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Energy absorption capacity of agglomerated cork under severe

loading conditions

Influence of temperature and strain rate

Louise Le Barbenchon Philippe Viot

Jean-Benoit Kopp

Abstract Understanding the mechanical behavior of
materials in working conditions is a current problem
in transport industries. In this article, we demonstrate
why the temperature and the strain-rate are first-order
parameters when studying the mechanical behavior of
polymeric cellular materials with a glass transition tem-
perature Ty in working temperatures. Compressive tests
in quasi-static until a 0.5 hencky strain were conducted
at several temperatures on agglomerated cork. Com-
pressive tests were then conduted along a large range of
strain rates, from 4.2 107° 5! to 250 s~! at room tem-
perature (24°C). Both parameters influence strongly
the overall mechanical behavior with an opposite ef-
fect because of the polymeric nature of the constitutive
materials. However discrepencies in the variation were
observed between materials parameters of the two con-
ditions (temperature and strain rate).

In order to separate the dynamic effects from the
modification of the stiffness of the constitutive materi-
als with temperature or strain rate, a specific apparatus
was designed to achieve high-strain rate tests in temper-
ature. Compressive tests in dynamic regime were then
conducted at -20°C on agglomerated cork as a proof-of-
concept. The experimental results (stress/strain curves
and materials parameters) showed a great influence of
the strain-rate and the temperature combined. Such ap-
paratus will provide results allowing a more in-depth
characterisation of the local mechanisms that will be
precious for future simulations.
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1 Introduction

The demand for lighter and bio-sourced materials is
currently increasing because of emerging concerns about
global warming. Cork presents a unique set of proper-
ties (fire resistant, impact absorbing, phonic isolation
...) due to its foam structure and polymeric composi-
tion [1]. It is therefore an excellent candidate for a wide
range of application domains. One of them is aeronau-
tical parts with an usual temperature range around [-
30°C, 80°C] and loading conditions that can vary from
an impact due to a tool drop to the protection of the
structure from fragment impact in the space.

Due to the polymeric nature of cork, temperature
highly influences the mechanical behavior of cork and
its co-products like agglomerated cork [2-4]. Cork ag-
glomerates have a mechanical behavior which decreases
when temperature is rising. However, no link was clearly
demonstrated between the polymeric nature of the ma-
terial and the non-linear mechanical behavior at several
temperatures for cork-based cellular materials.

As cork agglomerates are used in energy absorption,
their mechanical behavior under dynamic strain rates
has been studied, principally by testing cork structures
through impact tests achieved with a drop tower [5-8].
An increase in macroscopic stresses was usually noted
with the increase in the initial strain-rate [7]. However,
the type of set-up did not allow to reach a constant
loading rate during a compression test and no material
parameter could be deduced from it. These parameters



are however essential in order to simulate the mechan-
ical behavior under complex sollicitations [5].

Hopkinson bars were often used to test cork-based
materials at high strain rates. Recent works use Dig-
ital Image Correlation (DIC) in order to evaluate the
actual strain distribution at a cork agglomerate sample
surface tested during Hopkinson bars tests [9]. 2D DIC
results show a significant strain heterogeneity within
each sample surface. However, these tests in dynamic
regimes did not allow to reach important strains [9] and
raw signals presented a lot of noise [10]. The strain-rate
varied also during the compression loading [11] which
induces error in the material parameter identification.

Moreover, the mechanical behavior of cork agglom-
erates was evaluated under several temperatures dur-
ing impact loadings to simulate working environmen-
tal conditions [12]. No important changes were noted
between 21°C and 50°C. However, in another study
when cork agglomerates are impacted between -30°C
and 100°C, an important decrease in the absorbed en-
ergy during an impact with an increase of the tempera-
ture is observed especially for high-energy impacts [13].
Furthermore, it seems that the influence of the temper-
ature on the absorbed energy rises with the specimen
density [13]. Such results demonstrate the necessity of
studying the mechanical behavior of materials under
temperature and strain rate working conditions. How-
ever, as they are performed at the industrial part scale,
they do not allow to understand the underlying mi-
cromechanisms (at the scale of the cell or the bead)
that cause such dependencies in the mechanical behav-
ior.

Concerning agglomerated cork, it seems there is a
lack of material characterisation of the non-linear me-
chanical behavior under both large ranges of strain-rate
and temperature. Fine material characterisation is re-
quired in order to model its mechanical response. The
aim of this work is to study the mechanical behavior
of cork agglomerates under large strains and its depen-
dency to the strain-rate and the temperature to see
how it affects the energy absorption capacities of cork
agglomerates.

Compression tests were conducted at several tem-
peratures and at different strain rates. To reproduce
working conditions, a thermal chamber was specially
designed to perform compression tests in dynamic regime
at high and low temperatures with a constant strain
rate. Several type of samples were tested to be able to
draw general conclusions from this experimental series
of tests.

2 Material & Methods

2.1 Materials

Agglomerated cork are obtained by mixing small beads
(2 =~ [0.5,1] mm) together with a bio-sourced ther-
mosetting resin (polyfurfuryl alcohol, PFA). Two types
of agglomerated cork were studied: one with short fibres
(R for reinforced with fiber dimensions: @ = 7 um,
1l =~ 170 pm) and one without fibres (NR for non-
reinforced) [14]. For the reinforced one, fibres were added
at this step of the process. The mixture is then com-
pressed into a mold to obtain a 1000 x 500 x 150 mm?
block. During the molding, the compression induces a
preferential orientation of the beads in the (Oxy) plane
[15].
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(a) Compression step during the manufacturing process.
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(b) Resulting multi-scale structure.

