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This paper presents the work to characterise the effects of tensile induced matrix cracks
on capacitance of structural composite capacitor materials. The study is based on ear-
lier work within the field of multifunctional materials where mechanical and electrical
properties have been characterised. Effects of damage on electrical properties have,
however, not been covered by earlier studies.

The structural capacitor materials were made from carbon fibre/epoxy pre-pregs as
structural electrodes with thermoplastic PET as the dielectric separator. NaOH etch-
ing was used as a route for improved adhesion between the epoxy and PET to ensure
matrix cracking in the CFRP electrodes occurred prior to delamination between the
electrodes and the PET separator.

A method to induce and measure the effect of the matrix cracks on electrical proper-
ties was successfully developed and used in this study. The method is based on a sim-
ple tensile test and proved to be quick and easy to perform with consistent results. The
structural capacitor material was found to maintain its capacitance even after significant
intralaminar matrix cracking in the CFRP electrodes from high tensile mechanical loads.

© 2014 DEStech Publications, Inc. All rights reserved.

1. INTRODUCTION

The need for lightweight design and electrification are
ever growing in consumer products, ranging from phones
and laptops to road vehicles, etc. To meet these needs, novel
approaches in material and product development are re-
quired. An elegant way to achieve lightweight energy stor-
age is realisation of multifunctional materials and/or com-
ponents, performing several tasks at once. This approach is
particularly attractive since there is a limitation to the weight
reduction achievable by optimisation of individual single
purpose components and devices.

Chung and Wang [1] proposed the idea to exploit the
semi-conductive nature of carbon fibres in “structural elec-
tronics” and to use CFRP laminas to make structural ca-
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pacitors. The idea was realised in a follow-on study by Luo
and Chung [2] making thin structural capacitors from car-
bon fibre epoxy pre-preg laminate electrodes and different
paper dielectric separators. Baechle [3], O’Brien [4], Wet-
zel [5] and co-workers have expanded the idea by making
structural capacitors employing glass fibre/epoxy pre-preg
as the dielectric separator with metalized polymer films as
electrodes. More recently, Yurchak ef al. [6] investigated the
interlaminar shear strength of the metalized film electrode
and the glass fibre composite separator for these devices.
The study showed interlaminar shear strength as high as
39.6 MPa between the metalized polyimide electrode and
the epoxy based glass fibre composite separator. The ap-
proach in [6] is very similar to earlier work performed by
Carlson et al. [7-11]. Carlson et al. investigated multifunc-
tional performance of a series of structural capacitors made
in the spirit of Luo and Chung [2], employing carbon fibre
composite electrodes and dielectric separator made from dif-
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ferent surface weight printing paper or polymer films. The
concept of making capacitors with carbon fibre epoxy pre-
preg electrodes separated by a thin polymer film was found
to be most promising [7-11].

The objective of the current investigation was to deter-
mine the influence of damage caused by tensile loading on
the electrical performance of structural capacitor materials
of the type developed in previous studies [10—11]. Intra-
laminar matrix cracks are well known to affect mechanical
performance of a composite material, as reported by Varna
et al. [12] and Gao ef al. [13] among others. There are also
concerns that matrix cracks may affect electrical properties
of the structural composite capacitor material. By the current
structural capacitor design, with structural electrodes and a
ductile polymer separator film, it is believed that cracks in
the electrodes caused by high tensile strains may be sustained
without substantial loss in capacitance. However, to date no
experimental studies have been performed to confirm this
and consequently no method to perform such measurements
is available. Hence, there is a need to develop a method to
evaluate the effect of matrix cracks on the electrical perfor-
mance in multifunctional composite materials. In this study
we propose such a method to measure capacitance of a struc-
tural composite capacitor material under tensile loading, and
present the first results on structural capacitor damage toler-
ance with respect to its capacitance. It should be noted that
the work presented here is focused on the development of
the testing method for the capacitance under influence of
matrix cracks and not to correlate the cracks to the change in
capacitance which is a whole field of study in itself.

2. MATERIALS

The structural capacitor materials were made from the

same materials as in previous studies [10—11], using carbon
fibre epoxy pre-preg woven laminas as electrodes separated
by thermoplastic polyester (PET) dielectric film. The pre-
preg was a 245 g/m? 2 x 2 Twill HS (3K) 0°/90° prepreg,
MTMS57/CF3200-42% RW, supplied by Cytec, UK, and the
dielectric separator was a 50 um thick (DuPont Mylar A),
thermoplastic polyester film, supplied by Trafomo AB, Swe-
den.

Adhesion between PET and epoxy is generally poor and
earlier studies [10—11] have proposed plasma treatment as
a route for improved adhesion. In the current study NaOH
was examined as a way to chemically etch the PET-film to
provide better adhesion to the epoxy. A set of samples were
prepared by etching the surface in 80°C NaOH solution
(6.25 M) for 6 minutes according to the guideline by Hunts-
man for pre-treatment of PET [14]. The NaOH was supplied
by Sigma Aldrich.

2.1. Composites Manufacture

Composite manufacture was done in the same manner
as in previous work [7—11]. Laminates were stacked in the
desired configuration, vacuum was applied followed by deb-
ulking without heat for 30 minutes, and then cured according
to the supplier’s recommendations (120°C for 30 minutes).
A schematic of the manufacture is shown in Figure 1.

2.1.1. Specimen Preparation

Firstly, interlaminar shear strength (ILSS) specimens
were manufactured to allow evaluation of the effect of the
NaOH etching of the PET-film on separator adhesion to the
CFRP electrode laminates. ILSS specimens were made us-
ing a lay-up of [pre-preg,,/PET-film/pre-preg,,] providing a

Vacuum connection

Vacuum bag

Carbon fibre pre-pregs

Peel plies

Butyl tape

PET separator
Figure 1. Schematic description of laminate manufacture.
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Figure 2. Principle cross-section of a tensile specimen for capaci-
tance measurements.

thickness close to that recommended in the ASTM standard
for short beam interlaminar shear strength test [15]. Nominal
specimen dimensions were 30.3 mm long, 10.1 mm wide
and 5.05 mm thick.

For damage tolerance studies of the multifunctional com-
posite material tensile structural capacitor specimens were
made from four prepreg plies, two on each side of the PET
film. The method developed here is based on the ASTM stan-
dard for tensile testing of composites [16]. The tensile test is
well suited for introducing matrix cracks in the specimen
and is straightforward to perform. Since the test is not aimed
at measuring stiffness or strength, but merely to introduce
matrix cracks, there is no need for full length specimens as
recommended in the standard [16]. For this reason specimen
smaller than that recommended in the ASTM standard, 160
mm long and 20 mm wide (c.f. the length 250 mm and width
25 mm in [16]) were prepared. The chosen lay-up resulted in
a theoretical nominal specimen thickness of 1.05 mm. These
dimensions allow fitting of the extensometer and the electri-
cal connections needed to perform the test. The tensile speci-
mens were tabbed with 2 mm thick GFRP tabs bonded to
the specimens with Araldite 2012 epoxy adhesive and cured
overnight at room temperature. The tabs served two purpos-
es, to provide a good grip in the tensile test machine and to
electrically insulate the specimens from the tensile testing
machine so as not to disturb the electrical measurement.

Specimen preparation required cutting, in this process
short circuiting from carbon dust and bridging fibres at the
edges was of concern. To mitigate short circuit in the speci-
mens the edges extending parallel to the loading direction
were grinded and polished in a 45° angle from the separator
mid-plane, as schematically illustrated in Figure 2. A photo-
graph of a specimen is shown in Figure 3.

A set of five specimens were made for both ILSS and
tensile capacitance tests.

Figure 3. Tensile capacitance specimen.

3. EXPERIMENTAL CHARACTERISATION
3.1. Measuring Effects of NaOH Surface Treatment

The motivation for finding a good surface treatment
stems from the need to achieve intralaminar matrix cracks
without prior delamination at the epoxy/PET-film interface.
Earlier studies using plasma treatment to improve adhesion
between epoxy and the PET separator have shown onset of
delamination failure around 0.2% strain [10—11]. The early
delamination failure onset is a problem in this study as de-
laminations may form prior to intralaminar matrix cracks,
and well below the targeted strain level of 0.6%. In this
study, the aim was to initiate intralaminar matrix cracks only.
Intralaminar matrix cracks are commonly formed as the first
mode of damage in composites during service serving as
initiation sites for delaminations and fibre failures. The ef-
fect of intralaminar matrix cracks on the mechanical perfor-
mance is usually small [12], whereas delaminations can be
critical to the mechanical performance [17]. Matrix cracks
and delaminations in a multifunctional composite capacitor
are schematically illustrated in Figure 4.

Interlaminar shear strength (ILSS) was measured on the
structural capacitor laminates to evaluate the effect of NaOH
treatment of the PET-film on its adhesion to the CFRP elec-
trodes. The results were compared to those achieved for neat
and plasma treated PETfilms reported previously [10—11].
The interlaminar shear strength was evaluated at room tem-
perature using the short beam three-point bending test ac-
cording to the ASTM D2344/D2344 M standard [15]. The
equipment used was a MTS 20/M with a 10 kN load cell. A
constant crosshead speed of 1 mm/min was used.

3.2. Damage Investigation

To get an insight in the amount of damage sustained by
the specimens the crack density (cracks per length of speci-
men) was evaluated.

The angled edge used to avoid short circuit of the charged
structural capacitor made it difficult to detect cracks dur-
ing tensile loading. Therefore, after testing, completing a
full loading-unloading cycle in tension and the capacitance

Carbon fibres

Epoxy matrix / * \
Matrix crack

Figure 4. Schematic representation of undamaged and damaged
structural capacitor composite.

PET-separator —

Delamination
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measurements, the specimen’s edges were grinded and pol-
ished to a 90° angle. The specimens were then fitted to the
tensile tester again and loaded to a lower strain (approxi-
mately 0.3%) than before to open up the cracks making them
possible to detect. A random 20 mm part of the specimen
edge was chosen for close up microscopic evaluation using
a portable USB microscope (Dino-Lite Pro) to determine the
crack density in the specimen.

