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Abstract: The objective of this study was to present a simple and environmentally friendly process
combining low pressure (vacuum) and mechanical compression to convert low-density polyethylene
(LDPE) foams into low-density foams (76–125 kg/m3) with negative tensile and compressive Poisson’s
ratios (NPR). As a first step, four series of recycled LDPE foams (electronics packaging) with starting
densities of 16, 21, 30 and 36 kg/m3 were used to determine the effect of different processing
conditions including temperature and pressure. Based on the optimized conditions, the tensile
and compressive Poisson ratios of the resulting auxetic foams reached −2.89 and −0.66, while the
tensile and compressive modulus of the auxetic foams reached 40 kPa and 2.55 kPa, respectively.
The foam structure of the samples was characterized via morphological analysis and was related
to the mechanical properties before and after the treatment (i.e., foams with positive and negative
Poisson’s ratios). The tensile and compressive properties (Young’s modulus, strain energy, energy
dissipation and damping capacity) for these auxetic foams were also discussed and were shown to be
highly improved. These auxetic foams can be applied in sports and military protective equipment.
To the best of our knowledge, there is only one report on vacuum being used for the production of
auxetic foams.

Keywords: polyethylene; foam; recycling; auxetic; cellular structure; mechanical properties

1. Introduction

Expanded polyethylene is frequently used for the packaging of sensitive products such
as glassware and electronics [1,2]. Polyethylene (PE) foams contain a high number of small
cells that can deform and produce highly absorbing materials. Due to their low density
(high porosity), they occupy large volumes and are mostly gas-filled cells separated by thin
walls of polymer. Although they are very efficient packaging materials, they generate large
volumes of waste at their end-of-life, which is an important problem when it comes to their
handling, storage, transport and disposal [3]. This waste leads to pollution/environmental
issues if not carefully collected and recycled. PE foams are water- and moisture-resistant,
so they are not biodegradable/compostable. Furthermore, conventional disposal methods,
such as landfilling or burning, are no longer acceptable under the concept of a circular
economy. They contribute to environmental problems, as PE does not breakdown in landfill,
while burning contributes to carbon emissions. PE has good thermal stability/resistance,
enabling it to maintain its chemical structure, and since most PE foams are un-crosslinked
thermoplastics, they can be mechanically recycled (remelted and reshaped) numerous
times into different geometries. Another option for PE is to directly reuse the PE foams and
generate added value [4,5]. This can be achieved by modifying the structure/morphology
of these foams. In our previous work, preliminary results were presented showing the
application of a thermo-mechanical treatment to LDPE foams, yielding auxetic foams [6].

Auxetic foams are materials with a negative Poisson ratio; they expand laterally un-
der elongation and conversely contract under compression. These metamaterials can be
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produced by converting a standard PE foam structure (honeycomb/polyhedral shaped
cells) into a re-entrant cellular structure. In the past, different post-fabrication treatments
were proposed including mechanical, thermal, physical and chemical treatments, which
were performed alone or in combination [7–12]. The success of these methods depended
mostly on whether the foam was of an open- or closed-cell structure. For open cells, the
main methods combined mechanical compression with thermal treatments. The mechan-
ical compression was either uniaxial [7], biaxial [7,8] or triaxial [9,10], but the half-mold
process [11] is similar. Although several methods have been proposed in the literature, very
few polymers have been investigated. Most of the work has explored polyether urethane
foam (PU) with the exception of Lakes et al. [9] who used polyester (PES) foams. In all
cases, a limited range of negative Poisson’s ratios was obtained (−0.2 to −1.0).

Alderson et al. [7] reported on thin auxetic flat and curved sheets via uniaxial com-
pression at 150 ◦C. The flat foam sheets had an NPR of −0.3, while the curved foams had
values down to −3 at 1% strain (multilayer foams). Bianchi et al. [11–13] used multiaxial
compression for conventional PU foam (open-cell) and heating of the compressed spec-
imens above the polymer matrix softening point. The samples were made at different
temperatures (135 and 150 ◦C) and compression ratios (1.7–6.5) and with different cooling
methods (water or room-temperature exposure) [12–21]. The minimum NPR reached was
−1.3 for a density of 27 kg/m3 [11]. The authors also observed that removing the foam
from the mold immediately after heating created a different microstructure between the
internal and external parts; a lower density core with a rigid skin was obtained. This
behavior was a result of a temperature profile inside the sample, as the external region,
in contact with the mold walls, was at a higher temperature than the interior. Therefore,
the samples only produced an NPR of −0.34 under compression [14]. Recently, Zhang
et al. [15–17] used open-cell PU foams to convert into auxetic foams. This was conducted by
using an open mold and a single-direction (uniaxial) thermoforming compression (density
of 27 kg/m3) [15]. The mechanical tests showed an auxetic behavior with an NPR from −1
to 0 with a slope of the stress–strain curve (tangent modulus) between 0.2 to 2 MPa when
the volumetric compression ranged from 40% to 80%. In a second study, they proposed
another conversion method, also using a PU foam of 28 kg/m3. This was achieved via
vacuum bags in an autoclave after thermoforming at 148 ◦C [16]. The final foams were
transversely isotropic, showing deformed semi-reticulated configurations. The NPR of the
auxetic foams reached −1.3 (at 0.03 of tensile strain) for the thinner specimens (5 mm). The
authors reported that the low thickness and high tensile strain reduced the rigidity but
improved the auxetic behavior of these cellular materials. Unfortunately, anisotropy inside
the pristine foam seemed to have an important effect on the final performances of these
auxetic materials. Finally, three series of auxetic foams that were uniaxially deformed in
three directions were investigated by Zhang et al. [17]. The results showed that different
mechanical performances and auxetic behaviors were observed due to the anisotropy of
the original foam, i.e., the final properties were a function of the initial state.