Fig. 1 (a) Manufacturing process. Cork beads coated with
resin are poured inside a metallic mold then compressed uni-
axially in the (Oz) direction. (b) Pictures of the resulting
agglomerate cork at several observation scales.

Two directions induced by the bead flattening are
considered (Fig. 1(a)): directions in the (Oxy) plane will
be called in-plane directions (IP) and (Oz) direction
will be called out-of-plane direction (OP). The poly-
merisation was made in an autoclave at 130°C during
12 hours. Large plates were then machined from the
block.
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Fig. 2 Scheme of the flywheel and the compression device [16].

2.2 Quasi-static regime
2.2.1 Tests at room temperature

20 x 20 x 20 mm?> samples were cut. Their density was
measured and stands around 420 kg m™3 as the cork
behavior depends on this parameter [7]. Samples were
conditioned at a 50% relative humidity to reduce the
potential effect of hygrometry [4].

An electromechanical tensile/compression machine
(Zwick Roell 250) with a load cell capacity of 250 kN
was used. The imposed speed of the lower punch was
set at 0.05, 5, 500 mm min~! corresponding to av-
erage strain rates of 4.2 107° s71,4.2 1073 57! and
4.2 107! s71. The mechanical behavior of the two main
directions, in-plane (IP) and out-of-plane (OP), was in-
vestigated. Five specimens of each material were tested
for both directions at each strain-rate.

2.2.2 Compression at different temperatures

At 4.2 1073 571, four temperature conditions were set: -
30°C, -10°C, 80°C and the room temperature measured
at 24°C. The temperature was controled in a chamber
(Zwick) equipped with a heater (for the 80°C tempera-
ture) and a nitrogen cooling connector (for the temper-
atures of -30°C and -10°C) with an induced circulation
to keep the temperature constant in the chamber dur-
ing the tests. Samples were placed at least one hour
beforehand in the chamber at the wanted temperature
in order to reach a stabilised temperature. The temper-
ature was checked using infrared temperature sensor.
Five specimens of each agglomerate were tested for all
temperatures in both directions.

Force sensor

Hammer
Anvil

Fusible pin j

2.3 Intermediate dynamic compression regime

To reach higher levels of strain rates, cork samples were
tested on a flywheel. It is an original apparatus which
allows to dynamically load specimens at intermediate
strain rates (from 50 to 800 s~1) [17].

A test on the flywheel can be described as follows
(Fig. 2): the heavy metallic wheel (1 m diameter, 617 kg)
is set in motion and its rotation velocity is accurately
controlled by an asynchronous motor. A hammer fixed
on the wheel is the impactor of this machine and can
impose either tensile loadings on metallic and compos-
ite materials or compressive loadings on cellular materi-
als according the complementary apparatus being used
[18].

To carry out compression tests on cork material,
when the desired rotation speed of the wheel is reached,
a pneumatic jack pushes the anvil alongside the wheel.
The anvil is then grabbed by the hammer inducing a
rapid rotation of the crosspiece. This rotation imposes
the displacement of the buckling bar and the lower
punch. Once the compressive force reaches a predeter-
mined threshold value, the bar buckles and interrupts
further specimen compression. The unloading however
is not controlled and is not operated at the same strain
rate.

This device, due to its high moment of inertia (77
kg m?), enables the compression of specimens under
constant velocity, since the specimen does not absorb
enough energy to slow the wheel down.

The compressive stress is measured by a piezo-electric
KISTLER 9031A force sensor located behind the upper
punch and coupled with a charge amplifier KISLTER
5018A1000. The lower punch displacement is determined
by a dynamic laser sensor Micro-epsilon LD1627-27.
Raw signals were used as they presented low noises.



At least four samples were tested for each test config-
uration (material, direction, strain-rate). A high speed

camera Photron SA5 and appropriate lighting were placed

in front of the compression module to be able to observe
samples during loading. The image frequency was set at
9300 frame per second.

2.4 Experimental compression curves post-treatment

From the force F(t) and the displacement d(t) data,
macroscopic stress/strain curves were deducted by cal-
F(t)

culating nominal stress (0 = ~5~) and true strain (¢ =

ln(%)), lp being the initial height of the sample
and Sy, the initial surface of the sample.

7k L Plateau

Densification

Linear stage

Nominal stress (MPa)
N

abs

1 1 i 1 1 4 1 >
0 0,1 0,2 0,3 04 0,5 0,6
True strain (-)
Fig. 3 Description of the material parameters obtained

from the stress/strain exprimental curve.

The Young’s modulus E* is calculated between a
low strain &g, arbitrary fixed to 0.001, and 80% of the
strain e, (strain at the transition between linear and
plateau response). To determine the transition strain
€r, the curve was fitted with a polynomial function.
The inflection point of the elastic part of the curve was
found with its second derivative. The Young’s modulus
is then calculated from the mean slope of the experi-
mental curve between the two strains g and 0.8¢,..

The plateau modulus E} is measured between a true
strain of 0.1 and 0.3 from the mean slope of the experi-
mental curve (Fig. 3). The macroscopic buckling stress
a;’;l is identified as the stress at which the line with a
slope of £ and the line with a slope of E; cross (Fig. 3).