3.3. Measuring Effects of Intralaminar Matrix
Cracks on Capacitance

To characterise the structural capacitor materials electri-
cal performance the capacitance was measured by sweeping
through 200 mHz—-100 kHz at 1 V recording the electrical re-
sponse (impedance spectroscopy). The equipment used was
a Gamry Reference 3000 with Gamry Instruments Frame-
work and Gamry Echem Analyst. A simple model for the
structural capacitor material, shown in Figure 5, was used.
In this model a capacitance (C) was connected in parallel
with a resistance (R2) and in turn connected in series with
a resistor (R1). C and R2 are connected to the PET-films
electrical properties whereas R1 is connected to the electri-
cal resistivity in the electrodes. The Echem Analyst software
(Levenberg-Marquardt method) was used to find the best fit
to the measured data by adjusting the parameters, R1, R2
and C.

The specimens were electrically connected to the poten-
tiostat by thin enamelled wires and copper tape with con-
ductive glue. This set-up is very flexible and allowed fast
changes of specimen in the tensile test machine. A specimen
mounted in the tensile tester is shown in Figure 6, where
the extensometer has been removed for better visibility of
the electrical wires. The position of the extensometer is vi-
sualised by the white areas on the surface of the specimen.
Figure 7 illustrates the principle test setup.

The specimens were loaded in tension at a stroke of 1 mm/
min up to 0.6-0.65% strain to introduce intralaminar matrix
cracks in the structural capacitor CFRP electrodes. Matrix
cracks typically occur beyond 0.2% strain [13]. Capacitance
was measured before tensile loading, during tensile loading
and after the load had been released. By this procedure a

R2

R1

Figure 5. Structural capacitor electrical model.

SR
Figure 6. Specimen for measurement of capacitance with matrix
cracks.

comparison of capacitance for undamaged specimens, speci-
mens with open cracks and specimens with closed cracks
was facilitated.

4. RESULTS
4.1. Effects of NaOH Surface Treatment on ILSS

Results of the effect on ILSS of NaOH treatment of the
PET-film are presented in Table 1. In the Table, ILSS data for
the same structural capacitor materials with plasma treated
PET-film separator as well as for a full CFRP reference lami-
nate are also presented for comparison. As seen in Table 1

Extensometer to tensile test equipment

Potentiostat

Laptop

Figure 7. Principle test setup.
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Table 1. ILSS for NaOH Treated, Plasma Treated
Structural Capacitor Materials and a CFRP Reference.

No Treatment Plasma Treatment

Sample [11] NaOH [11]
PET-im50 ym  29.5+1.3 34.3%0.6 296+ 1.4
CFRP Ref. 54.4+15 - -

the plasma treated capacitor material specimens showed
significantly lower ILSS values than the CFRP reference.
The NaOH treatment shows a modest improvement in per-
formance compared to the plasma treated capacitor material,
but its interlaminar shear strength is still significantly lower
than that of the reference. Hence, neither plasma treatment
nor NaOH etching provide strong adhesion between the
CFRP electrodes and the PET separator. The NaOH etching
was chosen for this study as it provides the best adhesion,
and hence the least risk of delaminations forming prior to
intralaminar matrix cracks during the tensile loading.

4.2. Damage Characteristics

The specimens were polished flat at the edges after test-
ing to allow identification of matrix cracks present during
the test. An average crack density of 0.26 cracks/mm was
found in the five specimens examined. However, it was very
difficult to identify cracks due to the small crack opening
displacement in the fairly thin laminates. Cracks were found
to occur in all 90° bundles. In some cases the matrix cracks
were found to link up to an existing pore (the out of auto-
clave manufacturing process resulted in some porosity of the
laminates, usually found in the interface between the two
plies of pre-preg). A typical pore is shown in Figure 8. Fig-
ure 9 shows typical matrix cracks, pointed out by the thin
white arrows, in a specimen after testing. The middle crack
is seen to link up with a pore in between the pre-preg plies.
The PET separator is also clearly visible in the centre of the

Figure 8. Close up of a typical pore inside the CFRP electrode.

Rngs

Figure 9. Matrix cracks(pointed out by thin arrows) in CFRP elec-
trodes in a tensile capacitance specimen. The PET separator is iden-
tified by the thick arrow.

picture, extending from left to right and marked out by the
thick white arrow. Figure 10 shows a close-up of a matrix
crack with a white arrow indicating the location of a trans-
verse crack in the vicinity of the PET separator film.

The crack density, and the corresponding crack open-
ing displacement, was too small to result in any significant
stiffness reduction. A stiffness reduction of approximately
0.15% was estimated for a crack density p = 0.26 cracks/mm
using the approach by Varna and co-workers Lundmark [18]
and Mattsson [18]. Consequently, only the effect of the pres-
ence of cracks on capacitance was evaluated experimentally.

4.3. Effect of Matrix Cracks on Capacitance

The results from the non-mechanically loaded capaci-
tance measurements are presented in Table 2. A significant
drop in capacitance for the NaOH treated film was observed
compared to the non-treated and plasma-treated films. It
should be noted that the geometry of the specimens mea-
sured are different for the different specimens; the non-treat-
ed and plasma treated specimens were square 100 x 100 mm

- e
Figure 10. Close up on a matrix crack extending towards the PET
separator film.
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Table 2. Capacitance of the Structural Capacitors.

Dielectric Capacitance [nF/im?]
PET-film 50 um 447 £ 3.8 [9]
PET-film 50 um 15s PT 442 £ 2.6 [9]
PET-film 50 um NaOH 8.0+4.1

and the NaOH specimens were 160 x 20 mm with angled
edges. However, the geometric and connector type differ-
ences did not cause this significant drop in capacitance as the
specimen geometry and connector was checked and found
to provide capacitances of the expected level for non treated
PET-film before proceeding with this study. Capacitance
measurements were performed on the plates prior to cutting
and specimen preparation for NaOH treated and non-treated
PET capacitor. The results conclusively showed similar ca-
pacitances for plates and specimens of each kind, i.e. ap-
proximately 8 nF/m? for the NaOH treated and 440 nF/m?
for the non-treated materials. Furthermore the validity of the
connector was proven by consistent capacitance results for
100 x 100 mm square specimens with copper mesh connec-
tor, plates with copper tape connector and finished 160 x 20
mm specimens with angled edges. NaOH etching creates a
porous and rough surface [20] and for a thin film like the one
used in this study this may affect the resistive properties of
the whole film resulting in a lower dielectric constant. The
rough surface provides better wetting and adhesion of the
epoxy matrix in the electrodes which can result in a larger
amount of epoxy at the electrode/separator interface effec-
tively creating a thicker separator layer further reducing
capacitance. However no general thickness increase by the
formation of resin rich interface layers between the CFRP
electrodes and the PET separator could be recorded by mi-
croscopy of polished samples. The drop in capacitance,
caused by the NaOH treatment, does not cause a problem for
the purpose of this study, where the change in capacitance
from the formation of matrix cracks is sought. However, for
realisation of structural capacitor materials of this design the
NaOH etching of the PET-film is not advised.

The results from the capacitance measurements in the
tensile test machine are shown in Table 3. As seen there was
a significant drop, but not critical, in capacitance for the ten-
sile loaded state (i.e. at 0.6% strain). This is found inherent
to the opening of matrix cracks resulting in a lower dielectric
constant for the insulating layer (consisting of the PET-Film
and the epoxy matrix that sits in between the CF electrodes)
since air has a lower dielectric constant than polymers. No

Table 3. Capacitance Change with Matrix Cracks.

Capacitance nF/m?2

Dielectric Before Loaded After

NaOH treated 50 ym PET 8.0 £ 4.1 39+13 11.0+3.0

other damage mechanisms, i.e fibre fractures or delamina-
tions, were observed to occur in the tests. It should be noted
that as the specimen was unloaded the capacitance was re-
covered, and was even higher than that before the mechanical
load had been applied. The recovery was found inherent to
complete crack closure as the specimens were unloaded (i.e.
the small crack opening displacement observed in loaded
specimens was found to vanish as cracks closed completely
when the specimens were unloaded). A possible explanation
for the gained capacitance is permanent plastic deformation
of the insulating layer consisting of the PET-film and epoxy
matrix resulting in a thinner separator after unloading than
before introduction of matrix cracks. However this assump-
tion has not been possible to confirm through inspection in
an optical microscope.

The most important result is the fact that the capacitance
of the structural capacitor is not critically affected by me-
chanical damage in the structure.

5. CONCLUSIONS

In this study a method to investigate the effect of intrala-
minar matrix cracking on capacitance of structural capaci-
tors has been developed and employed. The method devel-
oped for measuring capacitance with matrix cracks works
very well and the use of simple specimen geometry, in a ten-
sile test set-up, along with a versatile potentiostat makes the
test applicable on other types of multifunctional composite
devices, i.e. supercapacitors or batteries.

The structural capacitors developed and tested in this
study were found to maintain their capacitance even after
sustaining intralaminar matrix cracking in the CFRP elec-
trodes all the way up to the PET separator. This result is very
important as the material shows a significant robustness to
perform its electrical function in a damaged state.

Further, the effects of different surface treatment on the
separator have been studied. NaOH treatment performed in
this study has been compared to the plasma treatment per-
formed in earlier studies [7-11] and it has been shown that
NaOH is not suitable as surface treatment for the PET-film
in a multifunctional composite capacitor. The treatment will
improve the adhesion to epoxy but it will simultaneously
lower the capacitance of the device to an unacceptable level.
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Experimental Assessment of Single and Cumulative Impact Damage in Carbon
Fiber Polymer Matrix Composites Using Electrical Resistance Measurements
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In this work the impact damage sensing capabilities in AS4/3501-6 carbon fiber poly-
mer matrix composites are investigated. A fully instrumented experimental setup for
characterization of electrical properties has been developed. The one-dimensional
electrical resistance method was employed for damage sensing. 16-ply [0/45/-45/90],¢
and 32-ply [0/45/-45/90],, laminates were tested. Single impact and cumulative low

velocity impact studies were conducted and electrical resistance measurements were
performed to assess damage. The results show that the one-dimensional electrical re-
sistance technique had a limited success at sensing impact damage in AS4/3501-6
composites due to low initial resistances of the composites tested.

