower
compression strain due to the non-uniform distributions of voids in its structure.
However, with the increase of the compression strain, the PU foam is getting compact
and the error ranges decrease. For the non-auxetic composites, as the compression
loads are mainly supported by the warp yarns and the variations in the measurement
of the deformation of the cross section of the warp yarns is smaller, lower errors of
the results are obtained. For the auxetic composites, they have a wider range of error
than that of non-auxetic composites. Although the three samples of each type of
auxetic composite are fabricated and tested in the same experimental condition, there
are avoidable differences in their NPRs coming from factors such as voids in the
self-fabricated PU foams, the gaps between the warp yarns and weft yarns in inner
auxetic structures, the deformation process of inner 3D auxetic structures due to

crimping of weft yarns under compression, etc.
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Compared with the nodule-fibril (NF) model proposed by Alderson et al. [49], the
results obtained for the auxetic composites in this study have the similar trends, that is,
the NPR values increase with the increase of compression strain in the first stage of
compression process, because both structures have the similar deformation
mechanisms as explained before. In the second and third stage of the NF model, the
Poisson’s ratio curve shows a steep increase to zero before achieving a plateau with
positive values. Although the changes of Poisson’s ratio from negative to zero and
then even to positive have not been observed in the present study due to limitation of
experimental condition, it is expected that the same phenomenon could be obtained if

auxetic composites continue to be compressed to a much high compression strain.

Figure 8 Lateral deformation of 6mm NPR auxetic composite under compression.
Compression strain: (a) 0%; (b) 13.450%; (c) 35.98%; (d) 54.36%
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Figure 9 Lateral deformation of 6mm PPR non-auxetic composite under
compression. Compression strain: (a) 0%; (b) 12.60%; (c) 42.39%; (d) 45.57%

Figure 10 shows the variation of the Poisson’s ratio of auxetic composite 6mm NPR
at different compression strains when subjected to repeated compression tests. It can
be seen that the NPR values of the composite at all four compression strains decrease
from the first compression cycle to the second one, but they tend to be stabilized after
the second compression cycle. The result suggests that the retention of the auxetic
effect of an auxetic composite is very important. The solution to increase the retention
ability of the auxetic effect of a 3D textile composite might be to use foam with high

elastic recovery ability to fabricate the matrix.
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Figure 10 Variation of Poisson’s ratio under repeated compression condition

3.2 Compression behavior

The compression stress-strain curves of the pure foam, auxetic composites and
non-auxetic composites are shown in Figure 11. It can be seen that the compression
curves of these three types of materials are very different. As shown in Figure 11, the
pure PU foam, which is used as the matrix, has the lowest compression performance
among the three types of materials. It has only a maximum value of 4.8x10>MPa at
the strain of 55%. Compared with composite materials, the pure PU foam behaves
more flexible and has a larger deformation. However, the easy deformation of the PU
foam under compression makes the auxetic composites easily shrunk in the lateral
direction when compressed. As the arrangement of the warp yarns in the 3D auxetic
textile structure allows the weft yarns to be easily bent in the x-z plane, the
deformation of auxetic composites is much higher than that of non-auxetic composites
under the same compression load, which indicates that the non-auxetic composites are

much stiffer than the auxetic composites.
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Compared to the compression behaviors of the non-auxetic and auxetic composites
reported by Jiang and Hu et al. [24], the auxetic composites in this study have similar
tendency, but the non-auxetic composites have different behaviors. The reason is that
the materials used in two studies are different. Jiang used hollow ABS tubes as warp
yarns which are more rigid and easier to be buckled under compression when they are
arranged in a vertical line. However, in the current study, the braided yarns with lower
bending modulus are used and their cross-sections are easy to be deformed under
compression. Besides, the PU foam used in the previous study is much stiffer than the
elastic compressible PU foam used in this study.

