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Abstract. Nowadays, ultra high molecular weight polyethylene (UHMWPE), allows the combination of lightweight, high
strength and is praised for the design of severely loaded structures. It has become a good option for lightweight armour so-
lutions. It is therefore important to characterise its mechanical behaviour. Up to now, strain rate effects on mechanical be-
haviour have been poorly explored. In this work, this issue is tackled by studying the strain rate influence on the in-plane
deformation, in shear and tension of the Tensylon® HSBD30A, a UHMWPE dedicated to ballistic and blast protection. Two
laminates of Tensylon® of respective orientation [0 °/90°],9 and [+45°],o were subjected to static and split Hopkinson tensile
bar (SHTB) tests. A new mounting system was designed, and new specimen shapes were used to match the experimental
setup configurations. Digital image correlation (DIC) was used to measure the in-plane strain. A significant strain-rate de-
pendence on the material behaviour.is evidenced. Besides, results exhibit a higher strength for the [0°/90°], specimen than
for the [+45°], one. Despite some limitations, the proposed setup and measurement methods allowed visualisation of strain
rate effects on the stress-strain relationship for strain rates ranging from the quasi-static regime to the dynamic one (1500 s™').
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1. Introduction

To design and optimise lightweight armour, a pre-
dictive model based on the material characterisation
is necessary. Usually, the damage scenarios for a
composite under high-velocity impact are complex
and show several damage and failure mechanisms
such as interlaminar delamination, permanent non-
linear deformation and fibre breaking within perfo-
rated layers [5—7]. Furthermore, the back-face defor-
mation of the ballistic panel is also likely to provoke
blunt trauma effects [8]. Models used to describe the
dynamic behaviour of a panel during such an event
can be either semi-analytical or numerical models.
Cunnift’s model is one of the most widespread ana-
lytical models [4]. It, however, rests upon several re-
strictive assumptions: fibres are uniformly loaded,
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and the failure response is linear from the ultimate
strength to rupture of the fibre with no plasticity as-
sumptions, associated with the low compressive
strength and unloading before complete failure. In
both approaches, the non-linear shear response is not
considered. Recently [9] also proposed an analytical
model based on Bernouilli’s principle.

Performing numerical simulations allows us to refine
the level of physical details. Thus, when considering
the micro-mechanical properties of the orthotropic
material behaviour, the linear elastic properties, the
orthotropic yield surface with a non-linear hardening
description, a nonlinear shock equation of state, and
a three-dimensional failure criterion supplemented
by a linear orthotropic softening description should
be considered [10]. It is important to provide the
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most complete description of the phenomenon that
occurs during ballistic impact in order to predict ac-
curately the mechanical behaviour of the material as
performed in [11-13]. Therefore, to design light-
weight armour, it is necessary to predict the mechan-
ical behaviour and the damage of the involved ma-
terial. Modelling the mechanical behaviour of com-
posite materials requires the characterisation of lin-
ear elastic properties, damage behaviour, failure cri-
terion, and the influence of temperature and strain
rate effects.

Recently, ultra high molecular weight poly-ethylene
(UHMWPE) based composite materials have been
widely used, especially for ballistic protection.
UHMWPE is a thermoplastic polymer made of long
poly-ethylene molecular chains. They can be ob-
tained by the gel spinning method and have a long-
length chain that results in an important strength.
This process permits to have a crystalline molecular
structure oriented in the gel spinning direction. Af-
terwards, these UHMWPE fibres are coated with
resin in order to form a ply. To finish, different plies
are assembled and pressed with a typical cure to ob-
tain a laminate. This process is widely described in
the works of Russell et al. [14].

The UHMWPE-based composites are widely used
for ballistic protection because they make it possible
to conciliate both lightness and strength. Moreover,
these kinds of materials are more affordable than
aramid-based composites such as Kevlar® or other
composite materials. In general, composite materials
are associated with ceramic material in order to in-
crease the efficiency of ballistic protection. It has
even been associated with a ceramic coating by ad-
ditive method [15], increasing interest in using
UHMWPE in ballistic protection.

The experimental behaviour of various commercial
UHMWPE under quasi-static regime (€= 107%;
107 s7') was already investigated in [10, 14, 17-20].
In particular, significant influences of the strain rate
[14] and of the temperature [17] were reported.
Moreover, it was shown that the mechanical behav-
iour had two different regimes: a linear one followed
by a nonlinear one. Finally, various authors reported
experimental issues regarding the specimen bind-
ings [14, 18, 19]. Other studies focused on the me-
chanical response of UHMWPE under impact at
high strain rates £ = [10% 10°] s7! [5, 10, 22, 23, 26,
27]. Results pointed out that UHMWPE is a perfect

candidate for ballistic protection, and, therefore, its
dynamic behaviour must be well characterised. To
the authors’ knowledge, the intermediate strain rate
range (¢ — few hundreds to thousand s™') has never
been explored on such composite materials. There is
only one study relating to the mechanical behaviour
of UHMWPE yarns for intermediate strain rates
[28]. These intermediate strain rates are encountered
in ballistic impacts at lower velocities (=300 to
400 m/s) and during blast loading.

