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ARTICLE INFO ABSTRACT

Keywords: The diffusion of fiber reinforced plastics in crashworthiness applications is continuously growing thanks to the
Crashworthiness excellent balance between high mechanical performances and low weight, resulting in most cases in a Specific
Composites

Energy Absorption (SEA) of composite structures higher than that of the corresponding metallic structures. In
this paper, a new fixture to test composite plates applying an in-plane load has been used to investigate the effect
of the impact velocity and of the friction caused by the fixture on the SEA of carbon fiber reinforced epoxy plates.
The tests have been carried out using a drop tower testing machine and the effect of the friction has been studied
varying the clamping force given by the fixture. Splaying is the main failure mechanism found in the specimens
during the tests; SEA values (43.6 kJ/kg in average) increase with the clamping force due to the higher friction
level induced by higher clamping force; impact velocity does not significantly influence the results. To avoid an
overestimation of the SEA due to the excessive friction force (+5.6% when the clamping force increases from 0.8
kN to 8 kN), a Polytetrafluoroethylene (PTFE) coating has been applied to the anti-buckling supports to reduce
the friction. The effect of this modification has been studied by carrying out a new test in which the specimen
slides between the anti-buckling supports with a given clamping force. A significant reduction (-48% with same
clamping force) of the friction force is obtained when the lubricant is applied.

Specific energy absorption
Impact testing
Friction

1. Introduction

Composite materials are very effective for crashworthiness because
of the high level of energy absorption during crash and the low density.
This makes them a better choice than metals in many crashworthiness
applications [1-3]. The behavior of composite materials in crash con-
ditions has been deeply investigated in the past decades, and several
testing campaigns have been carried out to compare different materials.
A wide literature on crash mechanisms [4-6] and energy-absorbing el-
ements [7-11] is available, but the comparison between results obtained
by different studies is difficult. The reason is that at present international
standards for composite materials are devoted to damaging conditions
(indentation and out-of-plane impact, Compression After Impact test,
Charpy impact strength test) that are not suited to evaluate completely
the actual crashworthiness of the material [12]. In the literature, it is
possible to find tests carried out on different coupon shapes (tubes,
cones, open channels, sinusoidal, flat plates) and on various examples of
crash absorbers. However, the different geometries make the compari-
son of the results obtained by these studies a hard task, because different
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failure modes are obtained with the different specimen geometries, and
it is known that the different failure modes have different efficiencies in
terms of energy absorption [5].

The idea of using flat specimens to characterize the in-plane crash
behavior of composites was first proposed by Lavoie and Morton [13]. A
specimen machined from a flat plate is not affected by geometrical ef-
fects, cost-effective and simple to manufacture but has the drawback of
requiring a fixture to avoid buckling, which is an unwanted failure mode
since it drastically reduces the amount of absorbable energy in crash
events. The results obtained by Lavoie and Morton using a first solution
of anti-buckling fixture showed higher Specific Energy Absorption (SEA)
than that obtained with other specimen shapes. This effect was found to
be due to excessive constraining of the specimen. This issue was
addressed in several subsequent researches that proposed different so-
lutions like the ones from Feraboli [14], the company Engenuity [11,15]
and other researchers [9,16-19]. In some cases, flat specimens were
used to investigate failure modes that differ from splaying, like tearing
[15,20,21], or for material card parameters identification [22]. None of
the various specimen shapes or of the cited testing fixtures is today
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recognized as a standard setup for testing the in-plane crashworthiness
of composite materials; this issue is slowing down the diffusion of
composites for crashworthiness applications because it represents a lack
in the material characterization procedure and causes difficult com-
parisons of the performance of different materials. A new fixture for
crash tests on flat coupons has been designed within the frame of a
collaboration between Politecnico di Torino and the companies Instron
and CRF [23,24], and is used in this research to characterize the crash
behavior of a carbon fiber/epoxy laminate.