An energy efficiency parameter 7 is defined as,

1 1SS
n@zagldwa (1)

The onset of the densification 4+ can be identified
as the strain at which n reaches a maximum on the
efficiency-strain curve [19,20],

dn(e)
dE e=gg*

= 0. (2)

The energy absorbed until the initiation of the den-
sification W, ; corresponds to the sum of dissipated and
elastic energies until the end of the plateau (Fig. 3).

@=Am%m¢ (3)

It is obtained by integrating along the strain using
the composite trapezoidal rule until 4+ (eq. 3). To be
able to compare it with literature data, the energy cal-
culated was divided by the sample volume.

For each set of data, the standard deviation ogp
was calculated, with IV, the number of samples tested
and T, the mean value of the data set,

1 N
osp = m2($i—§)2. (4)

3 Results & Discussion
3.1 Effect of temperature
3.1.1 Macroscopic response

Fig.4 shows the experimental stress/strain curves of
cork agglomerates tested in quasi-static (5 mm/min)

uni-axial compression at several temperatures (from — 30°C

to around 100°C). Both directions (IP and OP) and
both types of agglomerates (R and NR) are visible.
For each temperature, cork agglomerates show a typi-
cal cellular mechanical behavior with the three stages:
linear, plateau and densification. Reinforced (R) and
non-reinforced (NR) cork agglomerates loaded in the
IP direction show higher stresses for the same temper-
ature. This is mainly due to the structure at the bead
scale as already reported for high density agglomerates
[15].

As already observed in the case of many polymeric
materials, a higher stress is required to achieve the same
macroscopic strain as temperature is decreasing [21,22].

The temperature dependency of the mechanical be-
havior of cork agglomerates is not surprising. Indeed,
the whole material is a composite made of several poly-
meric materials. On one hand, the stiffness of the ther-
mosetting resin is expected to have a relatively linear



Material EZZMC at -30°C s}mc at -10°C s}mﬂ at 24°C E’Jimc at 80°C

R-OP X X X X
NR-OP 0.42+0-03 0,45%+0-01 X X

R-IP 0.38+0.02 0.45%0.01 X X
NR-IP 0.33%0.03 0.35%0-02 0.43+0-05 0.47+0.04

Table 1 Macroscopic strain €%,., . at which cracks are observed at the sample surface during an uni-axial compression loading

at 4,2 1073 s~ at several temperatures. X : no crack is noticed during or after the test.
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Fig. 4 Experimental stress/strain curves of cork agglomerates samples loaded in compression at a mean strain rate of
4.2 1073 571 in the in-plane (IP) and out-of-plane (OP) direction at several temperatures.

dependency to the temperature on a over a broad tem-  of several thermoplastic polymeric substances that have
perature range (the glass transition temperature Ty, be- a temperature dependent mechanical behavior [23,24].
ing high). On the other hand, cork cells walls are made It seems thus natural that the mechanical behavior of



agglomerated cork is also strongly temperature depen-
dent.

3.1.2 Fracture mechanisms

(d) In-plane

(c) Out-of-plane

Fig. 5 Pictures of sample surface at the maximal imposed
strain during a quasi-static compressive loading at -30°C.

The macroscopic strain €%,,. at which fracture is
observed at the sample surface has been reported in
tab. 1. For all agglomerates, lower temperatures lead to
earlier macroscopic failure as €%, decreases with tem-
perature. In agglomerated cork, fracture mechanisms
are mostly intra-granular [14]. This decrease in the frac-
ture strain with temperature would thus be mainly due
to the tensile embrittlement of the cork beads and thus
the cork cell walls with the drop in temperature. It has
already been shown that carbon fibres in cork agglomer-
ates could prevent initiation of a macroscopic crack due
to the confinement of micro-cracks [14]. This tendency
is therefore also valid for a large temperature range.

The non-reinforced cork agglomerate compressed in
the in-plane direction (IP) is the most sensitive to frac-
ture mechanisms at room temperature as previously
mentionned in [14]. Fracture mechanisms occur ear-
lier with decreasing temperature as evidenced by stress
slope failures during compression (Fig. 4(d)). They ap-
pear at €},,. = 0.47 £ 0.04 at 80°C while they are
observed from €%,,. = 0.33 £ 0.03 at -30°C (tab. 1).

At low temperatures, cracks are also observed in
non-reinforced agglomerated cork compressed in the out
of-plane direction (NR-OP) and reinforced agglomer-
ated cork loaded in the in-plane direction (R-IP) (tab. 1).

These fracture mechanisms are problematic for the
identification of the material parameters. Indeed, once

macroscopic cracks are present inside the sample, hy-
pothesis of continuity cannot be made anymore. It is
then important to note the strain €%, .. at which sur-
face hypothesis and thus material parameters are not
valid anymore. For non-reinforced agglomerates, frac-
ture mechanisms are visible from -10°C, at €trac =
0.45 + 0.01 on the stress/strain curve (Fig. 4(c)). This
information is thus easily available. However, concern-
ing reinforced agglomerates, the macroscopic curve is
not sufficient to be able to tell when fracture is happen-
ing. While the macroscopic stress/strain curve (Fig. 4(b))
does not show any sudden change of slope, macroscopic
cracks can be spotted at the sample surface (Fig. 5).

3.1.8 Evolution of the material parameters with
temperature

The variation of the material parameters as a function
of the temperature of the cork agglomerates tested was
obtained from the macroscopic curves (Fig. 6). The er-
ror bars are obtained from the calculation of the stan-
dard deviation ogp.