The present study, therefore, aims to fill that gap in
the in-plane mechanical characterisation, in shear
and tension, of UHMWPE under static and dynamic
loading. It could bring new insight into the determi-
nation of the constitutive behaviour of laminated
rate-dependent polymers such as piezoresistive ma-
terials, as previously done in [28, 29]. More recently,
some authors [30] pointed out the fact the in-plane
mechanical behaviour of Dyneema® UHMWPE is
very sensitive to strain rate. In addition, its Young
modulus is increased by 60%, and its failure stress
is increased by 40% when subjected to dynamic
loading. The UHMWPE variant chosen for the
present work is the Tensylon® [0°/90°],0 HSBD30A
composite made by Dupont®, Wilmington, USA. It
is composed of ultra high molecular weight poly-
ethylen (UHMWPE) fibres coated with a thermo-
plastic matrix [39]. The Tensylon® was manufac-
tured by Dupont® with a typical cure in pressed
plate form of 500500 mm. Each ply has a thick-
ness of 60 um, thus total thickness of the studied
material is 2.40 mm. This study aims to perform an
experimental characterisation of the mechanical be-
haviour of Tensylon® under different loading rates.
To this purpose, it is proposed to perform experi-
mental campaigns for static tests using two differ-
ent kinds of solicitations for uniaxial tensile tests:
a monotonous and a loading/unloading. For dynam-
ic tests, a split Hopkinson tensile bars set was used
to explore the aforementioned intermediate strain
rate range between 900 and 1500 s~! since these
strain rates are encountered by structure panels dur-
ing blast and ballistic loading. Since this sample is
subjected to sliding and delamination in the grips,
two solutions for the sample fixation are discussed.
For each solicitation, three displacement velocities
were tested. Then results are presented and dis-
cussed for two laminate configurations, [£45°],¢
and [0°/90°],.
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2. Quasi-static mechanical behaviour of
UHMWPE
2.1. Experimental setup
Two different specimen shapes were considered: one
for [0°/90°],( laminates and another for [+45°],( lam-
inates. The photographs of the two different speci-
men shapes are available in Figure 1. The effective
cross-sectional area for [0°/90°],¢ specimens are
4x2.40 mm and 18x2.40 mm for [£45°]5. The ef-
fective length is 50 mm.
The experimental protocol follows EN-ISO 527 [47]
standard recommendations, except for the shape of
the specimens. All the tests were performed with an
INSTRON 5969 electromechanical jack equipped
with a 50 kN load cell with a measuring accuracy of
0.5% of the value. Three traverse speeds were con-
sidered: 0.1, 1 and 10 mm/min. For each traverse
speed, at least three tests were performed for the as-
sessment of the reproducibility. Before the specimen
was clamped into the grips, black paint was sput-
tered, offering a speckle of a large number of small
spots smaller than 1 mm. This pattern made possible
the measurement of the evolution of longitudinal and
transversal strains during tests by Digital Image Cor-
relation (DIC) with a GOM 4M® system. For this
study, 2D mode was used. Consequently, only the
left camera was active. The lighting system was also
integrated into the GOM 4M® system. The photog-
raphy of the sample fixed in the tensile machine is
shown in Figure 2. GOM 4M® has an acquisition
frequency of 60 Hz for a strain measuring accuracy
0f 0.01% for a measurement range of 0.02 to 100%.
The system resolution is 2448x2050 pixels for a
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Figure 1. [0°/90°], specimen on the left side, of [+45°],
laminate on the centre and a schematic of the as-
sembly on the right side.
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Figure 2. Assembly used to perform uniaxial tensile tests.

50 mm focal length lens. The post-treatment was
performed with ARAMIS® software. For each con-
figuration, the strain homogeneity in the considered
zone was studied. For this purpose, results obtained
by DIC system were considered. In Figure 3, the lon-
gitudinal strain was observed for a monotonous uni-
axial tensile test at 1 mm/min for [0°/90°],o laminate
on the left side and for [+45°],0 laminate on the right
side. The first picture was taken at 99 s, and the sec-
ond picture at 226 s after the start of the test.
Considering results obtained for [0°/90°],¢ laminate
at t= 99 s, longitudinal strain was homogeneous
over the whole zone of interest. In order to obtain
the stress/strain curves, an average strain was eval-
uated on a zone of 2x6 mm taken at the center of the
zone of interest.

As previously said, DIC results obtained for [£45°],0
laminate were plotted in Figure 3 on the right side.
It points out three distinct zones that can be distin-
guished. A first zone is located near to the clamps
for which longitudinal strain were around 1%. A sec-
ond intermediate zone takes place below the first one
and has a bow-tie shape, for which longitudinal
strain was around 6%. A third one is at the centre of
the specimen with a quasi-homogeneous strain of
around 11%. Similar observations were reported by
Berthe et al. [48] during the study of a [+45°] car-
bon/epoxy laminate. An average strain was evaluat-
ed on a zone of 2x6 mm taken at the centre of the
zone of interest.