The goal of the present work is to study the effect of two parameters,
i.e., impact velocity and friction induced by the testing fixture, on the
SEA of carbon fiber specimens. The effect of the impact velocity is
investigated because it is expected to cause different energy absorptions
due to the strain rate effect, which typically affects polymers behavior
[25]. The second parameter taken in consideration is the clamping force,
that causes the absorption a portion of the impact energy as a conse-
quence of friction in the sliding contact between the specimen and the
supporting columns of the anti-buckling device. This factor must be
controlled and reduced as much as possible to avoid an overestimation
of the crash force and energy absorption of the specimen, which is a
known issue in several testing procedures [26,27]. To better understand
the effect of the friction, available standard friction tests (e.g.
Pin-on-Disk method according to ASTM G99 [28] or reciprocating
Ball-on-Flat apparatus according to ASTM G133 [29]) were not
employed because our interest is on the present specific device. It is
known that friction coefficients can change using different testing setups
and testing conditions, as the friction must be considered a system
property [30]. The testing setup has then been modified to carry out a
new kind of test in which the specimen does not crash, but it slides along
the anti-buckling supports with a given clamping force, in a condition
similar to the setup presented by Schon [31]. In this way, it is possible to
evaluate the portion of force measured in the crash tests which is not due
to the failure of the material but to the slide with friction along the
anti-buckling columns. As a final phase of the research, lubrication has
been applied on the anti-buckling columns to reduce the friction force.
Between the different available lubricants (oils, greases, solid lubri-
cants) a dry Polytetrafluoroethylene (PTFE) lubricant was chosen for its
good adhesion to the steel surface and absence of drops and deposits on
other parts of the fixture. The effect of the lubricant in terms of reduction
of the friction force is measured using the same testing setup.

2. Materials and methods
2.2. Specimen
The crash tests were performed with a carbon fiber reinforced epoxy

composite laminate. The laminate consists of four pre-impregnated
layers of Microtex GG630, that consists of a carbon fiber twill fabric
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having a weight of 630 g/m? coated with E3-150 high toughness epoxy
resin (resin content is 37% in volume). The layup direction was 0°/90°
for all the layers, that, during their manufacturing process, were posi-
tioned on a steel plate and then covered by the vacuum bag. The layup
preparation and autoclave cure of the material were performed by the
company Carbon Mind srl. Curing process was made according to the
pressure and temperature profiles in Fig.1, obtaining an average thick-
ness of the cured plates of 2.6 mm, and a density of 1.47 kg/dm®. After
the curing process, the plates were cut by milling to obtain the rectan-
gular specimens, with dimensions 150 x 100 mm, having a saw-tooth on
one of the edges with function of failure initiator (Fig. 2a) as proposed in
other researches [13,14].

The friction tests were performed using a NEMA FR4 glass fiber
fabric coated with epoxy resin [32]. The specimen is a rectangular flat
plate having dimensions 150 x 100 mm and a thickness of 3 mm. The
saw-teeth trigger is not machined because the test requires only to have
the specimen sliding between the supporting columns and not its failure.

2.2. Testing setup for crashworthiness tests

The anti-buckling fixture used in this research (Fig. 2b) was designed
to perform in-plane compression tests on flat composite samples in
impact conditions, with a drop tower testing machine, and in quasi-
static conditions, with a universal testing machine. The device is
equipped with a clamping system that holds the specimen in position
and has anti-buckling function through six vertical columns (four
external columns that support the specimen for its full length and two
shorter columns located in the center of the specimen). The saw-tooth
edge of the specimen is positioned downward in contact with a hori-
zontal steel plate, that corresponds to the surface against which the
failure of the specimen takes place. A height of the specimen of 10 mm
from the lower plate is left unsupported to allow fronds formation
during failure. The upper edge of the specimen is left free and gets in
contact with the loading element, that corresponds to a flat disk con-
nected to the dropped mass. Four screws (two for each side) provide the
clamping force, required to avoid buckling. The screws are fastened
using a dynamometric wrench to control the torque and consequently
set the desired clamping force.

The tests were performed with an Instron 9450 drop tower testing
machine, that allowed to acquire the crash force with a load cell that is a
part of the dropping mass. The dropped mass can be increased or
decreased, and the falling height modified to reach the desired combi-
nation of impact velocity and energy. The dropped mass is guided by two
columns to assure and maintain the correct positioning respect to the
specimen (Fig. 3). For these tests, a strain-gage instrumented tup with
maximum load capacity of 222 kN, and a signal sampling rate of 1 MHz
were used. The tup is designed to be not influenced by lateral loads
thanks to the strain gauges electrically connected to form a full
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Fig. 1. Cure cycle of the carbon fiber reinforced epoxy composite laminate: a) pressure; b) temperature.
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Fig. 2. a) Geometry of the carbon fiber/epoxy specimens used for this research, with dimensions in mm; the plate thickness is 2.6 mm. b) Anti-buckling fixture for

compression crash testing of composite flat plates in impact conditions.
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Fig. 3. Schematic representation of the testing setup.