Some publications reporting the conversion of closed-cell PE foams into NPR foams
were found [18–21]. Martz et al. [18] explored two polymer foams with three types of
closed-cell structures: polymethacrylimide (PMI) (52, 205 and 301 kg/m3) sold under
the tradename Rohacell® and Ethafoam® low-density polyethylene (LDPE) (59, 109 and
158 kg/m3). The LDPE produced a re-entrant geometry leading to NPR, while the PMI
did not. Furthermore, only the lowest density (59 kg/m3) LDPE foam was successfully
converted. The pressure method was performed at 110 ◦C and 662 kPa, leading to an NPR
between −2.5 ± 1.5 (note the large error bars), while for vacuum with heating, only the
59 kg/m3 LDPE showed an auxetic behavior with an NPR of−0.5± 0.5 under−82 kPa and
86 ◦C for small deformation (8% strain). Fan et al. [19] produced auxetic foams by a steam
(water vapor) method at 1 atm with closed-cell polyethylene foams with different initial
densities (20, 30 and 45 expansion ratios, which is the ratio between the matrix density
and the final foam density). After 6 h at 100 ◦C, the cells were deformed inwards and
cell-wall bending led to a re-entrant structure. The minimum NPR values under tension
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were −0.278, −0.439 and −0.487 for the 20, 30 and 45 expansion ratios, respectively. Under
compression, the minimum NPR values of the specimens were only −0.026, −0.090 and
−0.118 at 20, 30 and 45 expansion ratios, respectively. The Poisson ratio was also found to
increase with deformation under tensile and compressive stresses [19].

Duncan et al. reported on the preparation of auxetic foams via steam (water vapor)
treatment [20] and a pressure-vessel method (vacuum) [21]. The original foam was a closed-
cell LDPE (low-density polyethylene) foam of 60 kg/m3. For the steam treatment, NPR
values as low as −0.3 in tension and −1.1 in compression were obtained, while the value
of Young’s modulus in tension was improved (between 2 and 6 MPa). For the vacuum
method, Poisson’s ratios down to −0.2 and Young’s modulus up to 1.2 MPa were reported.

Fan et al. prepared auxetic foams directly from polypropylene [22] and a nylon
elastomer (NE) [23] by a single-step process using CO2. The polypropylene and polyamide
(nylon) elastomer (NE) auxetic foams had NPR values of −0.46 and −1.29, respectively.

As for any mechanical properties of viscoelastic materials, the effect of the strain
rate is also important when reporting the properties. Duncan et al. [24] discussed the
influence of the compressive strain rate (0.005 and 200 s−1) on auxetic foams based on PU
open-foam and LDPE closed-cell foams produced via thermo-mechanical compaction in
three orthogonal directions. The minimum NPR values ranged from −0.4 (at 0.005 s−1)
to −0.3 (at 200 s−1) for the open-cell foams, while a narrower range of −0.1 (at 0.005 s−1)
to −0.05 (at 200 s−1) was observed for the closed-cell foams at a 2% compressive strain.
However, the values of Young’s modulus increased by almost 100% (between 1 MPa and
1.8 MPa).

In our previous work, a combination of solvent (ethanol) evaporation–condensation
and mechanical compression (SECC) led to foams with negative Poisson’s ratios (NPR) in
tension [6]. Different series based on recycled LDPE foams (16, 21 and 36 kg/m3) were
optimized using a range of time, temperature and pressure. Based on the samples prepared,
the minimum NPR values obtained were −3.5, −2.6 and −1.5 for D16, D21 and D36,
respectively. The results also showed that ethanol was better than water as the solvent in
this technique due to its higher volatility [6,25].

In the current work, a method for the fabrication of auxetic foams based on recycled
LDPE foams was presented. The method was based on vacuum combined with mechanical
compression (VMC). The main advantage over the previous SECC method was that no
solvent was used, leading to a simpler and greener method by eliminating the need to
add and recycle the solvent. The mechanisms to convert the conventional PE foams into
NPR materials were discussed, especially in terms of the vacuum level and mechanical
stress (weight) imposed on the sample during conversion. For the samples produced, the
NPR value was reported for both tensile and compressive deformations. Finally, the foam
morphologies were reported and related to the mechanical behavior measured.