As the temperature increases, the Young’s modu-
lus E* decreases non-linearly for all the cork agglomer-
ates (Fig. 6(a)). The decrease in Young’s modulus E*
is significant between -30°C and 25°C. It is thus less
important for temperatures above 25°C. Except for the
strain at the initiation of the densification €, material
parameters such as buckling stress o, (Fig. 6(b)) and
tangent modulus Ej; (Fig. 6(c)) evolve in the relatively
same way with temperature (Fig. 6).

This temperature dependency is highly correlated
to the temperature dependency of the storage modulus
E' of cork obtained by vibratory tests [4]. The glass
transition temperature 7, of the agglomerates samples
is around 20.2°C and 40.3°C for the non-reinforced and
the reinforced agglomerate, respectively [14]. It is around
these temperatures that the variation of the mechani-
cal behavior of agglomerated cork with the temperature
starts to decrease (Fig. 6(a) and Fig.6(b)).

This kind of vibratory test allows to study the visco-
elastic behavior of polymeric materials, i.e. for very
small strains. For other cork-based materials, it has
been shown that the visco-elastic behavior comes from
the temperature dependency of cork cell walls [25]. The
resin can add a supplementary relaxation like agglom-
erated cork with poly-urethane [25] or polyfurfuryl al-
cohol [26,14] but only for high temperatures. There-
fore, the thermoset resin does not play an important
role in the temperature dependency in this tempera-
ture range. The variations of the material parameters
with temperature reflect the variations of the cork cell
walls behavior.
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According to the Gibson and Ashby model [27] on
the mechanical behavior of cellular materials,

N m2E I
Ufl = l2 ’ (5)

with F, the Young’s modulus of the cell wall mate-
rial, I, the quadratic inertia and [, the cell wall length.
Therefore, U;Zl should have the same variation as FEj
with temperature. The variation of the storage modu-
lus B’ of cork reflects the local variation of E; of cork
cell walls and more macroscopically E*. Therefore, oh
and E* should have the same temperature dependency,

which is what is observed experimentally (Fig. 6(a) and
Fig. 6(b)).

The tangent modulus E varies more linearly with
temperature (Fig. 6(c)). Many models are based solely
on the influence of the gas [27,28] concerning the stress
hardening in the plateau phase. They do not into ac-
count the influence of the microstructure or the evolu-
tion of the mechanical behavior of the constituent ma-
terial (or by considering it as perfect elastoplastic), even
though it is locally stressed at high stress levels [29]. Yet
this temperature dependence is the proof that other



mechanisms are implicated during the plateau phase.
More recent work shows that the non-zero slope of the
plateau could depend on both on architectural effects
and on the visco-plastic behavior of the wall material
[30] in the case of metallic foams. According to 2D finite
element modelling of a metallic open cell foam [31], the
combination of architectural effects (stress localisation)
and work hardening of the constituent material could
be at the origin of this slope.

The fact that E; decreases strongly with the tem-
perature (Fig. 6(c)) shows here that it depends strongly
on the cell wall behavior. But as this variation is slightly
different from o}, and E*, this means that supplemen-
tary effects have to be taken into account if one wish
to go further in the description of the mechanisms im-
plicated in the plateau phase.

For the Young’s modulus E*, the buckling stress
o and the plateau modulus £, the standard devia-
tion ogp is rather limited. This is mainly due to the
strict control of the test conditions (loading, tempera-
ture, hygrometry). The size of the specimens is more-
over well representative of the mechanical behavior of
the agglomerates given the size of the beads and the
cells [15].

Concerning the strain €} at the onset of the densi-
fication (Fig. 6(d)), it seems to be stable with the tem-
perature as already observed for birch plywood [32].
The non-reinforced cork agglomerate loaded in the in-
plane direction shows an important standard deviation
for €% in comparison to the other samples (Fig. 6(d)).
This could be due to the more fragile behavior of this
specimen.

It can be concluded that the temperature depen-
dency of the non-linear mechanical behavior of cork-
based material is mainly due to the temperature de-
pendency of the visco-elastic behavior of the constitu-
tive materials of cork cell walls. Having a glass tran-
sition temperature 7T, right in the range of use and
near room temperature implies caution regarding the
temperature when considering the mechanical behavior:
linear and non-linear. If one of the constitutive mate-
rial (here cork) has an elastic behavior with an highly
viscous part, the non-linear mechanical behavior will
be strongly modified with temperature apart from the
strain at the onset of densification.

8.1.4 Absorbed energy variation with the temperature

Measuring the absorbed energy W, . until the densifi-
cation initation strain €; allows to quantify the mechan-
ical energy absorption properties of a material before
the stress strongly increases.
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Fig. 7 Volumic absorbed energy at the initiation of the den-
sification for different types of agglomerated cork under sev-
eral temperature conditions.

Absorbed energy is the sum of the elastic and dissi-
pated energy. The latter depends on the residual strain
and fracture mechanisms. That is why, despite macro-
scopic cracks observed at the sample surface, this en-
ergy is calculated way beyond €%,

The influence of temperature on the absorbed en-
ergy Wy is quite the same as for £, o}, and Ej
(Fig. 7). Before 25°C, it decreases quickly with the tem-
perature approaching the glass transition temperature.
For higher temperatures, W, is still decreasing but
less rapidly. Mathematically, W, . depends on all those
parameters (eq.1). This is why they share the same tem-
perature dependency.

The change of the temperature causes a variation in
the mechanical energy absorption capacity for all tested
materials. But the hierarchy between the most asbor-
bant materials stays the same. At low and high temper-
ature, the most absorbant material is the stiffest, with
the highest plateau: the reinforced agglomerate loaded
in the in-plane direction (R-IP) (Fig. 7).