Wheatstone bridge circuit. The test was recorded using a Photron
FASTCAM Mini AX high speed camera that allowed to observe the
behavior of the testing fixture and capture the failure process with a
resolution of 1024 x 1024 pixels and a frame rate of 6400 fps (Fig. 4a).
From the force signal, the force-displacement curves (Fig. 4b) were
obtained by double integration according to:

t t
1 F(t
6(1):60+vot+g——/ /de dr [6))
2 m
0 0
where F(t) is the acquired force signal, 5o and v are the initial
displacement and velocity, t is the time from the beginning of the
impact, m is the dropped mass and g the acceleration of gravity. The
initial velocity vy is measured by a photoelectric sensor positioned right
before the dropped mass gets in contact with the specimen. In the range

of interest for SEA calculation, the difference between the calculated
displacement and the displacement measured by image tracking from
high-speed videos was limited and always below 1 mm.

The displacement 5(t) and the absorbed energy E (which comes from
the integration of the force-displacement curve) were calculated by the
Instron Bluehill Impact software, that saved an export file containing
time, force and displacement values. The exported data were then
analyzed by a Matlab code that computed the Specific Energy Absorp-
tion (SEA) as:

E I3 F(6)ds
pA(6; — )  pA(3 — &)

SEA = (2

where E represents the energy absorbed due to the crash of the spec-
imen, p is the material density, A is the cross section of the specimen, § is
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Fig. 4. a) A frame from the high-speed video recorded during the crashworthiness test. b) Force-displacement filtered curve acquired during a test and average crash

force calculated in the range between 8 mm and 40 mm.

the displacement of the dropped mass, that corresponds to the crashed
length of the specimen, and F(§) is the force signal history. The extremes
of integration are 8 mm (§;), to neglect the influence that the failure
trigger has on the first part of the curve, and 40 mm (&) to have the same
integration span in all tests.

The objective of this work was to study the effect of the impact ve-
locity and of the friction in the slide of the specimen in contact with the
anti-buckling columns on the SEA of the material. A full factorial design
of experiment with a center point was implemented as described in
Table 1. The same impact energy of 800 J was used in all the tests to
avoid possible effects of the impact energy on the SEA and highlight the
effect of the impact velocity, according to the literature [33]; the impact
mass was changed when changing the impact velocity to keep the same
impact energy. The clamping force levels were limited to 8 kN to avoid
the overestimation of the SEA that would be caused by excessive friction,
while the lower value of clamping force corresponds to the lowest torque
that can be exerted with the dynamometric wrench.

2.3. Testing setup for friction tests

In the second phase of the research, the setup was modified to let the
specimen slide in vertical direction under the load applied by the
dropped mass. The specimen was clamped, leaving a clearance of about
30 mm available for moving downwards before getting in contact with
the horizontal lower plate. The impact point of the drop weight testing
machine was set accordingly, i.e., moved 30 mm upward with respect to
the standard crash tests (Fig. 5a). The clamping force was set to 2 kN in
all the tests. The tests were performed in the same Instron 9450 drop
tower used for the crash tests, with a different strain gage tup bearing
maximum force of 90 kN, which is more suited to record friction forces.

The tests were performed with low values of energy and speed to

Table 1
Experimental plan.
Clamping force (kN) Velocity (m/s) Mass (kg)
0.8 4.8 69.4
0.8 9.9 16.4
8 4.8 69.4
8 9.9 16.4
4 7 32.9

have a cleaner force signal. Due to the impact with the specimen, vi-
brations are excited in the dropped mass and are clearly visible in the
acquired force signal. The amplitude of vibrations excited from an
impact test typically increases with the impact speed and decreases with
the impact mass. In preliminary tests, not reported here, it was noticed
that the level of vibrations in friction tests, because of the different
testing setup and due to the lower force to be acquired, was too high
when using the same impact velocities adopted in the crashworthiness
tests (4.8 m/s, 7 m/s, 9.9 m/s). For this reason, the impact velocity was
reduced to 1 m/s, which allowed to obtain a signal with an acceptable
level of oscillations (noise). Three examples of slide curves, corre-
sponding to three different tribological conditions, are plotted in Fig. 5b.

The impact mass was set to 26 kg, with an impact energy equal to 13
J, which was enough to let the specimen slide for a distance of at least
12 mm. From the average slide force (calculated in the range between 5
mm and 10 mm of displacement, where the force signal becomes stable)
it is possible to calculate the friction coefficient as:

FS‘
2F,

b= 3)

where F; is the average sliding force, F. is the clamping force and the
multiplying factor 2 is for considering the clamping force that acts on
both the faces of the specimen [31].