In the literature, some authors [14, 49] showed that
the mechanical behaviour of UHMWPE [0°/90°]
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Figure 3. Digital image correlation (DIC) obtained for monotonous uniaxial tensile tests for [0°/90°]y at t= 99 s and
1 mm/min on the left side and for [+45°],¢ at t = 226 s and | mm/min.

laminate was visco-elasto-plastic. Therefore, it is
necessary to both study elastic and plastic properties
and the influence of strain rate on them. To do that,
two different loading regimes can be set. All tests
were uniaxial tensile tests. However, during the first
campaign monotonous loads until failure were per-
formed for three different traverse speeds and two
different laminates. During the second campaign,
loading/unloading tests were performed with an in-
cremental effort of 400 N for [0°/90°] laminate and
200 N for [+45°] laminate until failure for three dif-
ferent traverse speeds.

2.2. Influence of strain rate on the mechanical
behaviour of Tensylon® [0°/90°] 5
laminate

For uniaxial monotonous tensile tests, three traverse
speeds were performed: 0.1, 1 and 10 mm/min. The
corresponding strain rates were respectively: 2-107,
1.5-10% and 1.5-102 s7!. In Figure 4, stress/strain
curves of the five tests performed at 10 mm/min are
plotted. One may notice that the dispersion is very
low. Afterwards, the stress-strain curves presented
correspond to the average of five tests for a given
displacement speed.

In Figure 5, the longitudinal stress—strain curves

are plotted for three different strain rates. It can be

seen that the mechanical behaviour of Tensylon®

[0°/90°]50 can be decomposed into two parts: a first

linear behaviour followed by a second non-linear be-

haviour. Moreover, the mechanical behaviour
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Figure 4. Tensylon® [0°/90°]y stress-strain curves for uni-

axial monotonous tensile tests for a displacement
speed of 10 mm/min and at room temperature.
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Figure 5. Tensylon® [0°/90°]y stress-strain curves for uni-
axial monotonous tensile tests at three different
strain rates and at room temperature.

seems to be strain rate dependent. These observa-
tions are in agreement with the literature [14, 49].
Indeed, considering a longitudinal strain of 0.015,
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the corresponding stress is 310 MPa for 0.1 mm/min
and 520 MPa for tests performed at 10 mm/min, ei-
ther an increase of 68%.

In order to describe the elastic behaviour of Tensylon
and its sensitivity to strain rate, Young modulus and
Yield stress were evaluated for each test at each
strain rate. These two values were evaluated with the
method described in [50, 51]. The strain rate seems
to have an important influence on the evolution of
the Young modulus. When the strain rate increased
from 2-10 to 1.5-107 57! the value of the Young
modulus increased from 19.5 GPa £7% to 45.0 GPa
+2%, that is to say an increase of 131%. Considering
the evolution of the yield stress, a same trend can be
observed. When the strain rate increased from 2-107
to 1.5-103s! the yield stress increased from
213 MPa £16% to 318 MPa £2%, that is to say an
increase of 49%.

In order to evaluate the influence of strain rate on
the non-linear behaviour of Tensylon® [0°/90°],0, the
second experimental campaign was considered, i.e.,
the uniaxial load/unload tensile tests. In a second
step, stress-strain curve obtained during monotonous
uniaxial tensile test is compared to stress-strain re-
sults obtained during loading/unloading tensile test
performed at 1 mm/min. This comparison is plotted
in Figure 6. The results of monotonous tensile test
are represented by blue cross (+) and are slightly
above that of the loading/unloading tensile test in
blue solid line, even though they exhibit the same
trend. The shape of the monotonous tensile test per-
mits the description of the unloading/loading results.
A first qualitative study of the influence of strain rate
can be done in Figure 7 where stress-strain curves of
tests performed at 0.1 and 10 mm/min are compared.
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Figure 6. Comparison between stress— strain curves of the
monotonous uniaxial tensile test and the loading/

unloading uniaxial test performed at 1 mm/min on
the Tensylon [0°/90°] 0.
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Figure 7. Tensylon® [0°/90°], stress - strain curves for uni-
axial loading/unloading tests at two different strain
rates and at room temperature.
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Strain rate appears to have an important influence on
the mechanical behaviour of Tensylon® [0°/90°],.
Indeed, at a given strain the maximum stress meas-
ured increased with the increasing strain rate. For ex-
ample, for a strain of 0.015 the maximum stress
measured at 10 mm/min is nearly 62% higher than
the one measured at 0.1 mm/min. Moreover, strain
rate seems also to influence the plastic strain and the
apparent modulus for a given cycle.