© 2014 DEStech Publications, Inc. All rights reserved.

1. INTRODUCTION

Damage in composites due to impact represents a serious
design concern for use of advanced carbon fiber reinforced
polymer (CFRP) composite materials as structural elements
in aerospace applications. As current and future aerospace
systems rely more and more on fiber-reinforced polymer
composites, damage detection becomes increasingly impor-
tant and non-destructive evaluation methods are still highly
desirable for such composites. At the same time, adding
damage sensing functionality to composites represents an
attractive alternative, where a composite material itself may
serve as a damage sensor. In addition, integration of load
bearing and sensing capabilities will lead to the realization
of the concept multifunctionality where composite struc-
tures possess not only superior mechanical characteristics,
but also other concurrent functional capabilities.

There have been a number of studies on the electrical
characterization of carbon fiber polymer matrix compos-
ites conducted in the past [1-13] that attempted to monitor
changes in the electrical resistance and electric field that oc-

*Corresponding author. E-mail: olesya-zhupanska@uiowa.edu;
Tel: +1-319-335-5678; Fax: +1-319-335-5669

© 2014 DEStech Publications, Inc. All rights reserved.
doi:10.12783/issn.2168-4286/2.2/Zhupanska

cur as a result of mechanical damage. Two main techniques
have been employed to sense impact damage: the potential
method and the resistance method. Both techniques involve
the application of two electrodes to send current and any
number of electrodes to measure voltage. The difference be-
tween the methods lies in the direction of the potential mea-
surement. In the resistance method, the applied current line
and the electric potential line coincide, whereas in the poten-
tial method, they do not [4,13]. To sense the damage distri-
bution, the one-dimensional resistance method is adequate.
To determine the location of the damage, a two-dimensional
method is required. The two-dimensional resistance method
requires a large array of contacts covering the surface, with
the left and right edge contacts used for current application
and the inner contacts used for voltage measurement. Due to
the number of contacts involved, and the fact that they cover
the entire surface, the two-dimensional resistance method is
impractical. The one-dimensional potential method avoids
these shortcomings since it can be employed using only con-
tacts along the edges of the specimen. One pair of the con-
tacts is used for applying current, while voltage is measured
at all of the other contacts [5].

Four different resistances can be measured using the one-
dimensional resistance method: the top surface, the bottom

79
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surface, the through-thickness, and the oblique (i.e. through
the thickness of the specimen at an oblique angle). The sur-
face resistance is effective at sensing fiber breakage, while
the through-thickness resistance is responsive to delami-
nation. The oblique resistance is sensitive to both types of
damage [5]. Since the lay-up, thickness, and the ply-count
of a specimen will influence the type of impact damage
it sustains, so too will these variables dictate which resis-
tance measurement is appropriate. For example, for thick
laminates consisting more than 16 plies, both the through-
thickness and the oblique resistance are recommended, since
interior damage is the primary damage type for such speci-
mens. Overall, the oblique resistance is recommended, as it
is effective for all laminate lay-ups and thicknesses, in addi-
tion to being able to sense both minor and major damage [6].

Various types of investigations have been conducted using
the one-dimensional resistance method and the aforemen-
tioned resistance types. The ability to detect impact damage
via electrical resistance measurement was compared to the
more traditional ultrasonic detection method in [7]. Three
types of resistance were measured: the top, bottom, and
oblique. For a 24-ply quasi-isotropic specimen, the oblique
resistance was found to be the most dependable damage in-
dicator since it increased monotonically with impact energy.
This was not always the case for the top and bottom surface
resistances. The surface resistances varied significantly be-
tween the three tested sections, as the surfaces were affected
greatly by impact. The opposite occurred with the oblique
resistance data since it represents the interior damage. It
was determined that electrical resistance measurement was
a more sensitive damage inspection method than ultrasonic
inspection, due in part to the significant amount of noise as-
sociated with the latter method.

Sensing of damage at a point removed from the impact
region via both electrical resistance and potential measure-
ment was investigated in [8]. Two types of four-probe resis-
tance were measured, namely the through-thickness and the
oblique. The through-thickness resistance was more sensi-
tive than the oblique resistance, since the primary damage
mode encountered was delamination. Although the through-
thickness resistance was more sensitive, the oblique resis-
tance exhibited more advantages. For example, the oblique
resistance was more suitable for sensing the damage in the
impact region at a position removed from the region. In ad-
dition, due to the contact scheme, it was impossible to mea-
sure the resistance at the impact region using the through-
thickness method.

The sensitivity of the one-dimensional resistance method
was compared with that of the two-dimensional potential/
resistance method in [9]. For the two-dimensional poten-
tial method, it was shown that the most sensitive results for
major damage were obtained when the potential line was as
close as possible to the point of impact. For minor damage,
it was shown that the most sensitive results were obtained

when the potential line was as close as possible to the cur-
rent line. When the potential line was directly on top of the
current line, thus representing the resistance method, the
highest degree of sensitivity was attained. Thus the resis-
tance measurement was found to be more sensitive than the
potential gradient measurement in the two-dimensional po-
tential/resistance method. When compared with other work,
however, the two-dimensional potential/resistance method
was much less sensitive than the one-dimensional resistance
method. This is a consequence of current spreading that oc-
curs between the two current contacts in the two-dimension-
al potential/resistance method, which decreases sensitivity.

In most of the damage sensing via the one-dimensional
resistance method research, narrow specimens with widths
of 10 or 12 mm have been used [4,6-8,11,12]. Such speci-
men widths have been used to obtain large resistance mea-
surements and high sensitivity. However, such specimens
prevent the use of standard low velocity impact test fixtures,
such as the NASA fixture outlined in NASA RP-1092 [14].
Thus one of the objectives of the current work was to deter-
mine if low velocity impact damage could be sensed using
a standard test fixture and specimens with more practical di-
mensions.

2. EXPERIMENTAL METHODS

A four-probe method for electrical resistance measure-
ments was used in the presented work. In the four-probe
method, the electrical resistance is measured with four elec-
trical contacts, where an electric current passes through two
outer contact and two inner contacts are used for voltage
measurements. Figure 1 illustrates the four-probe method

electrodes to pass current

electrodes to measure voltage

(@)

electrodes to pass current

electrodes to measure voltage

Figure 1. Four probe resistance measurements; (a) top resistance
measurement and (b) oblique resistance measurement.
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for measurements of top surface and oblique (i.e. through
the thickness of the specimen at an oblique angle) resistance
that was employed in this work. In such a way, the electrical
contact resistance at voltage contacts does not contribute to
the resistance of the part of the specimen between the volt-
age contacts, which leads to more accurate and consistent
measurements. In contrast, a two-probe method that utilizes
only two contacts for both current applications and voltage
measurements has been found very sensitive to the contact
conditions between electrodes and a specimen. Moreover,
most of the resistance measured using a two-probe technique
is attributed to the contact resistance but not the specimen
resistance.

AS4/3501-6 composite laminate were used in the pre-
sented work. Two types of laminates were tested: a 16-ply
orthotropic [0/45/-45/90],, laminate (thickness = 2.25 mm)
and a 32-ply orthotropic [0/45/-45/90],, laminate (thickness
= 4.5 mm). Square specimens were cut with a nominal side
length of 15.24 cm.

Four electrodes, in the form of straightened 22 AWG
copper wire with lengths of approximately 20.5 cm, were
painted on both the top and bottom surfaces of the speci-
mens using SPI Conductive Silver Paint (Structure Probe,
Inc., SPI# 05002-AB). These electrodes extended across the
entire surfaces of the specimens. The excess length of the
electrodes on the top surface extended off the bottom edge of
that surface, while that of the electrodes on the bottom sur-
face extended off the top edge of that surface. Prior to paint-
ing, the surfaces of the composite were sanded directly un-
derneath the locations of the electrodes using 600 grit sand
paper. The electrodes were spaced 30 mm apart, centered
about the composite centerline. This spacing scheme, sug-
gested in [10], was used to obtain both high spatial resolu-
tion and sensitivity. Contrary to much of the published work,
however, the electrodes were placed parallel to the surface
fiber directions. Preliminary work using electrodes placed
perpendicular to the surface fiber directions with the same
spacing proved problematic. At low impact energies, the
change between two resistance measurements was within
the error of measurements, while at higher impact energies
the electrodes came off the bottom surface due to damage.
After the silver paint had dried, a layer of epoxy (Hysol®
E-120HP, LOCTITE® P/N 29353) was applied to the elec-
trodes to maintain structural integrity during impact. An ex-
ample of a completed specimen with electrodes attached is
shown in Figure 2.

To impact the specimens, an Instron Dynatup Model
8200 Drop Weight Impact Testing Instrument was used.
The impact machine was outfitted with a 1.27 cm (1/2 in)
diameter hemispherical tup insert (Model 8914-1, Instron
P/N 7910-216). The mass of the drop-weight assembly was
6.1656 kg. To clamp the specimens during impact, a NASA
test fixture was used. To allot for the surface electrodes on
the specimens, two custom fixture plates were designed for

Figure 2. Example of a completed specimen with electrodes at-
tached.

use in conjunction with the NASA test fixture. These plates,
made from sheet PVC, had dimensions similar to the NASA
test fixture base and top plate but with channels to account
for the electrodes.

Before and after impact, the top surface resistance and the
oblique resistance of the impact region was measured using
the four-probe method. An Agilent model number 34420A
nanovolt/micro-ohm meter was employed to make the mea-
surements. To supply the necessary channels, the micro-
ohm meter was connected to a 20 channel Agilent 34901 A
multiplexer card. The channels on the card were opened and
closed using an Agilent 34970A switch unit. To connect to
the specimens, test leads were made from twisted, shielded
pair cable (two pair, 22 AWG stranded copper) (General
Cable, Carol Brand P/N C1352.12.10) and alligator clips.
Figure 3 shows a complete experimental setup.