3.2 Effect of the strain rate

Cork-based materials are expected to be strongly strain-
rate dependent because of their polymeric constitution
and their architectured microstructure. Besides cork ag-
glomerate is considered for impact absorption. It is thus
important to characterise its mechanical behavior at
several strain rates and to understand the strain mech-
anisms at different scales.
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Fig. 8 Experimental stress/strain curves of cork agglomerates compressed in the in-plane (IP) and out-of-plane (OP) directions
at different strain rates at room temperature (24°C).

H 6*’)" E*T 6*’1" E*T 5*7‘
Material |, 5 {0%5 51 | 5 4,2 {0%5 -1 | » 4,2 {0%% -1 | 419551 | 428051

R-OP X X X X X

NR-OP X X X 0.48+0-02 X
R-IP X X X 0.41%0-03 | .36%0-02
NR-IP 0.42:|:0403 0'42:K:OA05 0.40i0.05 0.30i0.01 0.28:|:0A02

Table 2 Macroscopic strain at which cracks are observed on the surface of the specimens as a function of the average
strain rate. IP : In-plane direction. OP : Out-of-plane direction. R : Reinforced cork agglomerate. NR : Non-reinforced cork
agglomerate. X : no cracking was observed macroscopically.



3.2.1 Macroscopic curves

Fig. 8 shows the stress/strain curves obtained from
compression tests on agglomerated cork specimens at
room temperature (24°C) carried out at different strain
rates. The bigger the strain rate, the bigger stresses
reached during the compression as already reported [11].

In quasi-static regime (at 4.2 107°; 4.2 102 and
4.2 1071 s71), the strain rate varies each time by two
decades and a clear difference is observed between each
curve for all directions of compression (IP) and (OP)
(Fig. 8).

In dynamic regime (at 125 and 250 s—!), such a
similar amplitude in strain rates (of 3 decades) was not
possible. The two average strain rates only have a ratio
of 2 to each other. In the out-of-plane (OP) direction,
for both types of agglomerate, there is a difference be-
tween the two curves in the dynamic regime (Fig. 8(a)
and Fig. 8(c)). On the contrary, in the in-plane direc-
tion, the curves at 125 and 250 s~! are close (Fig. 8(b)
and Fig. 8(d)).

3.2.2 Fracture mechanisms

As for macroscopic behavior, strain rate has an oppo-
site effect to temperature on the failure initiation and
propagation. Cracks appear earlier at the sample sur-
face for tests at high strain rates (tab. 2).

Crack propagation is observed for all compression
tests in the in-plane direction of non reinforced cork
samples (NR-IP) (tab. 2). For loading at 125 and 250 s~ 1,
the nominal stress after €f.q. is lower than the stress
for other strain rates (Fig. 8(d)).

The two agglomerates compressed in the in-plane
direction show very large barreling at £*=0.35 for the
agglomerate without fibres (Fig. 9d) and at £*=0.45 for
the agglomerate with fibres (Fig. 9¢). Attempts have
been made to reduce the barreling effect by lubricating
the plates or by modifying the shape of the specimens.
However neither PTFE, grease nor the cylinder shape
were able to adresse it. It seems that the high Poisson
coefficient in this loading direction [33] coupled with the
high friction coefficient of cork [34] lead to a barreling
that is difficult to supress. The calculation of the nom-
inal stress therefore no longer seems relevant here and
the real cross-section of the specimen would have to be
taken into account for further quantitative estimation.

Furthermore, at 250 s~ !, fracture mechanisms cause
a fragmentation of the sample (Fig. 9d). At this macro-
scopic strain rate, from €*=0.35, the real cross-section
S of the specimen decreases abruptly, so the true stress
should also increase. Once again, structural effects pre-
vent an in-depth characterisation of the material. Ma-

5 mm/min 2,5 m/s 5m/s

e* = 0,45 e* =0,42

(a) In-plane - With fibres

e* = 0,45

e* = 0,45 e = 0,42 e* =0,45
(b) Out-of-plane - Without fibres

0,45 e* = 0,45

(c) In-plane - With fibres

b ~

e* = 0,35 e* =0,35
(d) In-plane - Without fibres

Fig. 9 Picture of the surface of agglomerate specimens tested

at room temperature at several strain rates at a given mean

strain e* if cracks are observed (indicated by white arrows)
or at the end of the loading phase if no cracks are observed.

e =0,35

terial parameter that will be given in the next section
have thus to be taken with caution.

3.2.8 Material parameters

From the stress/strain curves, the variation of the ma-
terial parameters (Young’s modulus E*, buckling stress
0%, tangent modulus Ey and strain at densification 7))
were plotted as a function of the average strain rate for
the different cork agglomerates (Fig. 10).

The Young’s modulus E* (Fig. 10(a)) and the tan-
gent modulus £ (Fig. 10(c)) both evolve in a simi-
lar non-linear manner with the macroscopic strain rate.
They increase relatively slowly over several decades in
quasi-static regime. For strain rates belonging to the
dynamic regime, above 107! s7!  the values of these
two parameters increase more rapidly.

The macroscopic elastic buckling stress o}, (Fig. 10(b))
also increases with the strain rate. The variation of
this parameter is quasi-linear with the logarithm of the
macroscopic strain rate, compared to both moduli.