As shown in Figure 11, the compression stress-strain curves of auxetic composites
can be generally divided into three stages according to the change of the slope of the
curves. At the initial stage, a low slope is observed between the strain of 0% and 10%
due to the compression of PU foam in gaps and outer layers and its ineffective
constraint for the inner auxetic structure. When the composites are further compressed
into the second stage ranging from 10% to 40%, the compression stress is very slowly
increased and a quasi-plateau region is formed. The compression strain after 40% can
be considered as the third stage. In this stage, the compression stress rapidly increases
due to the compaction of the composite structure. Compared to the auxetic composites,
the quasi-plateau region in the deformation of non-auxetic composites is not found. In
this case, the deformation process could be divided into two stages. As shown in
Figure 11, the first stage is a gradual increase of the compression stress from 0% to

about 30% of compression strain, in which the change in the cross section of the warp
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yarns from the circular form to the elliptic form could be visually observed. The
second stage starts from about 30% of compression strain. In this stage, the
compression stress rapidly increase and the warp yarns tend to get misaligned under
compression. Although the test compression strain was set up to 55%, the
compression tests were stopped before 55% as the compressive loads reached the
capacity of the testing device. As arranged in a form of the vertical lines in the
non-auxetic composite structures, the warp yarns play a critical role in bearing load
during the compression process, which leads to a more rapid increase of the
compression stress and a lower deformation of the non-auxetic composites. This
arrangement also makes non-auxetic composite stiffer than the auxetic composite.

From Figure 11, it can be also found that the influence of warp yarn diameter on the
compression behavior of composites is much less important than their arrangement in
the textile structures. For the auxetic composites, as the warp yarns are not arranged
in the form of vertical lines, the compression loads result in bending of the weft yarns
in the initial stage and quasi-plateau stage. Therefore, the influence of warp yarn
diameter is very low. However, the influence of the warp yarn diameter for the
non-auxetic composites is more evident as the warp yarns withstand the compression
load due to their arrangement in the form of the vertical lines. In this case, as the 6mm
warp yarn is easier to get flattened than the 4mm warp yarn, the compression stress of
the composite made of textile structure with 4mm warp yarn is higher than that of the
composite made of textile structure with 6mm warp yarn within the same

compression strain.
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Figure 11 Compression stress-strain curves of pure PU foam, auxetic composites
and non-auxetic composites

Figure 12 shows the compression stress-strain curves of the 4mm and 6mm auxetic
composites under the repeated compression testing condition. It can be seen that the
decline of compression stress of the composites after the first compression cycle is
evident. After the first compression cycle, the compression behaviors of the
composites tend to be stabilized. The similar behavior was observed for most of
auxetic composites. The non-auxetic composites were not suitable for repeating
compression test because the warp yarns would get misaligned when increasingly
compressed. Actually, the retention of the compression behavior mainly depends on
the elastic recovery of the PU foam. Therefore, to get a stable compression behavior
of auxetic composite under repeating compression, PU foam with high elastic

recovery is required.
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Figure 12 Compression stress-strain curves of auxetic composites under repeating
compression condition (a) 6mm NPR sample 1; (b) 6mm NPR sample 2; (c) 4mm

NPR sample 1; (d) 4mm NPR sample 2

4. Conclusion
A special type of auxetic composites were fabricated using 3D auxetic textile
structure as reinforcement and PU foam as matrix via an injecting and foaming
process. Their auxetic effect and compression behavior under compression were
analyzed and compared with the pure PU foam and non-auxetic composites made
with the same materials and structural parameters but with different warp yarn
arrangement in textile structure. Based on the obtained results, one can draw the
following conclusions:
1. It is possible to achieve NPR in a 3D textile structure if a suitable yarn
arrangement is adopted. Auxetic composites can be easily produced using 3D

auxetic textile structure as reinforcement and compressive foam as matrix.
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2. The Poisson’s ratios of the auxetic composite structures are not constant. They
change with the compression strain and warp yarn diameter. The increase of
the compression strain and warp yarn diameter can cause an increase of
negative Poisson’s ratio values. Pure PU foam, auxetic composites and
non-auxetic composites all have zero Poisson’s ratio in the initial stage of
compression strain when compressed.

3. The auxetic composites and non-auxetic composites have different mechanical
behaviors due to different arrangements of yarns in 3D textile structure. While
the auxetic composite behaves more like a damping material with a lower
range of compression stress, the non-auxetic composite behaves more like a
stiffer material with a higher range of compression stress.

4. The deformation behavior and compression property of the auxetic composite
tends to be stabilized after the first compression cycle under repeated

compression testing condition.
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