2.3. Influence of strain rate on the mechanical
behaviour of Tensylon® [+45°],y laminate

The mechanical shear behaviour of different
UHMWPE composite was studied in the literature by
various authors [14, 18, 52, 53]. In these studies, uni-
axial monotonous and loading/unloading tensile tests
on [+45°] laminates were performed. The authors
shown that the mechanical shear behaviour was
strongly and entirely non linear and was dominated
by the matrix one [44, 53, 54]. However, all these
studies were performed on Dyneema® UHMWPE.
The matrix of the Dyneema® is a polyurethane film
in contrast to Tensylon® which has a polyethylen ma-
trix, thus different mechanical behaviours are expect-
ed and a complete study must be performed. There-
fore, Tensylon® [£45°],, was subjected to tensile tests
described in Section 2.2. Firstly, the influence of
strain rate on the elastic properties was studied.

For uniaxial monotonous tensile tests, three traverse
speeds were exerted: 0.1, 1 and 10 mm/min. The cor-
responding strain rates were respectively 2.2-107,
1.3-10%and 1.5-1073 s7!. Five tests were performed
for each configuration. In Figure 8, shear stress—
shear strain curves of the five tests performed at
10 mm/min are plotted. One may notice that the dis-
persion is very low. The shear stress—shear strain
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Figure 8. Tensylon® [+45°], shear stress—shear strain curves
for uni-axial monotonous tensile tests for a dis-
placement velocity of 10 mm/min and at room
temperature.

curves presented in Figure 9—11 correspond to the
average of the five tests for each strain rate.

In Figure 9, the shear stress—shear strain curves are
plotted for three different strain rates. Contrary to the
results obtained by lannucci et al. [53], the mechan-
ical shear behaviour of Tensylon® can be decom-
posed into two parts: a first linear behaviour follow-
ing by a non linear behaviour. The results obtained
in this study leads to a shear stress level higher than
the results obtained in [53, 43] for an equivalent
strain rate. The shear stress—strain curve obtained
during this campaign were also compared to stress—
strain curves of hight density poly-ethylen (HDPE)
polymer obtained by Zhang and Moore [55] for two
different strain rates (10~ and 10~ s7!) in the Figure 9.
One may noticed that mechanical behaviour of tested
laminate seems similar to the mechanical behaviour
of HDPE polymer. Therefore, as highlighted in the
literature the mechanical behaviour of Tensylon®
[+45°] seems strongly dependent on the mechanical
behaviour of its matrix, i.e. HDPE. Moreover, strain
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Figure 9. Tensylon® [+45°]y shear stress—shear strain curves
for uni-axial monotonous tensile tests at three dif-
ferent strain rates and at room temperature.

rate seems to have an influence on the shear mechan-
ical behaviour, and particularly on the elastic limit.
In the literature, different authors [14, 53] studied
non linear behaviour of UHMWPE [£45°] Dyneema®
laminate, in their case. They performed loading/un-
loading tests for one quasi-static strain rate [53] or
for three strain rates. These authors shown a strong
non linear behaviour [14, 53] which can be due to
matrix damage, viscoplastic effects or friction be-
tween broken surfaces [53]. As previously said me-
chanical behaviour of [+45°] UHMWPE laminate is
strongly dependent of matrix behaviour [53]. To the
authors knowledge, there is no study of influence of
strain rate on non linear behaviour of [£45°]
Tensylon® laminate. The same experimental proto-
col than for [0°/90°] laminates were applied on
[+45°] laminates (Figure 10). Three tests were per-
formed for each configuration.

A first analysis of the influence of strain rate on the
mechanical behaviour of Tensylon® [+45°] is per-
formed from Figure 11. Shear stress—shear strain
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€ [_]

Figure 10. Comparison between stress—strain curves of the
monotonous uniaxial tensile test and the load-
ing/unloading uniaxial test performed at 1 mm/min
on the Tensylon® [£45°]5.
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Figure 11. Tensylon® [£45°], stress—stravin curves for uni-
axial loading/unloading tests at two different strain
rates and at room temperature.
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curve for loading/unloading tests performed at 0.1
and 10 mm/min point out tha strain rate influences
the mechanical behaviour of studied material. In-
deed, the maximum stress measured at 10 mm/min
is 12% higher than the one measured at 0.1 mm/min.

3. Dynamic tests with split Hopkinson
tensile bars system
In this study, a SHTB setup was used, based on the
principle of split Hopkinson bar theory [37].
Figure 12 shows an illustration of such a setup. It
consists of an incident bar and a transmitted one. A
tubular striker slides on the incident bar and impacts
its stepped end used as anvil. A compressive wave
is then generated. When reaching the end of the
anvil, this wave is reflected as a tensile wave that
propagates along the incident bar. Note that a shock
absorber can be used to limit the displacement re-
sulting from the impact. Finally, strain gauges are
positioned on both bars.
The stress and the strain in the specimen can be re-
covered using the strain gauges signals and the
SHTB analysis [37, 38]. This operation however re-
quires to ensure that the system is at equilibrium, i.e.
both of its ends are simultaneously loaded with the
same force. We denote by ¢ the incident strain, e the
strain due to the reflected wave in the incident bar
and et the strain in the transmitted bar (Figure 13).
The specimen is considered to be at equilibrium if
strains at both ends of the sample are equal during
the test (Equation (1)):

g +ey=¢r (1)

Provided Equation (1) is satisfied, the strain and the
strain rate in the specimen are respectively (Equa-
tion (2)):

Shock

absorber Striker

Strain gauges
—=- - --F=====f-- - -----o--ooo---o-- -]

Specimen
Incident bar

\
Anvil

Transmitted bar

Figure 12. Split Hopkinson tensile bar experimental setup.