Ten repetitions of the test were performed in three different condi-
tions: direct contact between specimen and anti-buckling columns, dry
lubricant applied on the columns and dry lubricant applied on both
columns and specimen. The lubricant is a CRC dry PTFE lube, that can be
applied as a spray on the desired surfaces and becomes solid after some
minutes. A layer of lubricant was applied before each test to avoid the
possible erosion of the solid lubricant layer in consecutive tests.

3. Results
3.1. Crashworthiness test results

Observing the plots in Fig. 6 that report the SEA (calculated ac-
cording to Eq. (2)) as a function of the investigated parameters (impact
velocity and clamping force), the SEA seems to be not affected by the
testing conditions because of the large experimental scatter. The average
value of the material SEA, considering all the testing conditions, is 43.6
kJ/kg.
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Fig. 5. a) Setup for slide test for friction force measurement. b) Filtered force-displacement curves acquired during slide test for friction force measurement in three

different conditions using glass fiber/epoxy flat specimens.
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The failure mode can be classified from a macroscopic point of view
as splaying, that consists of a delamination along the mid plane of the
laminate with formation of two fronds (Figs. 7 and 8) and some powders.
The observation of the high-speed videos (Fig. 7) allowed to understand
the progressive development of failure process. It started with an in-
crease of the force value corresponding to the failure of the trigger,
followed by a force plateau. Some oscillations were still visible in the
filtered curve and were probably due to the vibrations of the testing
equipment and to the natural irregularities of the failure process, that
consists of delamination, fragmentation of the material with debris
formation, and bending of the layers. The visual appearance of the
coupons after the test was not always the same, as shown in Fig. 8a: some
specimens showed higher permanent deformation that consists of a wide
opening angle of the two fronds, whereas other specimens showed a
strong elastic return of the external layers that results in a narrower
opening angle of the fronds. In some cases, it is possible to find different

failure modes even on the same specimen, with different level of frag-
mentation of the matrix and of the fiber fabrics (Fig. 8b). The different
behaviors of the material were not correlated to specific testing condi-
tions, but were probably due to the variability of the material properties
and induced by the manufacturing process.

The presence of different failure modes could be the responsible of
the scatter in the experimental results. To assess a possible influence of
the failure modes on the SEA, the ‘fracture angle’ (i.e., the opening angle
of the fronds found on the specimen after the test, as depicted in Fig. 9a)
has been measured and considered in the analysis. The measurement of
the fracture angle is a simplified method to analyze the failure modes if
compared with their complexity as depicted in Fig. 8b). However, it
represented the easiest way to get a quantitative evaluation of the failure
mode. A good correlation between SEA and fracture angle was found, as
shown in Fig. 9b. This was probably due to a higher level of energy
absorption caused by higher level of deformation angle and
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Fig. 8. a) Failure modes after crush tests on carbon fiber specimens. b) Different failure modes found on a single carbon fiber specimen.

fragmentation of the material.

Considering the failure mechanism, the fracture angle can be seen as
a new parameter with its own influence on the SEA. This means that the
results can be corrected to account for the effect of the failure mode and
reveal in a clearer way the effect of the investigated factors (i.e., impact
velocity and clamping force). This can be done easily thanks to the linear
relation between fracture angle and SEA (Fig 9b). The values of SEA are
modified to get an ideal situation where the failure angles are set equal
for all the specimens; an average angle of 120° is arbitrarily chosen as
reference for this case, but the procedure is valid for any possible choice
of angle. This corresponds to the translation of all the experimental
points according to the regression line drawn in Fig. 9b, i.e. according to
the following equation:

SEAcon = SEA + k(120" — a), 0)

where k = 0.131 kJ/(kg °) is the slope of the regression line in Fig. 9b,
SEA is the experimental SEA value and «a is the fracture angle, in deg,
measured as shown in Fig. 9a.

Fig. 10 shows the same experimental results that were plotted in
Fig. 6 corrected with Eq. (4). The scatter is evidently reduced. An effect
of the impact velocity is not visible in Fig. 10a (same result was found by
Duong et al. [34]), but it becomes now clear that the corrected SEA
increases with the clamping force, as shown in Fig. 10b. This is clearly an
effect of the friction force due to the sliding contact between the spec-
imen and the anti-buckling columns. Since our scope is the evaluation of
the material SEA, the friction effect must be controlled carefully to avoid
an overestimation of the resulting SEA. This conclusion led to the second
part of this study, where the friction force was measured.
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3.2. Friction test results

In the second phase of this research, the slide tests, conducted ac-
cording to the testing procedure and with the testing parameters
described in Section 2.3, showed a reduction of the friction force when
applying a dry lubricant on the anti-buckling columns. In tests carried
out with the same clamping force of 8 kN, an average value of the slide
force of 956.6 N was found in the tests without lubricant, this value is
reduced to 583 N when the PTFE lubricant is applied to the columns and
further to 502 N when it is applied to both columns and specimen
(Fig. 11).