2. Experimental
2.1. Materials

Four materials based on recycled LDPE (rLDPE) were used as per our previous
study [6]. The foams selected had initial densities of 16 kg/m3 (D16), 21 kg/m3 (D21),
30 kg/m3 (D30) and 36 kg/m3 (D36). A vacuum oven (Cole-Parmer OVV-400-24-120
Programmable Vacuum Oven, 24 L, Laval, QC, Canada) was used in this work.

2.2. Methods

Each material was cut into samples of dimensions of 10 × 10 × 5.0 cm3 with a doctor
blade. Each sample was placed in a vacuum oven along with a metal block with a pre-
planned weight (1020–2040 g) and heated from room temperature to 100–105 ◦C for about
1 h. This temperature was above the softening temperature of LDPE but below its melting
temperature. The oven was then placed under vacuum (maximum –0.88 bar) for 3 h at
100 ◦C before returning the oven to ambient pressure. The oven was opened, and a metal
block was placed on top of the sample (applying a mechanical pressure of 1.0–2.1 kPa). The
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oven door was closed, and the sample was cooled for 1–2 h, thus generating PE auxetic
foams [6]. Figure 1A presents the mechanism generating a re-entrant structure from a
polygonal morphology by vacuum with mechanical compression, while Figure 1B presents
the oven temperature, sample temperature and oven vacuum profile as a function of time
after optimization [6].
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Figure 1. (A) Schematic representation of the mechanism generating a re-entrant structure from
a polygonal morphology via vacuum combined with mechanical compression (VMC) and (B) the
temperature profile imposed.

During the VMC process, volume expansion occurred due to the elevated temperature
(100 ◦C) and the application of the vacuum. This was because the PE samples were soft, and
the pressure inside the closed cells was still at ambient pressure, while the pressure outside
the cells was reduced (this was similar to blowing up a balloon). When left under vacuum
for 3 h, the pressure inside the cells was allowed to reach an equilibrium with the outside
of the cell, but the volume of the foam did not change. As the oven was brought back to
ambient pressure, the air pressure outside the foam cells was higher than that within the
cells. The increased pressure compressed the foam, causing the sample to shrink quickly.
The cell wall then collapsed, producing a re-entrant morphology. By adding a weight to
the sample, additional pressure was applied over and above that of the ambient pressure,
leading to further shrinkage and cell-wall collapse. Once the sample was cooled down to
room temperature, the new cell structure was locked in place.

2.3. Characterization
2.3.1. Initial LDPE Foams

The foam density (ρf) was obtained as its weight (Wf) divided by its volume (Vf,
calculated from measuring the length, width and thickness of the samples). Each dimension
was measured at 4 places and averaged to obtain:

ρ f =
W f

Vf
(1)

Porosity was calculated as:

P =
ρl − ρ f

ρl − ρa
(100%) (2)

where ρa and ρl are the density of air (1.225 kg/m3) and solid matrix (918 kg/m3), respec-
tively.
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The solid (PE) volume (Vl) was calculated as:

Vl =
ρ f − ρa

ρl − ρa
Vf (3)

while the gas phase (air) was calculated as:

Va = P Vf (4)

The open-cell percentage (OCP) was determined by completely immersing the foam
in an ethanol bath overnight so that the foam absorbed the ethanol into the open cells. The
volume of ethanol was determined using the weight gained in ethanol (We), the density of
ethanol (ρe = 789 kg/m3) and the mass of the solid polymer in the foam (Vl ρl):

Ve =
We −Vl ρl

ρe
(5)

and
OCP =

Ve

Va
(100%) (6)

2.3.2. Foam Structure

The cellular structure was analyzed with a VHX-7000 (Keyence, Mississauga, ON,
Canada) microscope. Images were analyzed via Image J (National Institutes of HealthNIH,
Washington, DC, USA) to determine the cell diameters.

2.3.3. Differential Scanning Calorimetry

DSC was performed on a DSC 7 (Perkin Elmer) and using the Pyris 1 software. Samples
around 3–8 mg were used, and the temperature rate was fixed at 10 ◦C/min between 50 ◦C
and 200 ◦C before cooling to 50 ◦C and heating to 200 ◦C again. A constant rate (20 mL/min)
of dry nitrogen was applied.