Incident bar Transmission bar

L

s

Specimen

Figure 13. Definition of the quantities evaluated during a test.
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where Cy, the wave velocity in the bar, and L the ini-
tial length of the specimen.

Under the same assumption and based on one wave
analysis, the engineering stress G, in the specimen
can written as (Equation (3)):

_ A
Gsp - TPOEbeT (3 )
where 4}, and Ay, are respectively the bar and the
specimen cross-section areas. £y, is the Young mod-
ulus of the bars.

The sptlit Hopkinson tensile test system at ENSTA
Bretagne, Brest, France, was developed by Tema
Concept, at Chanteloup-les-Vignes, France, in the
1990s. The bars are made of Maraging C350, pro-
duced by Smithmetal, Biggleswade, UK. One can
note that the impedance mismatch between the bars
and the sample is significant however the ambition
of this study is to reach the highest strain-rate with
the existing bars, to get closer than that of actual
strain rates encountered during ballistic impacts.
Thus, no pulse shaper was used. In addition, Tensy-
lon exhibited exceptional strength that the clamping
system broke several times during preliminary tests,
telling that an even softer material for respectively
incident and transmitted bar would have broken the
threats of the screwed clamps. The system configu-
ration is summarised in Table 1. All the experiments
presented in this work are performed at a tempera-
ture of 19°C.

The strain of the incident and transmitted bars was
measured with strain gauges K-CLY4-1-350 provid-
ed by HBM, Darmstadt, Germany, in full bridge con-
figuration. All the signals were recorded using a
Genesis HBM® acquisition system (Darmstadt, Ger-
many) with an acquisition frequency of 2 MHz.
The strain gage voltage is converted into strain using
Equation (4), and thus, the incident g, reflected &g,
and transmitted &7 strains are obtained:

2AE

ST R+ (V—25%AE,) @

Table 1. Properties of the split Hopkinson tensile bars used.

D Striker length Ey Gy Pressure | Viriker
[mm] [mm] [GPa] | [m/s] [bar] [m/s]
22 400 183.7 | 4847 1to7 |5t026
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where €, AE,, k, v and V are respectively the strain,
the bridge output voltage, the gage factor, Poisson
ratio and the bridge supply voltage.

Previous studies reported a possible underestimation
of &, due to edge effects [37, 48]. Consequently,
Digital Image Correlation (DIC) was used as a sec-
ond method to measure the strain in the specimen in
order to deny or validate this assumption. For that
purpose, a Photron® SAX-2 high-speed camera, com-
mercialized by Photron, Tokyo, Japan, was used with
two spotlights, as shown in Figure 14. The frame rate
was set to 200000 frames/s. The image analysis was
performed with the GOM correlate® software (GOM,
Gmbh, Heverlee, Germany) [41].

In the following, the two mounting systems that
were used in the experiments are presented. The de-
sign of the first mounting system was inspired by
previous works [34]. The corresponding drawings
are shown in Figure 15. The clamps were screwed
directly in the incident and transmitted bars. They
are composed of a preform with a slot nut, which al-
lows to clamp the specimen. The specimen drawing
is introduced in Figure 15 on the right. The thickness
of the specimen is 2.40 mm. The length of the useful
zone of the specimen is 16 mm.

Spotlights

Photron SAX2 camera

|
O
N [- ...... nf—hl- ..... N

Incident bar Transmitted bar

Figure 14. Sketch of the Digital Image Correlation (DIC)
apparatus.

Screwed clamps

Slot nuts

M14

pecimen
Clamps
Figure 15. First mounting system proposed (left) and of the

corresponding specimen (right). Dimensions are
in mm.

With this mounting system, three loading pressures
were tested: 2, 2.5 and 2.75 bar in order to cover a
sufficiently large range of strain rates. The [0°/90°],
and [+45°],( laminates were tested. With such a con-
figuration, three major issues were reported, shown
in Figure 16. First, for loading pressures greater than
2.75 bar, the slot nut loosened and the clamps opened.
This phenomenon would even occur at 2.75 bar. As
a consequence, the specimen was not bound correct-
ly any more (Figure 16). Moreover, an important
shear inside the clamp was observed during the test
(Figure 16 bottom). Finally, the amplitude of the
transmitted signal was very low, around 0.1 mV, and
perturbations were observed in the reflected signal,
probably due to the poor resulting binding condi-
tions. This first mounting system was therefore con-
sidered not appropriate to study the mechanical be-
haviour of UHMWPE composite materials.