The Tukey test for multiple comparisons was applied with a confi-
dence level of 95% to the three groups in the software R, showing a
statistically significant difference between the non-lubricated condition
and the other two. Comparing the two lubricated conditions, the Tukey
test does not highlight significant differences. This leads to the

conclusion that the dry lubrication can be useful to reduce the over-
estimation of the crash force due to the slide of the specimen in contact
with the anti-buckling columns, and both the lubricated solutions are
effective (i.e., lubricant on the columns and lubricant on both columns
and specimen). The friction coefficients related to the contact between
the specimen and the anti-buckling supports were calculated according
to Eq. (3) and are reported in Table 2. It is possible to notice a reduction
of the friction coefficient of 39% (in the case of lubricated columns) and
48% (in case of lubricated columns and specimen) if compared with the
original steel surface of columns.

4. Conclusions

In this research, crashworthiness tests and friction tests in impact
conditions were performed, providing the following results:
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of the friction force due to specimen clamping on the measured SEA
: of carbon/epoxy plates. Comparing the measured friction force to the
i average crash force, the overestimation of the crash force, and
7 - consequently of the SEA, was 5.6% with clamping force of 8 kN.
Assuming linear dependency between clamping force and friction
force, the influence on the SEA reduces to 2.8% for a clamping force

- of 4 kN, and to 0.6% for a clamping force of 0.8 kN.
i — Results presented in this paper point out some issues that need to be

‘ — further assessed in future work:
—— The scatter of results and the different failure modes seem to be due

to the internal variability of the material properties even in the same

material batch; this variability should be investigated more deeply

and taken in account when designing composite structures for

crashworthiness.

o 4 e The friction due to the sliding contact between the specimen and the

T ' T supporting columns should be controlled and reduced as much as

Steel columns Teflon columns - Teflon columns and specimen possible since it proved to be influent on the SEA estimation. This

Testing condition goal can be achieved by applying a dry PTFE lubricant on the anti-

buckling columns or on the specimen and reducing the clamping
force to a minimum.
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Fig. 11. Box plot representing the average slide forces measured in the three
considered testing conditions.
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and specimen

e In-plane compression tests were carried out in impact conditions to
measure the influence of impact velocity and friction on the SEA of
carbon/epoxy flat specimens. An average value of SEA (calculated
according to the specified procedure) of 43.6 kJ/kg was obtained and
specimens showed a splaying failure mode with some differences: in
some specimens a higher level of the final deformation of the fronds
was found, and this correlated to a higher value of SEA. This unex-
pected effect was included in the analysis and the measured SEA was
corrected to account for the effect of the failure mode. Corrected
results did not show an effect of the impact velocity in the investi-
gated velocity range, while the corrected SEA significantly increased
with the clamping force because of the higher energy absorbed by the
friction between the supporting columns and the coupon.

The influence of the clamping force on the SEA led to the second part
of this work, where slide tests were carried out to measure the fric-
tion force due to the contact between a glass fiber/epoxy specimen
and the anti-buckling columns with clamping force of 8 kN. The use
of a dry PTFE lubricant applied on the anti-buckling columns surface
and on the specimen significantly reduced the friction force. The
lowest value of friction force (i.e., about 500 N, as an average, ob-
tained with lubricated columns and specimen) corresponds to about
3% of the average crash force measured during the crash test on
carbon/epoxy specimens (i.e., 17 kN). This value can be considered
enough low to be not influent on the evaluation of the intrinsic
material performance in a crashworthiness test.

The influence of friction can be further reduced moving to lower
values of clamping force; in this study, crash tests were carried out
applying a clamping force of 0.8 kN, which is much lower than what
was used for the friction force measurements (i.e., 8 KN). The com-
bination of lubrication on both columns and specimen, and clamping
force reduced to 0.8 kN corresponds to an overestimation of the SEA
of about 0.3%.

Considering the results of friction tests on glass/epoxy plates with
non-lubricated supports, it was possible to estimate the contribution
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