2.3.4. Poisson’s Ratio

The Poisson ratio was obtained via testing (1.2 mm/min) on a dynamic mechanical
analyzer (DMA) RSA III (TA Instruments, New Jersey, USA). The deformation was also
followed by a high-resolution FDR-AX53 video camera (SONY, Tokyo, Japan) from two
perpendicular directions. Image J was again used to analyze the images after spatial
calibration. The Poisson ratio (υ) was calculated as the negative ratio between the transverse
(εy or εz) and the axial (εx) deformations as [25,26]:

v = −
dεy

dεx
or− dεz

dεx
(7)

2.3.5. Mechanical Properties

Engineering stress–strain curves were obtained from the force-displacement curves
combined with sample dimensions. Quasi-static tests were conducted with an RSA III
(TA Instruments, New Castle, DE, USA). From the preliminary tests, a deformation rate of
1.2 mm/min was selected for both tension and compression. The moduli were calculated
form the slope of the linear part of the stress–strain curves (below 5% deformation). The
same experimental set-up was used for the hysteresis loops by imposing a strain between
0.1 and 3% (up-and-down) at a frequency of 1 rad/s. The maximum potential energy (Ep),
which is the total strain energy in a cycle, was calculated as the area below the curve as
shown in [27]:

Ep =
∫ εmax

0
σ dε (8)
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To determine the dissipated energy (Ed), the energy loss, which is the work of the
internal forces upon a full cycle of variable load, was calculated as the area enclosed by
the hysteresis loop for one cycle in a stress (σ)–strain (ε) plot. Data are reported by unit of
sample volume as [27,28]:

Ed =
∫ εmax

εmin

σ dε (9)

The damping capacity measures the capacity to dissipate elastic energy during me-
chanical vibration or wave propagation. The ratio between the energy loss over the total
strain energy in a cycle was determined, and the relative damping value (Ψ) was calculated
as [29]:

Ψ =
Ed
Ep

(100%) (10)

3. Results and Discussion
3.1. Properties of the LDPE

The initial foams were analyzed in terms of their pore diameters, foam density, foam
porosity and OCP, which are summarized in Table 1. The initial foam densities were
determined as 15.5 (D26), 20.9 (D21), 29.7 (D30) and 35.5 kg/m3 (D36). The average cell
sizes (diameters) were 752, 1107, 1209 and 694 µm, respectively, leading to a decreasing
porosity (between 98.4% and 96.2%) and leading to a higher foam density. Sample D21
had the highest OCP (12.3%), while values of 7.3, 8.3 and 6.3% were measured for D16,
D30 and D36, respectively. These results implied that the samples were of a closed-cell
structure. Finally, D21 had a higher OCP and larger pore sizes. This had a direct effect on
the processing (conversion to auxetic foam).

Table 1. Properties of the initial LDPE and auxetic foams.

Foam
Code

Initial Foam
Density

Cell
Diameter Porosity OCP Auxetic

Foam Code Density Porosity OCP

- kg/m3 µm % % - kg/m3 % %

D16 15.5 ± 0.4 752 ± 204 98.4 7.3 PE-D16-P1.5 120.0 86.9 43.8

D21 20.9 ± 0.3 1107 ± 238 97.8 12.3 PE-D21-P1.6 98.9 89.2 19.8

D30 29.7 ± 0.3 1209 ± 279 96.8 8.3 PE-D30-P1.5 116.0 87.3 22.2

D36 35.6 ± 0.4 694 ± 203 96.2 6.3 PE-D36-P1.5 89.6 90.3 10.1

The nomenclature for the samples reported in Table 1 starts with “PE” for the foam
(LDPE), where Dx is the initial foam density (kg/m3) and Px is the mechanical pressure
(kPa). Based on our preliminary work [5], the treatment (vacuum) time was fixed at 3 h for
all the samples. The temperature was fixed at 100 ◦C except for the two samples prepared
at 105 ◦C for comparison. Hence, the sample PE-D16-P1.2 represents a foam with an
original density of 16 kg/m3 treated with a mechanical pressure of 1.2 kPa at 100 ◦C and
the maximum vacuum (−0.88 bar) for 3 h, while PE-D16-O is the initial LDPE foam (neat
sample) with an original density of 16 kg/m3.

The densities of the auxetic foams PE-D16-P1.5, PE-D21-P1.6, PE-D30-P1.5 and PE-
D36-P1.5 were 120, 98.9, 87.3 and 90.3 kg/m3, respectively, so the density increased by 7.5,
4.2, 3.8 and 2.5 kg/m3 compared to the original D16, D21, D30 and D36 foams. This led to
a decreased porosity and an increased percentage of open cells, especially for the samples
based on D16, from 7.3% to 43.8%. This also indicated that the conversion broke several
cell walls to produce a re-entrant structure, which had an influence on the mechanical
properties, as described later.

Figure 2 shows the DSC thermograms for the original LDPE foams. Each sample
presented a melting point of 107–112 ◦C, which is typical for LDPE. Nevertheless, the
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crystallinity was different; it decreased with increasing the foam density. The crystallinity
(Xc) was obtained via:

Xc =
4Hm

4H100
(100%) (11)

where ∆Hm is the sample enthalpy (heat step), and ∆H100 is the theoretical value for 100%
crystalline LDPE (293 J/g) [30].
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The four types of auxetic foam were analyzed by DSC, and the results were compared
to the original foams, as shown in Table 2. The crystallinities of D16 and D30 were the
lowest, while that of D36 was the highest. The analysis of the DSC heating curves shown
in Figure 2 showed that D16, D21 and D30 had an additional peak around 72 ◦C, while
D16 and D21 had another peak around 126–133 ◦C. The presence of additional peaks
implied the presence of other polyethylene resins and/or additives. This material should
only contain LDPE but, depending on the manufacturer, other resins might be added for
improved processing and/or mechanical properties. Other reasons may be (a) the different
molecular weights of the same resins; (b) the different size and/or type of crystals; (c) a
degraded/contaminated sample and (d) a combination of all of the above. In our case, the
materials were collected internally and identified as recyclable LDPE foams. From the main
melting point in the DSC results, the processing temperature was selected to be above the
softening temperature and below the main melting point between 100–110 ◦C. Comparing
the auxetic foams with their original counterparts, there was no significant difference
between the melting points before and after conversion. However, the crystallinity showed
a marked decrease after treatment. The crystallinity controls the long-range order and
highly influences the final properties. During VCM, thermal and mechanical energies are
applied to the original foam to produce the re-entrant morphology, but they also modify
the level of long-range order, i.e., a lower crystallinity.
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Table 2. DSC results (main peak) of the initial LDPE and auxetic foams.

Sample Tm
(◦C)

∆Hm
(J/g)

Xc
(%)

Auxetic
Foams

Tm
(◦C)

∆Hm
(J/g)

Xc
(%)

D16 110.3 45.7 15.6 PE-D16-P1.5 110.1 15.0 5.1

D21 107.3 64.8 21.8 PE-D21-P1.6 107.9 12.6 4.3

D30 108.8 45.5 15.5 PE-D30-P1.5 108.9 18.5 6.3

D36 112.0 94.8 32.4 PE-D36-P1.5 112.2 15.4 5.2

3.2. Auxetic Foams
3.2.1. Morphological Properties

Cross-sections of the initial LDPE foams and after their modification are shown in
Figure 3. The initial foams had a honeycomb cell geometry (Figure 3A–D), but it was clear
that after the modification, the pores collapsed inward, generating re-entrant structures
(Figure 3E–H). As expected, the cell size and sample thickness decreased due to the me-
chanical stress applied. Therefore, a higher final foam density was produced with respect
to the conditions imposed.
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foams: (E) PE-D16-P1.5, (F) PE-D21-P1.9, (G) PE-D30-P2.0 and (H) D36. PE-D36-P1.5.

3.2.2. Poisson’s Ratio

To maximize the NPR, optimization of the processing conditions was explored. The
first parameter examined was the level of vacuum. Figure 4 presents the Poisson ratio
of D16 with respect to the tensile strain at three different vacuum pressures: −0.3, −0.6
and −0.88 bar. The Poisson ratio did not significantly change between the original foam
and the –0.3-bar (red triangles) samples. They both showed a constant positive Poisson’s
ratio (0.36–0.38). However, negative Poisson’s ratios were obtained when stronger vacuum
levels were applied, i.e., at least −0.6 bar. NPR was achieved when the strain was less than
0.5 for PE-D16-P0.5-V0.6 (green inverted triangles), and for all strains, values up to 100%
were achieved for PE-D16-P0.5-Vm (blue squares). In all cases, the Poisson ratios increased
with increasing the engineering strain, as reported in the literature. Based on these results,
the maximum vacuum (−0.88 bar) was used for all the following experiments.

The Poisson ratio of a material defines the ratio of between the transverse strain (X
direction) and the axial strain (Y direction). The strain is defined as the ratio between the
deformation and the initial size. The deformation in the Y direction (stretching direction)
had a fixed rate (imposed by the machine), while in the X direction (thickness direction) it
increased to 0.2–0.3 (depending on the sample) before decreasing with increasing strain.
Therefore, the slope of the curve changed when the tensile engineering strain was around
0.2–0.3.
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Figure 4. Poisson’s ratio as a function of tensile engineering strain for samples based on D16 (different
vacuum conditions).

All the properties of the foams are listed in Table 3. The volume compression ratio
(Df/Do) is the ratio between the final and original densities for which the honeycomb
structure was transformed into a re-entrant morphology. The minimum tensile NPR of the
auxetic D16 foams decreased from −2.53 to −2.89, while the compression ratio increased
from 4.9 to 7.61 and then increased to −0.89 with a compression ratio of 7.74. The best NPR
value (−2.89) was obtained for PE-D16-P1.5, but PE-D16-P1.3 and PE-D16-P1.0 were very
close with values of −2.83 and −2.55, respectively.

Table 3. Performance of auxetic LDPE foams.