This trend for buckling stress is similar to what has
already been observed for strain rates above 0.01 s~! on
polymer foams (PVC [35], EPS or natural cellular mate-
rials such as balsa [36] or birch plywood [32]). Cork ag-
glomerates and multi-scale expanded polystyrene foams
[35] are made of polymers with different visco-elastic be-
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Fig. 10 Material parameters of different cork agglomerates compressed at 24°C at several strain-rates.

havior. And yet they show similar trends in the varia-
tion of certain macroscopic material parameters. These
experimental results could therefore indicate that the
dependence on the strain rate of the buckling stress
may not simply be due to the inherent dependence of
the constitutive materials. Some structural effects could
arise as the strain rate increases and reaches dynamic
values.

The strain at the initiation of densification €} in-
creases slightly with the strain rate for reinforced sam-
ples (Fig. 10(d)). For non-reinforced samples, &} slowly
increases for strain rates until 10 s~! and then decreases

abruptly for dynamic strain rates. This decrease for
non-reinforced cork agglomerates could come from the
embrittlement of the material with the increase of the
strain rate.

For each material, the range of variation of the strain
at the onset of the densification has been reported in
tab.3.

For plywood birch, the densification strain value re-
mained in the range [0.365, 0.381] [32]. The evolution of
the densification strain was only significant for a jump
in strain rate by 10° s~! with a jump in densification
strain value about two time the standard deviation. The



Material ‘ Range
R-OP [0.335,0.390]
R-IP [0.378,0.400]

NR-OP | [0.305,0.360]
NR-IP [0.380,0.420]

Table 3 Range of densification strain for several cork ag-
glomerates.

densification strain increased from 0.365 at 4 10~% s~!

to 0.381 at 700 s—'. Cork agglomerates show a wider
range of variation, especially for reinforced cork agglom-
erates loaded in the out-of-plane direction (tab.3). For
the reinforced agglomerate, it increases from 0.335 in
quasi-static to 0.39 in dynamic, with a rather small
standard deviation (Fig. 10(d)).

While the strain at the onset of densification }; was
mostly constant with temperature, it seems that €; in-
creases slowly with the strain rate as long as the mate-
rial stays non-brittle. This observation seems to concern
several polymeric foam but not in the same extent.

The variation of the material parameters with the
strain rate is therefore not the same for all parameters,
unlike what has been observed with the variation of the
mechanical behavior with temperature.

8.2.4 Absorbed energy evolution with the strain-rate

Absorbed energy before the initiation of the densifica-
tion W, increases with the mean strain rate (Fig.11).
However the trend depends on the material. In con-
trast to the temperature dependence, the evolution of
the absorbed energy is not similar to the other material
parameters.

For non-reinforced agglomerated cork, absorbed en-
ergy seems to reach a plateau near 107! s=1 (Fig.11).
The value of this asymptotic evolution stands around
1 J mm™2 in the out-of-plane direction and is close to
1.75 J mm~3 in the in-plane direction. For reinforced
cork agglomerates, absorbed energy evolves almost lin-
early with the mean strain rate logarithm. For the high-
est strain rates, the absorbed energy strongly increases.
These differences in behaviour between reinforced and
unreinforced cork could be due to the more brittle na-
ture of the unreinforced material [14].

The evolution of the absorbed energy is stronger
between -25°C and 75°C than between 4.2 107° and
250 s~ for the non-reinforced samples (Fig.11). On the
contrary, the absorbed energy values swept over these
temperature and strain rate ranges are similar for rein-
forced samples: between 1.2 and 4 J mm ™2 in the in-
plane direction. This supports the hypothesis that for
non-reinforced cork agglomerates, high strain rates at
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Fig. 11 Absorbed energy at the initiation of the densification
for different types of agglomerated cork under several strain-
rate conditions.

room temperature undermine the mechanical behaviour
of the material.

Like before, the standard deviation ogp remains rel-
atively small for each materials on the tested strain-rate
range (Fig.10 and Fig.11). Only the densification initia-
tion strain €; of the non-reinforced agglomerate loaded
in the in-plane direction shows a great variability at low
and high strain rates.

8.2.5 Discussion on strain-rate dependency

The different variation with the strain rate of Young’s
modulus, buckling stress, tangent modulus and absorbed
energy could indicate that the strain rate dependency
of the mechanical behavior of cellular materials is not
simply due to the visco-elastic behavior of the consti-
tutive materials.

For high-strain rate loadings, special features of cel-
lular solids influence the overall force-displacement re-
sponse [27]. Inertial energy contained in the rotations
and asymmetric deflections associated with buckling
modes of deformation can cause inertia at the micro-
scopic scale, i.e. a delay in the buckling of cell wall.
This delay leads to a deformation mode which can re-
sist higher loads [37].

Moreover when a closed-cell foam, like cork, is com-
pressed, the fluid within the cells is under pressure [18].
For elastomeric foam, the effect of the gas on the plateau
phase of the stress-strain curve is very pronounced [38],
even for reasonnable ranges of strain rates (between
2x 1073 s7! to 50 s~1). For increasing strain rates, gas
compression would thus cause an increase in stress.



In order to experimentaly separate such effects, the
constitutive material behavior has to be controled. This
behavior depends on both temperature and strain rate
conditions [39]. That is why a specific experimental set-
up was designed in order to operate dynamic compres-
sive tests at controled temperatures. In the next section,
the design of the specific apparatus and experimental
data obtained are presented and discussed.