In order to reduce the influence of the aforemen-
tioned problems, a second mounting system was de-
signed. The corresponding drawing plans are shown
in Figure 17. This system is composed of a preform

B

Figure 16. Mounting system, shown in Figure 4, after an ex-
periment performed on Tensylon® [0°/90°]5. The
loading pressure was 2.75 bar. Top: image taken
directly after the experiment, bottom left: setup
conditions after opening the clamps, bottom
right: photograph of the specimen after impact.

19.6

Specimen

Figure 17. Description of the second mounting system (on
the left) and of the corresponding specimen (on
the right). Dimensions are in mm.
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with a tenon which allows a better binding than in
the previous mounting system. Moreover, two screws
by clamps were added. These screws allow to per-
form a stop by obstacle as Russell et al. [ 14] and Levi-
Sasson et al. [19] used when performing quasi-static
tests on a DYNEEMA®, DSM, Herleen, The Nether-
lands, another UHMWPE composite material.
During the preliminary campaign, no holding and
clamping problems were observed. No limitation
was highlighted. The tests were performed on the
two laminates and for three pressure loadings up to
6 bar. Nevertheless, another difficulty arose: for
pressure higher than 3 bar, the painted speckle did
not hold. Consequently, another type of speckle with
pencil ink was used.

Finally, split Hopkinson tensile tests were performed
for the two stacking sequences [0°/90°],p and
[£45°]50 for three different pressures: 4, 5 and 6 bar.
For each configuration five tests were performed.

3.1. Dynamic tests on the [+45°],, laminate

In this section, the results obtained for the Tensylon®
[+45°],0 for three loading pressures are presented.
Figure 18 shows the strain as a function of time for
SHTB analysis and DIC measurements. The SHTB
strain analysis, esp and the DIC one, /€, exhibit the
same behaviour.

The DIC method therefore appears to be reliable to
measure the strain as mentioned in [37, 40]. In order
to get rid of the experimental noise, it has been pro-
posed to model time evolution of ¢P'C with a bi-linear
model, represented in grey solid line in Figure 18.
The bilinear aspect is interpreted by an elastic phase
until fibers turn to disconnect to one another. The
specimen is then delaminated and is expanding even
with a low stress increment, like an accordion. This
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Figure 18. Time evolution of the strain in the specimen for
a SHTB test performed at 6 bar on Tensylon®
[£45°]20.
+ — DIC measurements, Y — strain gauge results.
The grey, solid line is a bi-linear model, the
plateau being centered on the average value.

expansion was reported in dynamic condition by
Lissig et al. [42].

The evolution of the strain rate as a function of
time is now investigated. The strain rate values
were obtained by numerical derivation of &, and
eDIC. Figure 19 shows the corresponding results for
three loading pressures for DIC results on the left
side and for SHTB analysis on the right side.
Whatever the loading pressure and the strain meas-
urement method used, the strain rate always exhibits
the same pattern: a first, rapid increase (<1000 s™!
in less than 0.05 ms), a plateau for ~0.07 ms that is
actually disturb by transient effects or speckle
crackling, and a rapid decrease (=1000s~' in
~0.05 ms).

The strain rate &, and € are respectively comput-
ed by taking the average value in what should theo-
retically be a plateau region at least at the beginning
of the plateau and the slope a of the signal model
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% Increase o &‘pa% Decrease
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S 1000 o [%, %_ ho
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Figure 19. Evolution of the strain rate with the time for SHTB tests performed at three different loading pressures on the
Tensylon® [£45°]5. Both results from DIC (a) and strain gauges (b) are shown.
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Table 2. Strain rates values obtained with SHTB analysis

and DIC method.
Load | Vitriker é #DIC €~ égclc
pressures | [m/s] P > €,
4 bar 15 946 s £1%| 9155 £1% 3%
5 bar 18 1131 s ' +1% | 1110 s 1% 2%
6 bar 21 1275 51 1% | 1450 s +1% 12%

evaluation as shown in Figure 7. The strain rates val-
ues are summarised in Table 2.

Whatever the strain measurement method, a pertur-
bation in the first increase of the strain rate is ob-
served at £ = 50 ms. A second perturbation in the first
decrease is visible at 50.12 ms on the &, curve. A loss
of information on the £2C signal on this time range
prevents from any conclusion for this method.