Sample Initial Density
(kg/m3)

Final Density
(kg/m3)

Compression
Ratio (Df/Do)

Minimum PR
(Tension)

Minimum PR
(Compression)

D16

PE-D16-O 15.5 15.5 1 0.38 (mean) 0.10 (mean)
PE-D16-P1.0 15.5 76.0 4.90 −2.55 −0.61
PE-D16-P1.3 15.5 109 7.03 −2.83 −0.60
PE-D16-P1.5 15.5 118 7.61 −2.89 −0.65
PE-D16-P1.8 15.5 120 7.74 −0.89 −0.28

D21

PE-D21-O 20.9 20.9 1 0.34 (mean) 0.08 (mean)
PE-T105-D21-P1.5 20.9 88.0 4.21 −1.52 −0.35

PE-D21-P1.6 20.9 88.8 4.25 −1.60 −0.32
PE-D21-P1.9 20.9 98.4 4.71 −2.55 −0.33
PE-D21-P2.1 20.9 99.5 4.76 −1.07 −0.31

D30

PE-D30-O 29.7 29.7 1 0.37 (mean) 0.16 (mean)
PE-D30-P1.5 29.7 116 3.91 −1.60 −0.55
PE-D30-P1.8 29.7 120 4.04 −0.97 −0.51
PE-D30-P2.0 29.7 126 4.24 −1.52 −0.50

PE-T105-D30-P1.5 29.7 125.2 4.22 −1.00 −0.49

D36

D36-O 35.6 35.6 1 0.40 (mean) 0.13 (mean)
PE-D36-P2.1 35.6 108.7 3.05 −0.49 −0.34
PE-D36-P1.8 35.6 89.0 2.50 −0.72 −0.32
PE-D36-P1.5 35.6 81.5 2.29 −1.50 −0.25
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For the other auxetic foams (D21, D30 and D36), the minimum NPR values obtained
in tension were −2.55, −1.60 and −1.50, respectively. The best compression ratios (Df/Do)
were different for the D16, D21, D30 and D36 foams, these being 7.6, 4.7, 3.9 and 2.3,
respectively. A higher mechanical pressure generated a higher foam density and a more
re-entrant structure. However, too much compression resulted in cell collapse, completely
destroying the re-entrant structure generated. This trend was also observed in our previous
work [6].

The average compressive Poisson ratios were 0.10, 0.08, 0.16 and 0.13 for D16, D21, D30
and D36, respectively. This indicated that the Poisson ratio determined under compression
was lower than that determined under tension (0.38, 0.34, 0.37 and 0.40, respectively). This
phenomenon likely depended on the foam’s cellular structure (anisotropy). The minimum
compressive NPR values for the auxetic foams were −0.62, −0.33, −0.51 and −0.34 for D16,
D21, D30 and D36, respectively. However, the minimum compressive NPR did not vary
significantly with increasing the processing pressure.

Very limited data is available in the literature on the compressive NPR of closed-cell
foams. Fan et al. reported very small minimum compressive Poisson’s ratios of −0.026,
−0.090 and−0.118 based on 20, 30 and 45 expansion ratios, respectively, of LDPE closed-cell
foams [15]. Similarly, Duncan et al. reported compressive NPR values of −0.1 and −0.05
for PU closed-cell foams at different compressive strain rates [19]. Bianchi et al. obtained a
better compressive NPR value (−0.34) for an auxetic foam based on open-cell PU foam [14].
Bouchahdane et al. reported the best minimum NPR value (−0.85) for a compression
of 3.33%, while the NPR value was substantially decreased (−0.12) for a 27 kg/m3 PU
open-cell foam with a compression ratio of 80% [31]. Thus, the minimum compressive NPR
value of −0.65 reported here was the lowest value for closed -cell PE foams.

The tensile Poisson ratio of the original foams (D16, D21, D30 and D16) were measured
with average values of 0.38, 0.34, 0.37 and 0.38, respectively. The Poisson ratio of the treated
samples is shown in Figure 5. As expected, the relation between the Poisson ratio and
tensile engineering strain were similar; the Poisson ratio increased with the engineering
strain, as observed in the literature and in our previous work [6,11,17–19]. Figure 5 also
shows that an NPR was observed up to large strains (above 1.0, the maximum strain
being 1.4 in this case). However, most of the literature reported auxetic foams (NPR) only
at very small strains of 0.3 [16] and 0.6 [18]. Even our previous work showed that the
maximum strain to obtain an NPR was 0.8 [6]. Therefore, the advantages of the current
method, combining vacuum with mechanical compression (VMC), were that it is not only
environmentally friendly as no solvent is used but also that NPR (Figure 5A–D) can be
achieved up to much higher engineering strains, i.e., above 100%.

Finally, the effect of the treatment temperature was studied. In this case, two tempera-
tures were selected: 100 ◦C and 105 ◦C. The temperature value was appended to the sample
codes with their value, i.e., T100 and T105 (PE-T100-D21-P1.6 and PE-T105-D21-P1.6).
Figure 5B shows that the curves were very similar for both samples. This was expected,
because a difference of only 5 ◦C when the sample was already above the softening temper-
ature would not significantly affect the main driving force of the applied vacuum and/or
mechanical pressure.

Figure 6 presents the Poisson ratio as a function of the compressive engineering strain
for the auxetic and original samples. Compared to the tensile NPR, the compressive NPR
was less negative in value.
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The values of the compressive NPR at each pressure had a smaller variance than those
of the tensile NPR (see Figures 5 and 6). Auxetic behavior could be reached at larger tensile
engineering strains (strain above 100%) than compressive strains (only at 50–60%). When
the compressive engineering strain was above 50%, most of the compressive Poisson’s
ratios were positive (Figure 6B,D). However, this was the same trend as for the original
foams, for which the NPR increased with increasing the compressive strain.