3.3 Coupled effect of temperature and strain-rate

3.8.1 Compression apparatus for intermediate strain
rate in temperature

The assumption of a constant temperature during inter-
mediate speed compression tests is difficult to make. In
order to perform tests at dynamic regime in tempera-
ture, a thermal chamber for the fly wheel apparatus was
thus designed and build (Fig.12a). The reduced avail-
able space around the loading area principally dictated
design choices along with the requirement to be able to
observe sample deformation (Fig.12b). It is interesting
to note that cork was chosen to be the main material
of the structure of the thermal chamber (for its good
insulation properties [1]).

The inner of the thermal chamber can be condi-
tionned at a desired temperature T; thanks to an air
circuit with a temperature controled using an Arduino
micro-controler (Fig.12c and Fig.12d). The two tem-
perature sensors, placed on either side of the thermal
chamber, measure respectively T, and Tj. The tempera-
ture of the thermal chamber T,;,4mper is then calculated
from these measurements,

Ta + Tb
D) .

Tchamber - (6)

If Tepamper < Tj, the resistor is activated. The air
in the mixing box is heated and injected into the ther-
mal chamber through insulating sleeves thanks to fans
until Tepamper 18 reached. If Tepamper > 15, nitrogen is
injected inside the mixing box in order to cool down
the temperature of the air flow.

In order for the thermal chamber and the metallic
punches to reach Tj;, 1 to 2 hours are needed. The tem-
perature of the chamber and of the metallic punches
is also checked with an infrared thermometer to col-
lect more local data. In the mean time, samples are
conditioned in temperature in the same chamber that
was used for quasi-static tests. The specimen is placed
in the chamber just before the mechanical test. One to
two minutes are required to focus the high speed camera
placed in front of the set up to observe the deformation

of the cubic samples (Fig.12¢) and to check the tem-
perature at the sample surface thanks to an infrared
thermometer. It takes then around 30 seconds for the
fly wheel to reach the wanted rotation speed. Lights are
turned on just before the test is carried on. Like previ-
ously, the force and the lower punch displacement are
then recorded.

Previous results showed that catastrophic failure were
more likely to happen for cold or dynamic loadings.
Early fracture can imply a lower absorbed energy as for
non-reinfroced cork agglomerates. Compression load-
ings in dynamic regime (63 and 187 s~ 1) at -20°C were
thus operated to test this set-up and to verify if low
temperature and high strain-rate induced a significant
decrease in the absorption capacity of agglomerated
cork.

8.8.2 Macroscopic response and identification of the
material parameters

The two compression tests achieved in dynamic regime
(63 and 187 s7!) at -20°C were compared to previ-
ous compression tests realised either in dynamic regime
(187 s~ 1) at room temperature or in quasi-static regime
at — 30°C (Fig. 13).

In dynamic regime and at low temperatures, the
stresses reached by the different agglomerates are more
important, except for NR-IP samples, than for loadings
at either low temperature or high strain-rate (Fig. 13).
This shows,as expected, that the combination of strain
rates and temperature is important to take into account
when studying the mechanical behavior of such mate-
rials.

The material parameters of the two compression
tests carried out in dynamic regime (63 and 187 s~1) at
-20°C were then compared to those obtained in quasi-
static regime at room temperature (tab.4). The mate-
rial parameters, such as Young’s modulus E*, buckling
stress o}, or energy absorbed Wy, before densifica-
tion, measured from these curves are much more im-
portant in these severe conditions than those measured
in quasi-static regime (tab. 4). The increase in strain
rate and the decrease in temperature mainly modify
Young’s modulus £ and buckling stress o%,;. These pa-
rameters for all types of cork agglomerates increase by
more than 150 % under these severe conditions (tab. 4).
However, the Young’s modulus values indicate that the
glass plateau is not reached yet for the constitutive ma-
terials (tab. 4). Indeed, DMA tests showed values for
the storage modulus E' up to 300 MPa (IP-R) and
150 MPa (OP-R) [14], while they only reached here
192 MPa and 118 MPa, respectively. Strain rates up to
187 s~! in combination with a temperature of -20°C
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Fig. 13 Experimental stress/strain curves of cork agglomerate samples loaded at -20°C in dynamic regime compared to data
obtained either in quasi-staitc at -30°C or at 24°C in dynamic regime.

are therefore not sufficient to reach the glass plateau of
the constitutive materials for agglomerates.

For cork agglomerates with fibres (R), the increase
in the strain rate associated with a decrease in temper-
ature has a non-negligible effect on the decrease of the
densification strain € (tab. 4). This parameter varied
only slightly with simply temperature or average strain
rate during previous stresses, whereas it decreases by 34
and 28% respectively under out-of-plane (R-OP) and
in-plane (R-IP) compression when the effects of strain
rate and temperature are cumulated. This effect is much

less highlighted for non-reinforced agglomerates (NR),
as the densification strain ¢} decreases by only 1 %
under a out-of-plane (NR-OP) compression and 15%
under an in-plane (NR-IP) compression (tab. 4). The
interaction of different deformation mechanisms (frac-
ture for NR samples) in the plateau phase could be the
cause of these two different behaviors.