Prior to performing impact tests, the initial resistance val-
ues for every specimen were recorded. Figure 4 shows the
top and oblique resistance values for the 16-ply specimens,
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Figure 3. Experimental setup.

while Figure 5 shows the respective resistance values for the
32-ply specimens used in this study.

Three different impact energy levels were tested for both
the 16-ply and 32-ply specimens. For the 16-ply specimens,
the energy levels were 7.19 J, 8.67 J, and 10.23 J, while
for the 32-ply specimens, the energy levels were 19.91 J,
23.02 J, and 27.16 J. The “lowest”, “intermediate”, and
“highest” energy levels were chosen in such a way so as to
produce visibly different damage zones. Figure 6 illustrates
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Figure 4. Initial (prior to impact) resistance values of 16-ply speci-
mens.

damage size in three 32-ply specimens impacted at the low-
est, 19.91 J, intermediate, 23.02 J, and highest, 27.61 J en-
ergy levels.

Three to five specimens were impacted at each energy
level a single time. Cumulative damage was also studied by
impacting a portion of the specimens (at least three) impact-
ed once at a given impact energy multiple times, at that same
energy. Due to the extensive damage caused by the highest
impact energies for both ply counts, cumulative damage test-
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™ 10-32

Top Oblique
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Figure 5. Initial (prior to impact) resistance values of 32-ply speci-
mens.
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Figure 6. Top (images on the left) and bottom (images on the right)
surface damage produced in 32-ply specimens impacted at three
different energy levels, (a) Specimen 20-32 after impact at the lowest
energy (19.91 J); (b) Specimen 7-32 after impact at the intermediate
energy (23.02 J) and (c) Specimen 5-32 after impact at the highest
energy (27.61).

ing was performed only at the two lowest energies for both
the 16- and 32-ply specimens. The cumulative damage test
specimens were impacted until they were nearly perforated.
Naturally the number of impacts depended on the ply-count
and energy level. For the 16-ply specimens of the 7.19 J cu-
mulative damage study, the specimens were impacted five
times, while those of the 8.67 J cumulative damage study
were impacted three times. For the 32-ply specimens of the
19.91 J cumulative damage study, the specimens were im-
pacted three times, while those of the 23.02 J cumulative
damage study were impacted two times.

3. RESULTS AND DISCUSSION
3.1. Single Impact Studies of the 16-Ply Laminates

Impact of 16-ply specimens at the lowest impact energy
(7.19J) left a faint and shallow dent on the top surface and
delamination at the bottom surface. A dent representative of
those left on most of the specimens is shown in Figure 7,
which shows the top and bottom surfaces of specimen 6-16
(the first number indicates the specimen number while the
number after the hyphen indicates the ply count).

The change in resistance results for the 16-ply lami-
nates (specimens 15-16, 6-16, 7-16, and 12-16) impacted at
7.19 J was small. For instance, specimen 6-16 experienced
an increase of 0.09 + 0.06% while specimen 12-16 experi-
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Figure 7. Specimen 6-16 after impact at the lowest energy (7.19 J);
(a) top surface and (b) bottom surface.

enced a decrease of 0.63 + 0.07%. While specimen 12-16
experienced the least top surface damage of the four speci-
mens, the detectable decrease in resistance was an unexpect-
ed result, as the resistance ideally should increase with dam-
age. Perhaps the dent for specimen 12-16 was too shallow
to break any of the fibers. Instead, more of the fibers may
have come into contact after damage, creating additional
pathways for the current to flow. These additional pathways
may have made it easier for the current to flow across the
specimen, thereby decreasing the resistance. The oblique re-
sistance proved to be more sensitive than the top surface re-
sistance at 7.19 J. All of the specimens experienced a change
in resistance that was detectable. Arranged in decreasing
magnitude, the percent changes in oblique resistance were
as follows: 0.17 £ 0.06% (specimen 6-16), 0.11 + 0.04%
(specimen 15-16), 0.10 £ 0.05% (specimen 7-16), and —0.51
+ 0.06% (specimen 12-16). Note that the first three percent
changes of the previous list overlap, and thus the oblique
resistance was unable to distinguish between the damage
sustained by those specimens. This was an expected result,
however, since the damage experienced in those specimens
was fairly similar. For the lone specimen that displayed sig-
nificantly different damage (specimen 12-16, which experi-
enced the least bottom surface damage), the oblique resis-
tance measurement produced a detectable percent change of
—0.51%. This is similar in sign and magnitude to the percent
change the specimen experienced in its top surface resis-
tance measurement (—0.63%).

Impact at the intermediate impact energy (8.67 J) left in
16-ply specimens a larger, deeper, and more defined dent
than those resulting from the lowest energy (7.19 J). In ad-
dition, the dents contained a v-shaped crease within them.
The average dent diameter was 7.19 mm. This average is
approximately 80 percent greater than that obtained from
the specimens impacted at the lowest impact energy. On
the bottom surface, more extensive damage was seen than
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Figure 8. Bottom surface of specimen 5-16 after impact at the inter-
mediate energy (8.67 J).

for the specimens impacted at the lowest energy (see Fig-
ure 8).

The change in resistance results proved to be better for
the 16-ply laminates impacted at 8.67 J, as shown in Fig-
ure 9. The top surface resistance experienced a detectable
increase after impact for all three specimens. Specimens
2-16, 5-16, and 11-16 exhibited percent increases of 0.24 =
0.06%, 0.25 £+ 0.14%, and 0.80 + 0.05%, respectively. Note
that while the percent increases for specimens 2-16 and 5-16
are within accuracy of each other, the percent increase for
specimen 11-16 is significantly larger. These findings cor-
relate well with the observations made with respect to the
top surface damage; namely, that specimen 2-16 and 5-16
experienced similar top surface damage while specimen 11-
16 sustained the most damage. Even though the top surface
resistance produced results in accordance with the damage
evaluation, the oblique resistance once again proved to be
more sensitive. Two of the specimens (2-16 and 11-16) ex-
perienced larger increases in oblique resistance than they
did in top surface resistance, while the comparison was in-
determinate for specimen 5-16. Specimen 2-16 experienced
an increase in oblique resistance of 0.54 + 0.05%, specimen
5-16 an increase of 0.40 + 0.04%, and specimen 11-16 an
increase of 1.11 + 0.05%. Excluding the uncertainties, these
percent increases are anywhere from 1.4 to 2.3 times as large
as their top surface counterparts. The percent increases for
the oblique resistance also follow the same trend as those
for the top surface resistance. That is, the specimen with
the greatest bottom surface damage (11-16) experienced the
greatest percent increase in resistance.

1.2
— b
X
)
o
c
£
=
I
g m2-16
£
o m5-16
T
c
-] m11-16
o

Top Oblique

Resistance type

Figure 9. Percent change in resistance for the 16-ply specimens
impacted at 8.67 J.
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Figure 10. Bottom surface of specimen 19-16 after impact at the
highest energy (10.23 J).

The impacts of 16-ply specimens at the highest energy
(10.23 J) left even larger dents than those resulting from the
intermediate energy (8.67 J). As on the top surface, more ex-
tensive damage was seen on the bottom surface of the speci-
mens impacted at the highest energy than on those impacted
at the intermediate energy. However the increase in damage
was not as significant as the increase seen when compar-
ing the specimens from the lowest and intermediate energies
(see Figure 10).

The change in resistance results for the 16-ply laminates
impacted at 10.23 J, shown in Figure 11, were somewhat un-
expected. For specimens 4-16, 17-16, 18-16, and 19-16, the
percent changes in top surface resistance were 0.32 + 0.06%,
0.50 +0.22%, 0.36 + 0.05%, and 0.29 = 0.06%, respectively.

For the same specimen listing, the following percent
changes in oblique resistance were measured: 0.25 = 0.06%,
0.53 +£0.05%, 0.44 + 0.06%, and 0.34 + 0.07%. When these
percent changes and their associated uncertainties are com-
pared with those of the top surface resistance for the same
specimen, the percent changes overlap. Hence, neither of the
two resistance types was more sensitive than the other in any
of the four specimens, a result contrary to the findings of the
7.19 J and 8.67 J impacts.

A more profound result was obtained by comparing the
results of the 8.67 J and 10.23 J impact studies. The percent
changes recorded for the 10.23 J impacts were not greater
than those measured for the 8.67 J impacts. For the percent
changes in top surface resistance, almost all of the changes
measured for the 10.23 J specimen lot overlap with those of
specimens 2-16 and 5-16 (0.24 + 0.06% and 0.25 £ 0.14%,
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Figure 11. Percent change in resistance for the 16-ply specimens
impacted at 10.23 J.
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respectively) of the 8.67 J specimen lot. In addition, speci-
men 11-16 of the 8.67 J specimen lot experienced a much
greater percent change in top surface resistance (0.80 +
0.05%) than any of the specimens of the 10.23 J specimen
lot. Similar results can be found for the percent changes in
oblique resistance by comparing the 8.67 J and 10.23 J spec-
imen lots. Specimens 2-16 and 5-16 of the 8.67 J specimen
lot experienced percent changes in oblique resistance (54 +
0.05% and 0.40 + 0.04%, respectively) that overlapped with
those of four of the five specimens from the 10.23 J speci-
men lot (the changes were greater than that measured for
specimen 4-16). In addition, specimen 11-16 experienced a
change in oblique resistance (1.11 + 0.05%) that was much
greater than any of those experienced by the specimens of the
10.23 J specimen lot. One possible explanation for the lack
of a correlation between impact energy and percent change
in resistance is the large variation that was present in the
initial resistance values recorded. However, variation can-
not entirely explain the problem, since specimens from the
8.67 J and 10.23 J specimen lots with similar initial resis-
tances showed the same results. A better explanation, at least
for the top surface results, is that sending current perpendic-
ular to the surface fiber direction is an ineffective method of
sensing top surface damage. It is believed that this ineffec-
tiveness is caused by the way in which the current traverses
the top surface when applied perpendicular to the fibers.
When applied perpendicular to the fibers, the only locations
in which the current can travel across the specimen are at
points where adjacent fibers touch. If fibers at the impact
region break during impact, this may or may not affect the
resistance for current applied perpendicular to the fibers. It
would only affect the resistance if the fibers at the impact re-
gion were touching before impact, and their breakage made
it more difficult for the current to travel across the top sur-
face. It is not clear what effect the direction of the applied
current has on the sensing capability of the oblique resis-
tance, since current travel is much more complicated for this
resistance type. The ineffectiveness found for the oblique
resistance may just be the result of the large specimen size
and its associated low resistance values.