To understand the origin of those two perturbations,
strains corresponding to incident and reflected
stress waves, g and egr, were plotted on a same graph
(Figure 20) for a test performed at 6 bar. The strain
er associated with the reflected stress wave was tem-
porally shifted, considering the wave velocity and
the gauge position. The same perturbations are al-
ways observed on the reflected signal and at the
same time. These features could be due to an out-of-
equilibrium state at this time of the test or to a per-
turbation generated by the bar geometry. As stated
in previous studies [37, 40], results obtained with a
direct method, i.e, DIC, are to be preferred. Thanks
to DIC results, the shear strain is evaluated by Equa-

tion (5):
DIC _ .DIC

€ €

€,= % (5)

For example, the different strain quantities obtained
for a test performed at 6 bar are plotted in Figure 21.
As for Figure 20, a perturbation can be observed on
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Figure 20. Incident (dashed dotted line), reflected (dotted
line) and transmitted (solid line) strains as a func-
tion of time for SHTB tests at 6 bar on Tensylon®
[£45°]50.
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Figure 21. Time evolution of the strain obtained by DIC (gyy,
gyy and g2) in the specimen for a SHTB test per-
formed at 6 bar on Tensylon® [£45°]y.

the different strain signals round 50.12 ms. One may
notice that the shear strain €, and the longitudinal
strain €2C are equal at any time, as expected for a
[£45°],0 laminate. The shear stress reads (Equa-
tion (6)):

Ap
Opn= 24, Eyer (6)

The shear stress—strain curves obtained with SHTB
tests are compared with those of quasi-static uni-
axial tensile test performed on Tensylon® [£45°]5
with an electro-mechanic jack INSTRON® 5969,
(Norwood, USA) following the standard EN-ISO
14129 [43] except for the shape specimen which is
taken from [14]. At low shear strains (g < 0.02), the
quasi-static and dynamic data points seem to exhibit
the same behaviour (Figure 21). For strain above
0.02, the evolution of the shear stress with the shear
strain is much slower in quasi-static regime. More-
over, in this regime, the strain rate seems to have a
significant effect on the stress value (Figure 22). This
was observed for all the tests. As an example, for a
strain of 0.15, an increase of 45% in the stress is ob-
served between the quasi-static (¢ =2-107 s7!) and
the dynamic configuration (¢ = 1450 s™!). These re-
sults are partially in agreement with Russell et al.
[14] since they highlighted an important influence
of strain rate on the mechanical behaviour (linear
and nonlinear) of Dyneema® [+£45°] laminate, for
tests performed until 1072 s~!. Other work has shown
that the mechanical behaviour of [£45°] laminate is
strongly dependent on the matrix behaviour [44-46].
For Dyneema®, the matrix is poly-urethan whereas
for Tensylon®, the matrix is poly-ethylene. This in-
crease in shear stress can be explained by the fact
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Figure 22. Shear stress - strain curves for split Hopkinson
tensile tests and for uni-axial quasi-static tests
performed on the Tensylon® [£45°]y for four
strain rates.

Figure 23. Post-mortem specimen of Tensylon® [£45°],, at
various pressures. The reference specimen before
test is shown on the far left.

that fibres are on the way to the longitudinal direc-
tion and, thus, tend to work more in tension.
Finally, the post mortem specimens were analysed
(Figure 23). For a loading pressure of 4 bar, none of
the specimens failed. Conversely, failure was ob-
served at higher pressures. At 5 bar, failure was ob-
served in 60% of cases whereas specimens would
systematically fail at 6 bar. Figure 21 also shows that
the failure of the specimen always occurred in the
useful zone, whatever the loading pressure. The pro-
posed mounting system is therefore suitable for Ten-
sylon® specimens with [£45°] orientation.

The mounting system was also used to perform tests
on Tensylon® [0°/90°], laminate. The obtained re-
sults on the [0°/90°], have raised a number of issues
introduced in the following section.

3.2. Dynamic tests on the [0°/90°],, laminate
All the results presented in this section were obtained
by strain gauge signals of the incident and transmitted
bars with the split Hopkinson bar analysis.

The influence of the loading pressure on the strain
rate was first investigated. The evolution of the strain
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Figure 24. Evolution of the strain rate with time for split
Hopkinson tensile tests performed on the Tensy-
lon® [0°/90°]y for three different loading pres-
sures.

rate with time was measured for three loading pres-
sures: 4, 5 and 6 bar. The corresponding strain rate
evolution with time is shown in Figure 24. Whatever
the loading pressure, the strain rate always exhibits
the same pattern: a first, rapid increase (<1000 s~! in
less than 0.1 ms), a plateau for =0.05 ms, and a rapid
decrease (<1000 s~! in =0.03 ms). The representative
strain rate is computed by taking the average value
in the flat region. Hence, for loading pressure of 4,
5 and 6 bar, the corresponding strain rate are 932,
1099 and 1300 s! respectively. Note that two per-
turbations are visible on the increase and decrease
front (Figure 13). These phenomena were previously
highlighted.