Material E* [MPa] o, [MPa] E; [MPa] ey [ Wi, . [J/mm?3]
NR-OP 2200 £ 1,0 | 0,83 £ 0,06 | 5,77 £ 0,42 | 0,455 £ 0,008 | 0,93 £ 0,08
-20°C, 187 s~ 87 3,5 2,92 0,45 2,52
+ 295% + 322 % -49 % -1 % + 171 %
R-OP 27,7+19 | 1,08 £0,04 | 8,39 £ 0,34 | 0,457 &+ 0,002 1,32 £ 0,06
-20°C, 187 s~ 118 4,2 22,1 0,3 2,49
+ 326 % + 289 % + 163 % -34 % + 89 %
NR-IP 360+29 | 1,2 £0,13 | 447 £ 0,57 | 0,530 £ 0,005 | 1,28 £ 0,06
-20°C, 187 s—1 93 44 9.9 0,426 2.09
+ 158 % + 267 % -321 % -15% + 63 %
R-IP 612+ 45 | 2,07 £0,04 | 7,04 £ 0,11 | 0,501 £ 0,005 | 1,99 £ 0,04
-20°C, 187 s~ 192 5,7 15,5 0,362 44
+ 214 % + 175 % + 120 % -28 % + 121 %

Table 4 Material parameters of agglomerated cork (NR) and short fibre reinforced agglomerated cork (R) tested in com-

pression in the out-of-plane (OP) and in-plane (IP) directions at either a macroscopic strain rate of 4.2 1073 s

—1 at room

temperature (24°C) or a macroscopic strain rate of 187 s~ at -20°C

3.3.8 Modification of the fracture mechanisms

Non-reinforced (NR) cork agglomerates have a plateau
phase under severe loading that is different from pre-
vious results. The modulus £ decreases in the out-of-
plane direction (NR-OP) and becomes negative for in-
plane compression (NR-IP) (tab. 4). This change in the
plateau phase under severe loading (Fig. 13) is mainly
due to the earlier appearance of failure mechanisms un-
der these conditions (Fig. 14c and Fig. 14d).

In the case of NR-OP samples, the mechanical be-
havior is strongly modified at -20°C between 63 s—!
and 187 s~! (Fig. 13c). Photographs of the specimens
surface taken during the test also shows a change in
fracture mechanisms. At 63 s~!, cracks are only visible
from *=0.4 (Fig. 14c). These are located at the periph-
ery of the specimen, as described above for specimens
compressed in the in-plane direction. Photographs of
specimens compressed at 187 s~ at -20°C show that
many cracks appear at the centre of the specimen at a
macroscopic strain much lower than €*=0.24 (Fig. 14c).
Same observations are made for NR-IP sample around
e*=0.08.

8.8.4 Absorbed energy

In comparison to the results obtained in quasi-static
regime at room temperature, cork agglomerates absorb
more energy at low temperature and high strain-rate
(tab. 4). This remarks could have been done from the
tendencies observed either at several temperatures or
different strain-rates. However, values of absorbed en-
ergy are lower than expectations. Precedent values at
-20°C or in dynamic regime (Fig. 7 and Fig. 11) were
around the same order of magnitude than for -20°C and
dynamic tests.

Observations have shown that fracture mechanisms
appear very prematurely under these conditions. Cracks

can be observed on the surface from £*=0.08, i.e. from
the beginning of the plateau phase (Fig.14). The ap-
pearance of these cracks is different from what has been
observed for less severe conditions (lower strain rates
or higher temperature). At lower strain rates or higher
temperatures, the cracks appeared at the periphery of
the specimen, due to barreling. For agglomerates under
dynamic loadings at -20°C, cracks now appear in the
diagonal of the specimen (Fig. 14c and Fig. 14d).

In conclusion, the strain mechanisms involved in the
plateau phase, which allow to absorb the mechanical
energy, are therefore not the same between compres-
sion tests under one environnemental condition that is
severe that under a combination of severe conditions
(temperature and strain-rate).

4 Conclusions & Perspectives

The aim of this work was to study the mechanical be-
havior of a natural polymeric foam, cork agglomerate,
and its dependencies to temperature and strain rate
during a compressive loading.

Temperature and strain rate are two environnemen-
tal conditions intrinsically linked for small strains. It
was indeed observed that either for increasing temper-
ature and decreasing strain-rate, a drop of the stress
could be observed on the macroscopic behavior. A non-
linear dependency was observed in the initial rigidity for
both temperature and strain-rate. The same variation
was noticed in temperature for several material param-
eters reflecting very different stages in the compression
loading (Young’s modulus, plateau modulus, buckling
stress and absorbed energy). This temperature depen-
dency was associated to the visco-elastic behavior of
cork, one of the constitutive materials. It is interest-
ing to note that this visco-elastic behavior is also ex-
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Fig. 14 Pictures of the surface of agglomerated cork specimens with and without fibres, loaded at -20°C in dynamic regime.
The white arrows indicate the presence of cracks and the dotted lines show the crack pattern on the surface of the specimens.

pressend on the non-linear beahvior of the composite
material (plateau phase).

The variation of material parameters with strain
rate was less trivial. Because of the non-linear mech-
anisms involved during a compression loading in such
materials, the hypothesis of structural effect modifying
the mechanical behavior may be considered.

A first attempt to distinguish the constitutive ma-
terial dependency from the structural effect was made
by conducting mechanical tests at chosen strain rates
and temperatures. For that, a specific experimental set-
up was developed in order to operate mechanical tests
in temperature at high strain rate on a fly wheel. The
proof-of-concept was done by conducting tests at -20°C
in dynamic regime. The results showed new fracture
mechanisms under these severe loadings.

Perspectives of this work would be to develop a
model taking into account the visco-elastic behavior
of the constitutive material to predict the non-linear
macroscopic behavior of cellular material and its depen-
dency to temperature and strain rate. A more fonda-
mental perspective would also to separate more closely
what causes the strain-rate/temperature dependency
between material and structure dependencies by using
the set-up developped in this work.
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