3.2. Single Impact Studies of the 32-Ply Laminates

Impact at 19.91 J impact energy left a circular dent on
the top surface of the tested 32-ply specimens. The average
dent diameter was 3.85 mm. On the bottom surface, minor
delamination occurred for all specimens. After the impact
of four 32-ply specimens at 19.91 J, the initial resistance
values experienced the percent changes shown in Figure 12.
For the top surface resistance, specimens 20-32 and 23-32
experienced changes too insignificant to be detectable by
the measurement system. For both specimens, the initial
resistance and its uncertainty overlap with the after-impact
measurement and its uncertainty. Positive percent increases
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Figure 12. Percent change in resistance for the 32-ply specimens
impacted at 19.91 J.

in top surface resistance were detected in all of the other
specimens. Specimens 9-32, 21-32, and 22-32 exhibited per-
cent increases of 0.33 + 0.08%, 0.10 = 0.07%, and 0.20 +
0.04%, respectively. As was the case for the 7.19 J and 8.67
J impacts of thel6-ply specimens, the oblique resistance
proved to be more sensitive than the top surface resistance.
All of the specimens experienced a change in oblique resis-
tance that was detectable, and in each specimen the percent
change in oblique resistance was greater than that for the top
resistance. Arranged in decreasing magnitude, the percent
changes in oblique resistance were as follows: 1.79 + .03%
(specimen 20-32), 0.78 £ 0.04% (specimen 23-32), 0.75 £
0.02% (specimen 22-32), 0.62 + 0.06% (specimen 9-32),
and 0.40 + 0.05% (specimen 21-32).

Damage on the top surface of the 32-ply specimens im-
pacted at 23.02 J impact energy consisted of a dent that was
either circular or contained a circular region in its center.
The average dent diameter was 4.77 mm, or about 24 percent
greater than the 3.85 mm calculated from the specimens im-
pacted at the lower (19.91 J) energy. On the bottom surface,
more extensive damage was seen than for the specimens im-
pacted at the lowest energy.

The change in resistance results for the 32-ply laminates
impacted at 23.02 J are shown in Figure 13. For the top sur-
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Figure 13. Percent change in resistance for the 32-ply specimens
impacted at 23.02 J.
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face resistance, specimen 7-32 experienced a change too in-
significant to be detectable, as signified by the specimen’s
percent change and uncertainty. Positive percent increases
in top surface resistance were detected in all of the other
specimen s. Specimens 1-32, 632, 19-32, and 27-32 exhib-
ited percent increases of 0.17 £ 0.05%, 0.08 + 0.05%, 0.23
+0.08%, and 0.29 £ 0.04%, respectively. The fact that many
of the percent changes and their associated uncertainties are
indistinguishable from each other correlates well with the
top surface damage, since most of the damage was quite
similar. As observed for the 32-ply laminates impacted at
19.91 J, the oblique resistance was more sensitive than the
top surface resistance. All of the specimens experienced
a change in oblique resistance that was detectable, and in
each specimen the percent change in oblique resistance was
greater than that for the top resistance. In fact, for a given
specimen, the percent increase in the oblique resistance was
anywhere from about 2.5 (specimen 19-32) to 50 (speci-
men 7-32) times greater than the increase in the top surface
resistance. Arranged in decreasing magnitude, the percent
changes in oblique resistance were as follows: 0.81 + 0.02%
(specimen 27-32), 0.67 + 0.04% (specimen 1-32), 0.66 +
0.04% (specimen 6-32), 57 £ 0.05% (specimen 1932), and
0.50 £+ 0.05% (specimen 7-32).

All of the 32-ply specimen s impacted at 27.16 J impact
energy experienced cracking within the dented region. The
average dent diameter was 8.71 mm, which is about 83 per-
cent greater than the average from the intermediate energy
impacts. Like the top surfaces, the bottom surfaces of the
specimens impacted at the highest energy exhibited the most
damage of any impact energy. The average bottom surface
damage measurements (length, width, height, delamina-
tions) for the highest (27.16 J) impact energy were signifi-
cantly larger (at least 83%) than their intermediate (23.02 J)
energy counterparts.

After the impact of three 32-ply specimens at 27.16 J,
the initial resistance values experienced the percent changes
shown in Figure 14. Specimen 5-32 experienced a change in
top surface resistance too insignificant to be detectable. With
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Figure 14. Percent change in resistance for the 32-ply specimens
impacted at 27.16 J.

respect to sensitivity, this is an unacceptable result. Speci-
men 5-32, like the other two specimens at the highest impact
energy, experienced a large and deep dent that should have
been easily detected. This result reinforces the notion that
sending current perpendicular to the surface fibers is inef-
fective at sensing top surface damage. Fortunately detect-
able increases in top surface resistance were detected in the
other two specimens. Specimens 10-32 and 17-32 experi-
enced percent increases in top surface resistance of 0.43 +
0.05% and 0.50 + 0.06%, respectively. As observed for the
lowest two impact energies, the oblique resistance was more
sensitive to the highest impact energy than the top surface
resistance. Specimens 5-32, 10-32, and 17-32 experienced
percent changes in oblique resistance of 1.53 + 0.04%, 1.46
+0.02%, and 1.93 + 0.04%, respectively. In other words, all
of the specimens experienced a change in oblique resistance
that was detectable, and in each specimenthe percent change
in oblique resistance was much greater than that for the top
resistance. For a given specimen, the percent increase in the
oblique resistance was anywhere from about 3.4 (specimen
10-32) to 25.5 (specimen 5-32) times greater than the in-
crease in the top surface resistance. A summary of the per-
cent changes in resistance obtained for the 32-ply specimens
is provided in Table 1. As seen in the table, the lowest and
intermediate impact energies produced percent changes in
the top surface resistance that overlapped. While the detect-
able percent changes in top resistance at the highest impact
energy were greater than those at the intermediate energy,
both energies produced one specimen with a non-detectable
change. Thus the top surface resistance was unable to distin-
guish between the damage states for any of the three impact
energies. Similar results were found for the oblique resis-
tance. Between the lowest and intermediate impact energies,
many of the percent changes in the oblique resistance over-
lapped. In addition, one of the specimens impacted at the
lowest energy experienced a percent change in oblique resis-
tance of 1.79%, a change much greater than those recorded

Table 1. Percent Changes in Resistance for the
32-Ply Specimens.

Impact Energy (J)

Resistance
Type 19.91 23.02 27.16
0.33+0.08 0.17 £ 0.05 0.43 +£0.05
0.10 £ 0.07 0.08 +0.05 0.50 + 0.06
Top surface 0.20 £ 0.04 0.23£0.08 Non-detectable
Non-detectable 0.29 £ 0.04
Non-detectable Non-detectable
0.62 +0.06 0.67 £ 0.04 1.53 £ 0.04
1.79+£0.03 0.66 +0.04 1.46 £ 0.02
Oblique 0.40 +0.05 0.50 £ 0.05 1.93 +0.04
0.75+0.02 0.57 £ 0.05
0.78 £ 0.04 0.81 +£0.02
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Table 2. Comparison of 32-Ply Specimens with
Similar Initial Top Surface Resistances.

Top Surface Resistance

Absorbed
Energy (J)

Impact Before Impact Change
Specimen Energy (J) (mQ) (%)

20-32 19.91 7.021 £0.004 0.01+0.08 7.13
19-32 23.02 6.984 +£ 0.003 0.23+0.08 6.61

5-32 27.16 7.263 £ 0.003 0.06 +0.06 19.82
22-32 19.91 10.045 £ 0.003 0.20 +0.04 7.10
27-32 23.02 11.187 £ 0.003 0.29 + 0.04 7.22
10-32 27.16 11.161 £ 0.004 0.43 £0.05 20.51

for the intermediate energy. In fact, this change was larger
than two of the three recorded for the highest energy. Thus
the oblique resistance was also unable to distinguish be-
tween the damage resulting from the three impact energies.
As mentioned earlier for the 16-ply specimens, a sig-
nificant amount of variation was present in the initial resis-
tance values for the 32-ply specimens. To determine if this
was the root cause of the percent changes not increasing
with impact energy, specimens with similar initial resis-
tances were compared. Table 2 compares specimens with
similar initial top surface resistances and Table 3 compares
those with similar initial oblique resistances. The first three
rows of Table 2 display the results from three specimens
(each representing one of the three impact energies) with
initial resistances of approximately seven milliohms. The
specimen impacted at the lowest energy experienced a non-
detectable change in resistance, while the specimen at the
intermediate energy produced a detectable increase. Unfor-
tunately, the specimen impacted at the highest energy ex-
perienced a non-detectable change in resistance too. There-
fore for the range of impact energies tested, for specimens
with initial resistances of about seven milliohms, measur-
ing the top surface resistance was not an effective dam-
age sensing method. An effective damage sensor would not
only be able to detect the damage resulting from the three
impact energies, but also distinguish between the differ-
ent damage states. To determine if there was a correlation

Table 3. Comparison of 32-Ply Specimens with
Similar Initial Oblique Resistances.

Oblique Resistance

Impact Before Impact Change Absorbed
Specimen Energy (J) (mQ) (%) Energy (J)
23-32 19.91 13.867 £ 0.004 0.78 £0.04 6.9253
7-32 23.02 12.074 £ 0.004 0.50+0.05 7.9354
17-32 27.16 13.284 £ 0.004 1.93+0.04 17.5956
22-32 19.91 25.097 £ 0.004 0.75+0.02 7.0982
27-32 23.02 26.220+0.004 0.81+0.02 7.2215
10-32 2716 25544 +0.004 1.46+0.02 20.5103

between the absorbed energy and the percent change in
resistance, this data is also included in Table 2. For dam-
age below perforation, ideally the absorbed energy should
increase with increasing impact energy. In addition, the ab-
sorbed energy should ideally increase with increasing per-
cent change in resistance. However, neither of these trends
is visible in the first three rows of Table 2. The absorbed
energy was smallest for the specimen impacted at the in-
termediate energy, the same specimen that had the great-
est percent change in resistance. Fortunately, all expected
trends were evident in the top surface results for the group
of specimens with initial resistances of approximately 10
or 11 mQ (bottom three rows of Table 2). Not only were
all the percent changes in resistance detectable, but they
also increased with increasing impact energy. The absorbed
energy likewise increased with increasing impact energy.
Hence the top surface resistance was an effective damage
sensor for plates with initial resistances of approximately
10 or 11 mQ.