Figure 25 shows the stress—strain curves for the
[0°/90°],o laminate for four different strain rates. The
curves at 932, 1099 and 1300 s! were obtained with

600 T

500

400

300

200}

Longitudinal stress [MPa]

100

0.04 0.06 0.08
Longitudinal strain [-]

Figure 25. Comparison between the longitudinal stress—
strain obtained for split Hopkinson tensile tests
performed at three strain rates (Y —932s7!
+-1099 s7! and x — 1300 s~!) and longitudinal
stress—strain obtained for uni-axial quasi-static
tensile tests (at 107> s~!(in green stars)) on the
Tensylon® [0°/90°] .
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B =48
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Figure 26. Post-mortem specimens of Tensylon® [0°/90°],o
at various loading pressures. Dimensions are in
mm.

the SHTB setup while that at 107 s! corresponds to
a quasi-static test performed on an electro-mechanic
jack INSTRON® 5969 following the standard EN-
ISO 527 [47] except for the shape specimen shape
which is taken from [14]. For stress under 30 MPa
both quasi-static and dynamic curves show the same
trend (Figure 25). Above this threshold, the quasi-
static curve exhibits a linear trend until failure at
around 550 MPa while the dynamic curves saturate
quickly, reaching a maximum stress of ~<110 MPa
whatever the strain rate. This behaviour differs from
the quasi-static one and is not in agreement with ob-
servations reported in the literature [28]. To charac-
terise this phenomenon, a post-mortem analysis was
performed on the specimen.

Photographs of four different post-mortem speci-
mens are presented in Figure 26. Two specimens
were tested at 5 bar and the two others at 4 and 6 bar.
The failure of the specimen does not occur in the
useful zone of the specimen but is always at the level
of the incident clamp (Figure 26). This indicates a
stress concentration at the section change near the
incident clamp. The test is therefore not reliable and
a new concept will be designed in order to relocate
the failure in the middle of the [0°/90°],¢ specimen.

4. Conclusions

A major issue of the proposed works was to study
the influence of strain rate on the mechanical behav-
iour of UHMWPE, and particularly of two laminates
[0°/90°] and [£45°] of Tensylon®. In order to answer
to this issue, two different experimental campaign
have been performed static and dynamic test.
During the first experimental campaign, uniaxial
monotonous and loading/unloading uniaxial tensile
tests have been performed on the two laminates and
for three different displacement velocity. First of all,

the mechanical behaviour of the two laminates can
be decomposed into two parts: a first linear part fol-
lowing by a nonlinear behaviour. The influence of
strain rate on the elastic properties of these two lam-
inates could be evaluated with the monotonous load-
ing. For the range of strain rate studied, i.e. €=
[-107%; 1-107 57!, when the strain rate increased the
Young modulus, the shear modulus and the corre-
sponding elastic limit also increased. The nonlinear
behaviour of two laminates is evaluated with load-
ing/unloading uniaxial tensile tests. For the [0°/90°]
laminates, the irreversible strain appears from the
first cycles and is strain rate dependent. When the
strain rate increased the irreversible strain measured
decreased. For the [+45°]y¢ laminate. The irre-
versible strain is negligible until the maximum shear
stress applied exceeds the elastic limit. According to
the observations done during this campaign, the var-
ious phenomena involved in the nonlinear behaviour
of the two laminates seem to be different. The me-
chanical behaviour of [+45°] laminates is strongly
dependent on the matrix mechanical behaviour in
contrast with the mechanical behaviour of [0°/90°]
laminates, which seems to be closer than the fibre
mechanical behaviour.

During the second campaign, the mechanical behav-
iour of Tensylon in the intermediate strain rate
regime (from 900 to 1500 s™') was investigated. To
this end, split Hopkinson bar testing campaign on
Tensylon® for two stacking sequences of respective-
ly [0°/90°]50 and [£45°]50, and three loading pres-
sures were investigated. A mounting system was es-
pecially designed for overcoming clamps loosening
and specimen ripping in the grips. It was successful-
ly implemented as a direct method to measure the
strain by Digital Image Correlation. The mounting
system and specimen shape were indicated for the
[+£45°],0 laminate. Such a setup could, therefore, be
used for various composite materials. However, the
setup did not appear to be suitable for a [0°/90°]
laminate as stress concentration was reported near
the clamps. Another clamp design is currently being
developed.

Regarding the [+45°],¢ laminate, the strain gauge
measurements were compared to those from DIC
ones were compared. A significant difference on the
strain and strain rate levels was observed. The pres-
ence of various perturbations on the strain gauge sig-
nal led to only consider the DIC results to charac-
terise the mechanical behaviour of UHMWPE for
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the explored strain rate range (900 to 1500 s7!). Ex-
perimental trends were compared to those obtained
in a quasi-static configuration. For low strains, the
mechanical response appears to be universal. Con-
versely, a significant effect of the strain rate on the
stress level was observed for higher strain rates.

A logical prospect to this works would be to carry
out additional tests by the use of a pulse shaper to
access strain rates in between 100 to 900 s! in order
to consolidate the strain-rate dependency. That ex-
perimental part could be completed by numerical
simulations, allowing to perform a full parametric
study and confirm or disprove the different assump-
tions upon which this study is based. The validation
of the experimental setup on various composite ma-
terials and the design of a new mounting system for
the [0°/90°],¢ laminate are beyond the scope of the
present work and will be the topic of future investi-
gations.
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