3.2.3. Mechanical Properties

Figure 7 presents the tensile stress–strain curves for the samples before and after
the VMC treatment. For all the properties (tensile modulus, energy at break (Ep) and
elongation at break), an improvement was observed compared with the original foams.
This was similar to that reported in the literature, where the mechanical strength and energy
absorption were much better for auxetic foams compared to conventional ones [18,25,32,33].
The curves for the original foams (solid lines in Figure 7) showed a classical quasi-linear
behavior until failure at about 60%, 90%, 92% and 78% tensile strains for D16, D21, D30
and D36, respectively. The auxetic foams showed higher tensile stresses at failure than the
original foams due to their higher density (Table 4). The values of Young’s modulus and
energy absorption (Ep) were also improved at a higher final foam density (and crystallinity)
because Young’s modulus is related to the amount of material sustaining the stresses and its
intrinsic rigidity [34]. The energy absorption, which is related to toughness, also increased
with the density [35].
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Table 4. Tensile properties of the auxetic foams produced.

Sample
Tensile

Modulus
(kPa)

Strain
Energy (Ep)

(kPa)

Energy
Dissipated

(Ed) (mJ/cm3)

Damping
Capacity

(%)

Tensile
NPR

(-)

PE-D16-O 3.26 25.0 0.95 3.80 0.38
PE-D16-P1.0 3.97 31.2 1.22 3.91 −2.55
PE-D16-P1.3 15.6 64.6 3.47 5.68 −2.83
PE-D16-P1.5 40.4 136 15.5 11.4 −2.89

PE-D21-O 1.73 20.3 0.47 2.38 0.34
PE-D21-P1.6 2.06 13.7 1.97 16.7 −1.60
PE-D21-P1.9 6.07 67.4 4.91 7.28 −2.55
PE-D21-P2.1 30.1 81.3 11.2 13.8 −1.07

PE-D30-O 2.39 49.5 0.43 0.871 0.37
PE-D30-P1.5 1.13 3.41 0.46 13.4 −1.60
PE-D30-P1.8 3.49 24.9 1.30 5.20 −0.97
PE-D30-P2.0 3.54 20.6 1.83 8.88 −1.52

PE-D36-O 2.18 64.5 0.078 0.12 0.40
PE-D36-P1.5 6.39 31.6 1.69 5.30 −1.50
PE-D36-P1.8 5.11 33.3 1.77 5.33 −0.72
PE-D36-P2.1 9.44 52.5 8.13 15.5 −0.49

Sample
Compressive

Modulus
(kPa)

Strain
Energy (Ep)

(kPa)

Energy
Dissipated

(Ed) (mJ/cm3)

Damping Capacity
(%)

PE-D16-O 0.209 2.41 0.086 3.56
PE-D16-P1.0 0.159 1.64 0.24 14.3
PE-D16-P1.3 0.268 3.89 0.51 13.0
PE-D16-P1.5 1.04 2.55 0.26 10.2

PE-D21-O 0.678 3.09 0.34 10.9
PE-D21-P1.6 0.760 2.26 0.46 20.2
PE-D21-P1.9 0.439 3.42 0.37 12.3
PE-D21-P2.1 0.942 4.54 0.45 10.0

PE-D30-O 0.788 5.63 0.34 6.11
PE-D30-P1.5 0.471 3.41 0.46 13.4
PE-D30-P1.8 2.42 5.65 0.61 12.0
PE-D30-P2.0 1.71 8.60 1.96 29.7

PE-D36-O 1.68 4.28 0.68 15.8
PE-D36-P1.5 2.56 7.19 1.90 26.4
PE-D36-P1.8 3.10 8.92 2.50 28.1
PE-D36-P2.1 2.54 17.6 3.43 19.5

However, one tensile modulus (Young’s modulus) decreased after the VMC treatment.
The value of Young’s modulus for the original D30 foam was approximately 2.39 kPa,
while that of the PE-D30-P1.5 sample was 1.13 kPa. This was similar to Bezazi et al. [30],
who attributed the decrease to the foam unit cells buckling during processing, providing a
rotational point between the cell ribs [34]. However, above a specific tensile deformation,
the cells/ribs tended to align, generating a higher resistance to the applied stresses [34].
As such, only low stresses are needed at low strain (beginning of a test and below 5%
deformation) [34]. Here, we proposed another explanation related with the OCP (Table 1):
as some closed cells became open cells because their cell walls were broken during the
VMC process, there was less material available to sustain the applied stresses, especially at
lower strains (before cell buckling and collapsing).