While the top surface resistance had mixed results when
comparing specimens with similar initial top surface resis-
tances, the oblique resistance fared slightly better when a
similar comparison was made for this resistance type. This
comparison is shown in Table 3. The first three rows of this
table show the results for specimens with an initial oblique
resistance of about 12-14 mQ. Each of these specimens had
detectable increases in resistance, unlike two of those in the
top surface resistance table (Table 2). However, the percent
increase for the specimen impacted at the lowest energy
(23-32) was larger than that for the specimen impacted at
the intermediate energy (7-32), a non-ideal result. The ab-
sorbed energy data was not able to explain this result, as
specimen 7-32 absorbed more energy than specimen 23-32.
Fortunately the second group of specimens, with similar
initial oblique resistances of about 25-26 mQ, displayed all
the expected trends in their data. Both the percent change in
oblique resistance and the absorbed energy increased with
increasing impact energy. This result, in conjunction with
the results of the top surface comparisons, suggests that the
two resistance types perform better as damage sensors when
used on specimens with greater initial resistances.

3.3. Cumulative Damage Studies of the 16-Ply Laminates

Three specimens (6-16, 7-16, and 15-16) were selected
from the 7.19 J single impact lot to undergo cumulative
damage testing. Each specimen was impacted at approxi-
mately 7.19 J until it was near perforation, which resulted in
each specimen being impacted five times. Due to the damage
increasing with each successive impact, it was expected that
the percent changes in the initial resistances would likewise
increase for each impact. For the most part, that was indeed
the case. The specimen that best exhibited this behavior was
specimen 15-16, whose change in resistance results are plot-
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Figure 15. Percent change in resistance for specimen 15-16 during
five impacts at 7.19 J.

ted in Figure 15. Several observations can be drawn from
these results. First, for each successive impact and for both
resistance types, the percent change in resistance increased
in magnitude. Second, the change in oblique resistance was
positive and detectable for every impact, while the change
in the top surface resistance was non-detectable for the first
impact (—0.04 + 0.04%). Finally, the change in oblique re-
sistance was discernibly greater than that for the top surface
resistance at every impact. For these reasons, the oblique
resistance was a more effective damage sensor than the top
surface resistance for specimen 15-16.

Displaying slightly less ideal results than those for speci-
men 15-16 was specimen 7-16. As shown in Figure 16, the
magnitude of the percent change in top surface resistance
decreased between impacts 3 and 4 before increasing after
impact five. Ideally the resistance would only increase with
multiple impacts. In contrast to the top surface resistance,
the magnitude of the percent change in oblique resistance
either increased or remained constant with each subsequent
impact. The preceding comparison is one of two reasons
why the oblique resistance was a more effective damage
sensor than the top surface resistance for specimen 7-16. For
the second reason, the oblique resistance detected a change

1.6

M Top
H Oblique

Figure 16. Percent change in resistance for specimen 7-16 during
five impacts at 7.19 J.

in resistance after the first impact, while the top surface re-
sistance did not.

Of the three specimens, the results displayed by speci-
men 6-16 were the least ideal. This was primarily due to
the percent change in the oblique resistance being discern-
ibly negative after the second impact, as shown in Figure
17. This negative percent change may have been caused by
one or both of the following reasons. First, the leads were
removed and then reattached after each impact so that the
specimen could be removed from the fixture plates and in-
spected. While it was shown that the resistance of a speci-
men depended very little on the placement of the leads, there
was still a slight effect. Second, the oblique resistance could
have decreased due to fibers in adjacent plies coming into
contact after impact. Several other observations are worth
noting in the results of Figure 17.

First, the top surface resistance never experienced a de-
crease in initial resistance, unlike the oblique resistance.
Second, the percent change in the top resistance never dis-
cernibly decreased in magnitude from impact to impact.
Due to the decrease in initial resistance after the second im-
pact, the oblique resistance automatically failed this crite-
rion. Finally at each impact number, the percent change in
the initial resistance for the top surface was either greater
or indistinguishable from that for the oblique resistance.
For these reasons, the top surface resistance was a more ef-
fective damage sensor than the oblique resistance for speci-
men 6-16.

Since the 8.67 J single impact lot consisted of only three
specimens (2-16, 5-16, 11-16), all three also underwent cu-
mulative damage testing. To obtain near-perforation dam-
age in the specimens, three impacts at approximately 8.67
J were performed. Corresponding to the damage increasing
with each successive impact, the top and oblique resistances
likewise increased with each impact for all specimens. This
ideal result did not always occur during the lowest energy
cumulative damage study, in which two of the specimens
had changes in resistance that either did not change or de-
creased between successive impacts. In another difference

16
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Figure 17. Percent change in resistance for specimen 6-16 during
five impacts at 7.19 J.
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Figure 18. Percent change in resistance for specimen 2-16 during
three impacts at 8.67 J.

between the two cumulative damage studies, all of the first
impacts at the intermediate energy resulted in detectable in-
creases in resistance. Both results can be attributed to the
greater impact energy employed for the intermediate energy
cumulative damage study. With respect to the individual
specimens, both 2-16 (Figure 18) and 11-16 (omitted) ex-
perienced greater percent changes in the oblique resistance
than the top surface resistance at each impact. The results of
specimens 216 and 11-16 suggest that the oblique resistance
was more sensitive at sensing damage than the top surface
resistance for these specimens. Specimen 5-16 (Figure 19)
showed the opposite result of specimens 2-16 and 11-16
with respect to sensitivity. After the first impact, the changes
in top and oblique resistance were indistinguishable from
each other. However, after the second and third impacts the
change in the top surface resistance was greater than that for
the oblique resistance. These results suggest that the top sur-
face resistance was more effective at sensing damage than
the oblique resistance for specimen 5-16. Though specimen
5-16 displayed the opposite result of specimens 2-16 and
11-16 with respect to the most sensitive resistance type, the
damage observations made for specimen 5-16 do not suggest
it experienced significantly different damage than the other
two specimens.
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Figure 19. Percent change in resistance for specimen 5-16 during
three impacts at 8.67 J.
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Figure 20. Percent change in resistance for specimen 20-32 during
three impacts at 19.91 J.

3.4. Cumulative Damage Studies of the 32-ply
Laminates After Repeated Impacts

Specimens 20-32, 21-32, and 23-32 were selected from
the lowest energy, single impact specimen lot to undergo
cumulative damage testing at the same energy. These speci-
mens were subjected to three impacts at approximately
19.91 J. Overall the oblique resistance responded well to the
damage caused by the impacts. The percent increases in the
initial oblique resistance: were detectable after the first im-
pact in all specimens, were significantly larger than those
for the top surface resistance, and increased in magnitude
with each successive impact. These trends are visible in the
change in resistance plots for specimens 20-32 and 21-32 of
Figures 20 and 21, respectively (the results from specimen
23-32 are omitted as they were similar to those of specimen
21-32). In general, the percent change in oblique resistance
was able to differentiate between the severities of damage
sustained by the specimens. For example, specimen 21-32,
which experienced the least damage throughout the cumu-
lative damage study, experienced the smallest changes in
oblique resistance at each impact. On the opposite end of the
spectrum, specimen 20-32 experienced the largest changes
in initial oblique resistance at each impact. From the dam-
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Figure 21. Percent change in resistance for specimen 21-32 during
five impacts at 19.91 J.
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age analyses, specimen 20-32 did indeed sustain the greatest
bottom surface damage for impacts two and three, although
only the second most for the first impact.

Unfortunately the top surface resistance did not perform
as well as the oblique resistance in terms of sensing damage.
The top surface resistance failed to detect the damage re-
sulting from the first impact of specimens 20-32 (Figure 17)
and 23-32. While the top surface resistance detected the first
impact for specimen 21-32, the change in initial resistance
after the second impact was not distinguishably larger than
that after the first impact (Figure 18). In addition, Figure 17
shows that the top surface resistance decreased from its ini-
tial value after the second impact of specimen 20-32.

For the cumulative damage testing conducted at 23.02 J,
specimens 1-32, 6-32, and 7-32 were selected from the cor-
responding single-impact specimen lot. These specimens
were subjected to two impacts of approximately 23.02 J.
As in the lowest energy cumulative damage study for the
32ply specimens, the oblique resistance proved to be an ef-
fective damage detector for the intermediate energy cumula-
tive damage study. This observation can be noted from the
change in resistance results for specimens 6-32 and 7-32 of
Figures 22 and 23, respectively (the results from specimen
1-32 are omitted as they were similar to those of specimen
6-32). The oblique resistance detected the first impact in
all specimens and increased significantly between the first
and second impacts. The change in oblique resistance was
also greater than that for the top surface resistance after both
impacts of all specimens (it was significantly greater in all
impacts other than impact two of specimen 7-32). While the
top surface resistance did not perform as well as the oblique
resistance, the top surface resistance did perform better than
it did during the lowest energy cumulative damage study.
For example, in the current study the top surface resistance
only failed to detect the first impact in one of the specimens
(Figure 20), whereas during the lowest energy cumulative
damage study it produced this failure twice. In addition, the
top surface resistance did not detect a decrease in resistance
in the current study, unlike during the lowest energy cumu-
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Figure 22. Percent change in resistance for specimen 6-32 during
two impacts at 23.02 J.
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Figure 23. Percent change in resistance for specimen 7-32 during
two impacts at 23.02 J.

lative damage study. Finally, the top surface resistance in-
creased between impacts one and two for all specimens of
the intermediate energy cumulative damage study, a charac-
teristic it failed to do for two of the specimens of the lowest
energy study.