Quasi-static cyclic tensile tests (up to 3% engineering strains at a rate of 0.2 mm/min)
were performed to generate hysteresis cycles. Figure 8 presents the hysteresis loops for the
auxetic and initial samples. The strain energy (Ep) of PE-D16-O was the lowest compared
to the VMC-treated samples, but PE-D21-O, PE-D30-O and PE-D36-O had higher Ep values
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than the auxetic foams (Table 4). As previously mentioned, it was believed that when the
VMC changed the cellular structure, some cells were broken, and this was why some of
the auxetic foams showed low stresses at low strains (0.1–3%). The presence of hysteresis
loops confirmed the typical energy dissipation (Ed) behavior of these materials under slow
deformation.
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The energy dissipation of the auxetic foams was better than that of the original foams
(Table 4). The auxetic foams based on D16 had Ed values of 1.22 mJ/cm3, 3.47 mJ/cm3 and
15.5 mJ/cm3 compared to 0.95 mJ/cm3 for D16. The damping capacity is the capacity to
absorb vibration using internal friction and to convert mechanical energy into heat. The
damping capacities of the four original foams were 3.8%, 2.4%, 0.87% and 0.12%, while
those of the auxetic foams were 11.4%, 13.8%, 13.4% and 15.5% (Table 4). For the D16, D21
and D30 foams, an improved damping capacity corresponded to an increasingly negative
tensile NPR. This trend did not hold for D36, and the reason behind this difference was
unclear.

Figures 9 and 10 and Table 4 report the mechanical properties obtained from the
compressive stress–strain curves and the quasi-static cyclic testing. The compressive
modulus and strain energy (Ep) values presented in Table 4 showed the same trend as
the tensile data; the strain energies of the original foams were larger than those of the
auxetic foams (PE-D16-P1.0 and PE-D21-P1.6). However, as the VMC treatment pressure
increased, so did the strain energies, surpassing those of the original foams. The energy
dissipated (Ed) and damping capacities (%) of the auxetic foams tested under compression
all showed a great improvement over their original foams. The best damping capacity
values were 13.4%, 20.2%, 29.7% and 28.1% for the four types of auxetic foams. Scarpa
et al. [36] obtained an energy loss per unit volume of (~0.05 mJ/cm3) for conventional PU
foam (27 kg/m3) after 20,000 cycles, while the auxetic foams reported here had an average
of around 0.8 mJ/cm3; a 16-fold increase under compressive cyclic loading.
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4. Conclusions

A simple and green method was proposed based on vacuum combined with me-
chanical compression (VMC) to convert a standard polymer foam into an auxetic foam by
generating a re-entrant cellular morphology. As an upcycling project, the initial material
selected was LDPE foam.

The minimum tensile Poisson ratios reached were −2.89, −2.55, −1.52 and −1.50
for initial foam densities of 16, 21, 30 and 36 kg/m3, respectively. On the other hand,
the minimum compressive Poisson ratios obtained were −0.65, −0.35, −0.55 and −0.34
for the same samples. Furthermore, the tensile mechanical properties of these auxetic
foams were substantially increased compared in terms of Young’s modulus (40 kPa), tensile
strength absorption energy (136 kPa at a strain of 3%), energy dissipation (15.5 mJ/cm3) and
damping capacity (11%) compared to the most negative PR auxetic foams, which had the
lowest NPR values. Under compression, the Young modulus (2.54 kPa), strength absorption
energy (17.6 kPa at a strain of 3%), energy dissipation (3.43 mJ/cm3) and damping capacity
(19%) were also better than those of the original foams.

Based on the analyses performed, the NPR values for these auxetic foams were lower,
and they presented better mechanical performances compared to the current literature.
These results showed that an environmentally benign process can be applied to upcycle
single-use LDPE foams of low density. As most of the literature on auxetic foams has
focused on PU, this work increases our knowledge on using LDPE.

Finally, these auxetic foams can be applied as impact mitigation for defense appli-
cations, such as behind armor padding, as well as in the production of protective sports
equipment. The main application of these materials is for protection against impact, i.e.,
dissipating and absorbing energy while reducing peak forces/accelerations and pressures.
Typical examples include helmets, knee/elbow pads, etc. Another application would be
protection against penetration, abrasion and laceration. These auxetic foams can become
personal protective equipment and supports for joints, muscles and the skeleton [37]. Nev-
ertheless, more work is under way to apply the process (VCM) to larger samples for a
wider range of densities and for other polymers.
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Abbreviations

DSC differential scanning calorimetry
Ed dissipated energy
Ep maximum potential energy
LDPE low-density polyethylene
NE nylon elastomer
NPR negative Poisson’s ratio
OCP open-cell percentage
p porosity
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PE polyethylene
PMI polymethacrylimide
PP polypropylene
PU polyether urethane foam
SECC solvent evaporation–condensation and mechanical compression
Va air volume
Vl solid volume
VMC vacuum combined with mechanical compression
Xc crystallinity
εx axial deformation
εy or εz transverse deformations
∆H100 enthalpy of 100% crystalline LDPE
∆Hm sample enthalpy
ρa density of air
ρf foam density
ρl solid matrix density
υ Poisson’s ratio
Ψ damping capacity
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