4. CONCLUSIONS

The effectiveness of the one-dimensional electrical resis-
tance method at sensing impact damage in laminate plate
specimens was studied. Two types of laminates were tested:
a 16-ply orthotropic [0/45/-45/90],, laminate (thickness =
2.25 mm) and a 32-ply orthotropic [0/45/-45/90], laminate
(thickness = 4.5 mm). Four contacts were placed on both the
top and bottom surfaces of the specimens such that they ex-
tended across the entire surface. These contacts were placed
parallel to the surface fiber direction, as preliminary testing
with perpendicular contacts proved ineffective (at low im-
pact energies, the changes in resistance could not be detected,
while at higher impact energies the bottom surface damage
caused the electrodes to come of the surface). Single impact
and cumulative damage studies were conducted for both the
16- and 32-ply specimens. Before and after each impact, the
top surface resistance and the oblique resistance (resistance
through the thickness of the specimen at an oblique angle) of
the impact region were measured.

In general, the oblique resistance proved to be more sen-
sitive to impact damage than the top surface resistance for
the single impact studies. The top surface resistance failed
to detect the impact damage in several of the specimens, in-
cluding some that were impacted at large energies and dis-
played significant top surface damage. Overall however, nei-
ther resistance type proved to be effective at sensing damage
in plate specimens. For the 16-ply specimens, both produced
negative percent changes in resistance for one specimen at
the lowest impact energy. In addition, both resistance types
produced changes in resistance that overlapped for the in-
termediate and highest impact energies. Thus the resistance
types were unable to distinguish between the severities of
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damage caused by these two impact energies. For the 32-ply
specimens, the top surface resistance and the oblique resis-
tance were unable to distinguish between the damage at any
of the three impact energies. This lack of a direct relation-
ship between the impact energy and the change in resistance
was partly due to the large variation in initial resistances re-
corded for the specimens. However, even when specimens
with similar initial resistances were compared, the changes
in resistance did not always increase with increasing impact
energy.

Overall the resistance types displayed better results dur-
ing the cumulative damage studies than during the single
impact tests. During the cumulative damage tests at the in-
termediate energies for both the 16- and 32-ply specimens,
both the top surface resistance and the oblique resistance
increased with each successive impact. During the tests
at the lowest energies, however, this was not always the
case. Some of the specimens exhibited percent increases
in resistance that either stayed constant or decreased be-
tween impacts. Each of the lowest energies also produced
a specimen that displayed a decrease in initial resistance,
one for the oblique resistance, the other for the top surface
resistance.

Based on the findings from both the single impact and
cumulative damage studies, the resistance method has had
a limited success at sensing impact damage in AS4/3501-6
laminate composite plate specimens due to very low initial
resistances of the composites tested.
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ABSTRACT
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Dynamic Mechanical Analysis
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Functionally graded materials (FGMs) are a new generation of engineered materials
wherein the micro-structural details are spatially varied through non-uniform distribution
of the reinforcement phase(s). The dynamic mechanical behavior and high-strain rate
response characteristics of a functionally graded material system consisting of vertically
aligned carbon nanotube ensembles grown on silicon wafer substrate (VACNT-Si) and
processed at various temperatures have been characterized. Flexural rigidity (storage
modulus) and the loss factor (damping) were measured with a dynamic mechanical ana-
lyzer in an oscillatory three-point bending mode. It was found that the functionally grad-
ed VACNT-Si processed at 770°C and 820°C exhibited higher damping without sacrific-
ing flexural rigidity. A Split-Hokinson Pressure Bar (SHPB) was used for determining the
dynamic response under high-strain rate compressive loading. It was again observed
that the VACNT-Si specimens processed at 770°C and 820°C showed a large increase
in specific energy absorption, compared with those processed at 720°C. Interfacial fric-
tion between individual VACNTSs, caused by their alignment/entanglements under cy-
clic deformation, is believed to be the primary energy dissipation mechanism for such
large improvement in loss factor (compared to base Silicon wafer substrate). The larger
height of VACNT forest depositions for specimens processed at 770°C and 820°C may
have caused more entanglements, as reflected in higher damping and specific energy
absorption. It appears that the optimal processing temperature may be around 770°C
for attaining the highest damping and specific energy absorption, in terms of height and
alignment/entanglement of the VACNTs grown on Si-wafer substrate.

© 2014 DEStech Publications, Inc. All rights reserved.

1. INTRODUCTION

introducing stiffness gradients through topological defects
and entanglements, is a novel concept which will be helpful

Various biological structures rely on an architecture simi-
lar to foam core sandwich structures that are strong, resil-
ient, light weight, and robust. Nanoparticle enhanced struc-
tures can exhibit both improved functionality and simplified
assembly using graded materials. Increasing the energy
dissipation characteristics of carbon nanotubes (CNTs), by

*Corresponding author. E-mail: meprm@olemiss.edu; Tel: (662) 915-5990;
Fax: (662) 915-1640

© 2014 DEStech Publications, Inc. All rights reserved.
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for designing light-weight blast and impact resistant protec-
tion systems. The controlled experimental characterization
of such hierarchical composite structures under high-strain
shock and impact loading would provide valuable insights
for designing structures to mitigate the effects of natural and
man-made disasters. Such a characterization of CNT based
materials has been carried out at high strain rates on resin
based composites [1,2], but this has not yet been reported for
a pure CNT forest on a silicon substrate.
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(shown at two different magnifications).

In the work reported here, straight vertically aligned car-
bon nanotube (VACNT) forests are grown on silicon wafer
substrates using the well established chemical vapor depo-
sition (CVD) approach [3,4]; the details of which are de-
scribed in an earlier paper by the authors [5]. The VACNT
forests used in this study are grown using m-xylene as a
source of carbon and ferrocene as the catalyst at various tem-
peratures; including 720, 770 and 820°C. Figure 1 shows
scanning electron micrographs of the VACNT forests grown
at these three temperatures, at two different magnifications.
It can clearly be observed that the vertical alignment increas-
es with process temperature. However, some variation in the
mechanical properties of these CNTs synthesized at differ-
ent temperatures may be expected due to thermal conditions
these VACNTs were exposed to during the synthesis process.
In the following sections, the effect of process parameters
on the dynamic modulus, damping and energy absorption of
such graded VACNT forest structures are presented.

2. EXPERIMENTS AND ANALYSIS
2.1. Dynamic Mechanical Analysis

The dynamic mechanical properties of pure Si wafer and
VACNT-Si [Figure 2(a) and (b) inset] processed at 720°C,
770°C and 820°C were analyzed with a TA Instruments
Model Q800 DMA [6,3]. The 6 mm (0.24 inches) wide, 0.4
mm (0.016 inches) thick and 55 mm (2.17 inches) long pure
silicon wafer rectangular beam specimen was processed in

Figure 1. Multiwall VACNT forests synthesized using the chemical vapor deposition approach grown at (a) 720°C, (b) 770°C, and (c) 820°C

10.0um

a similar way as the VACNT-Si specimens, except for the
introduction of carbon source and ferrocene. It was observed
that the height of VACNT forest ensembles (grown on one
side of the silicon wafer) was about 0.25 mm for the 720°C,
0.7 mm for 770°C and 0.6 mm for the 820°C processed sam-
ples. DMA tests were conducted using three-point oscilla-
tory bending mode for evaluating the dynamic modulus and
loss factor (damping) of both pure Si wafer and the VACNT-
Si specimens processed at 720°C, and 770°C and 820°C.

The specimens were simply supported on two free roller-
pins 50 mm apart and loaded by a fixed roller-pin from top at
mid-span of the specimen [Figure 2(a)]. The VACNTSs were
locally removed from the specimen-roller contact areas [Fig-
ure 2(b)], to eliminate localized crushing of VACNTSs during
the test. The DMA tests were conducted at 10 um amplitude
and 1 Hz oscillation frequency alone with temperature ramp
from ambient (30°C) to 120°C, at 2°C-min~' heating rate.
The dynamic mechanical parameters, such as storage modu-
lus (£"), loss modulus (£") and tan ¢ (damping loss factor,
ratio of £” to £') were estimated from the required amount of
force (F) and corresponding sample response-delay in phase
angle (0) according to the DMA stiffness model for a rectan-
gular cross-section specimen under three-point bending load
condition as given [8] in Equations (1)—(4):

E=K-G (H

k=L )
d
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r 6 tY

E'=FEcosd “4)

where E = elastic modulus, K = estimated stiffness, G = ge-
ometry factor, F' = measured force, d = pre-specified am-
plitude, L = length (half span), I = b#>/12 (area moment of
inertia of beam cross-section), b = beam width, 7 = thickness
and v = specimen Poisson’s ratio.

The DMA output data are influenced by the specimen
thickness and Poisson’s ratio inputs. Since loading and sup-
port pins were directly in contact with Si wafer surface for
both pure Si wafer and VACNT-Si specimens [Figure 2(b)],
the pure Si wafer thickness of 0.4 mm (0.016 inches) was
also used as the effective thickness for VACNT-Si speci-
mens. Due to non-availability of Poisson’s ratio for the

tropic pure silicon wafer [9] has been considered for both
pure Si wafer and the VACNT-Si DMA test specimens.

2.2. High-Strain Rate Testing

The high-strain rate testing of pure Si wafer and VACNT-Si
was conducted using a Split Hopkinson Pressure Bar (SHPB,
also known as Kolsky Bar). It is capable of testing materials
at high compressive strain rates typically ranging from 107 to
10* per second depending on the bar length and requirements
of stress equilibrium and constant strain rate [5,10].

The energy absorbing capacity of the specimen is defined
as the energy required for deforming a given specimen to a
specific strain [11]. The energy absorbed per unit volume up
to ultimate failure strain ¢, can be evaluated by integrating
the area under the stress (og,)-strain (g,) curve for each speci-
men as shown in Equation (5):

gu
VACNTS, in-plane Poisson’s ratio of v,, = 0.064 for ortho- 0= Io oyde, (%)
Loading frame
F
_ Roller support
— Specimen , :
@ [
Si wafer
3-point bending
clamp
F

@ O
Pre-load VACNT-Si

*‘Wmmmml;
]

Post-load VACNT-SIi

Figure 2. Experimental set-up for DMA testing; (a) sample in three-point bending at a prespecified 10 um amplitude and 1 Hz oscillation fre-
quency, and (b) energy dissipation caused by the entanglement of VACNTs on silicon wafer substrate during cyclic flexural deformation (Inset:

digital microscope image of VACNTs on silicon wafer substrate) [5].
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The diameter of the SHPB is 0.75 inches (19.05 mm), so
the maximum size of a square sample that can fit is 0.5 inch-
es (12.7 mm) on each side. In the current study layered spec-
imens that are a combination of soft and flexible (VACNTSs)
and very hard (Silicon) materials are investigated. The soft
VACNT forest layer requires the use of low impedance
bars made of materials such as aluminum or polycarbonate.
However, due to the hard silicon wafer substrate, there is an
increased possibility for bars made of these softer materials
to get scoured/dented, which necessitates the usage of harder
maraging steel bars.

The specimens need to be dimensioned such that the
thickness to side ratio (aspect ratio) is optimized for a good
response signal during SHPB testing. The aspect ratio of the
specimen controls the strain rate as well. The range for as-
pect ratios is different for soft materials and hard materials
[10,12]. For soft materials, the range of thickness/diameter
aspect ratio (for circular specimens) is between 0.25-0.5.
In the case of metals it is between 0.5-1.0 and for ceram-
ics it is between 1.0-2.0. There are other considerations as
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well, that depend on the specimen dimensions such as stress
equilibrium (thickness dependent), friction and radial inertia
(diameter dependent).

The VACNT-Si specimens were placed with the Si sub-
strate on the incident bar side and the VACNT coating facing
the transmission bar side. Glycerin was applied as couplant
between the Si substrate and the incident bar face. The trans-
mission bar was carefully placed in contact with the VACNT
forest layer surface without pre-compressing the forest layer.
The tests were conducted at constant force (as determined
by a reservoir pressure of 10 psi applied to the striker bar).
Since this is a new material system, geometry trials with
various specimen sizes were evaluated. Specific results for
square samples of approximate size 6 mm (0.24 inches) x
6 mm (0.24 inches) x 0.4 mm (0.016 inches) for the pure
Si-wafer and 6 mm (0.24 inches) x 6 mm (0.24 inches) x
1 mm (0.039 inches) for VACNT-Si are reported here. Three
specimens each of pure Si wafer and VACNT-Si processed
at 720°C, 770°C and 820°C were tested in compression and
the results analyzed.
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0.020 - = 150 4 e
€0 015 - - 3 ) ) -
' = 100
4 20
50010 A $ = G oat
= n Si wafer g 50 i wafer
0.005 - ——— —— VACNT-Si
0.000 T T T T T T T T 0 ! ! ! ! T T T T
30 40 50 60 70 30 90 100 110 120 30 40 50 60 70 30 50 100 110 120
Temperature ("C) Temperature ("C)
(a) (b)
0.040
0020 T —m——
w e — -
= 0.000 ¢ .
ot
20.020 51 wafer
—— VACNT-Si
-0.040
30 40 50 60 70 80 90 100 110 120
Temperature (°C)

(©)

Figure 3. Typical DMA results for three specimens each of pure Si wafer and VACNT-Si (processed at 820°C) analyzed over a temperature
range from ambient (30°C) to 120°C; (a) the required line force F at mid-span to achieve 10 um amplitude; (b) the ‘apparent’ storage modulus,

E'; and (c) associated damping loss factor, Tan é.
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3. RESULTS

Three specimens each of pure Si wafer and VACNT-Si for
each processing temperatures were tested in the DMA under
three-point oscillatory flexural load over a temperature range
from ambient temperature (30°C) to 120°C. The flexural ri-
gidity and damping of these specimens were investigated
in terms of the required force [F, line force at mid-span to
achieve 10 pm amplitude—Figure 3(a)], ‘apparent’ storage
modulus [E’, Figure 3(b)], and the damping loss factor [tan
0, ratio of dissipated energy to stored energy—Figure 3(c)].
As can be observed, these values remain constant over the
120°C test temperature range; without a demonstrated peak
of loss factor along with drop in storage modulus, which is
more typical for viscoelastic materials around their glass
transition temperature [2,7].

Both the required force and ‘apparent’ storage modulus
show a negligible drop for the VACNT-Si specimens, but
still within experimental scatter. This could perhaps be at-
tributed to some degradation and/or chemical erosion of
specimen surface during the growth of VACNTs at an el-
evated temperature. On the other hand, damping loss factor
(tan 0) shows a remarkable increase for the samples with
VACNTs grown on pure Si wafer [Figure 3(c)]. Interfacial
friction among the densely grown VACNTs when subjected
to flexural oscillations may be the contributing energy dissi-
pation mechanism which dictates the loss factor. Specimens
processed at 720°C, 770°C and 820°C show a similar trend
of dynamic response (Figure 4). However, the VACNT-Si
processed at 770°C and 820°C show higher damping loss
factor along with a large data scatter. As noted carlier, the
height of VACNTs processed at 770°C and 820°C were
about 0.7 mm and 0.6 mm respectively, which is larger than
that (~ 0.25 mm) of the VACNTS processed at 720°C. Also,
non-uniform height of VACNTs along the length of speci-
mens processed at 770°C could be a reason for this large
data scatter.

As mentioned previously, the combination of soft
VACNT forest layer with a hard silicon wafer presented
novel challenges for SHPB testing. The response of VACNT
forest layer is typical of an open-cell foam structure con-
sisting of well-arranged one-dimensional units [13]. Vari-
ous energy absorption mechanisms such as localized higher
mode buckling of VACNTSs under static compressive loading
and nano-indentation along with surface entanglement and
van der Waals interactions with neighboring nanotubes have
been reported in literature [14,15].

Even though the tests were conducted at a constant force
as mentioned earlier, due to the impedance mismatch at
the interface of the Si and VACNT layers in the VACNT-Si
specimens, higher amplitude reflected pulses (¢,) of longer
time duration are obtained, in comparison with pure Si wa-
fer specimens. Thus the specimen strains as well as strain
rates are also higher in comparison with the response of
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Figure 4. DMA results for three specimens each of pure Si wafer
and VACNT-Si processed at 720°C, 770°C and 820°C; (a) the re-
quired line force at mid-span to achieve 10 um amplitude; (b) the
‘apparent’ storage modulus, E’'; and (c) associated damping loss
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pure Si wafer specimens. However, it is observed that the
time duration of transmitted pulses (¢,) reduces proportion-
ately in order to satisfy energy conservation at the specimen-
bar interface. Thus higher stresses are obtained at smaller
strains in the case of VACNT-Si specimens. As a result, all
the VACNT-Si specimens show larger strains to failure, as
well as higher peak stress (Figures 5, 6 and 7), which trans-
lates into higher toughness and energy absorption capacity
in comparison with corresponding pure Si-wafer.

Since the nano-reinforced functionally graded material
systems are being developed for light weight structural ap-
plications; the specific energy absorption, given by the ratio
of energy absorbing capacity [Equation (5)] and the mass
density, is reported in Figures 8 and 9.

In case of specimens processed at 720°C, an average
increase of around 270% was observed in specific energy
absorption (kJ/kg) by VACNT-Si layered specimens in com-
parison with pure Si wafer (Figure 8), for the above men-
tioned strain rates. It was also observed that the VACNT-
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Si specimens achieved an average increase of around 30%
in the rate of specific energy absorption (GJ/kg-s), when
compared with the corresponding pure Si wafer (Figure 9).
For specimens processed at 770°C, an average increase of
around 600% was observed in specific energy absorption
(kJ/kg) by VACNT-Si layered specimens in comparison
with pure Si wafer specimens for the strain rates mentioned
above (Figure 8). It was also observed that the VACNT-Si
specimens achieved an average increase of around 95% in
the rate of specific energy absorption (GJ/kg-s), when com-
pared with the corresponding pure Si wafer (Figure 9). In
case of specimens processed at 820°C, an average increase
of around 260% in specific energy absorption (kJ/kg) was
observed for VACNT-Si layered specimens in comparison
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Figure 8. Specific energy absorption of pure Si-wafer and VACNT-

Si (processed at 720°C, 770°C and 820°C).
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with pure Si wafer specimens for the strain rates mentioned
above (Figure 8). Also, the VACNT-Si specimens achieved
an average increase of around 30% in the rate of specific
energy absorption (GJ/kg-s), when compared with the cor-
responding pure Si wafer (Figure 9). It appears that around
770°C may be the optimal processing temperature for attain-
ing the highest specific energy absorption, in terms of both
height and alignment/entanglement of the VACNTs.

4. CONCLUSIONS
The dynamic mechanical behavior of a functionally

graded material system consisting of vertically aligned car-
bon nanotube ensembles grown on a silicon wafer substrate
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Figure 9. Rate of specific energy absorption for pure Si-wafer and
VACNT-Si (processed at 720°C, 770°C and 820°C).
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(VACNT-SI) processed at 720°C, 770°C and 820°C has been
investigated. The functionally graded VACNT-Si exhibited
significantly higher damping than that showed by the pure
Si-wafer without sacrificing the flexural rigidity. Interfacial
friction between individual VACNTs caused by their en-
tanglements under cyclic deformation is believed to be the
primary energy dissipation mechanism for such a large im-
provement in loss factor. The VACNT-Si processed at 770°C
and 820°C demonstrated higher damping than the specimens
processed at 720°C, without sacrificing their flexural rigid-
ity. The larger height of VACNT ensemble deposition for the
770°C (0.7 mm) and 820°C (0.6 mm) processed specimens
could have resulted in this higher damping. In the case of
high-strain rate compressive loading, large increase in spe-
cific energy absorption as well as the rate of specific energy
absorption was observed for the VACNT-Si layered speci-
mens, compared with pure Si wafer.
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Investigating the Unrecovered Displacement of Glass Fibre Reinforced Polymers
Due to Manufacturing Conditions
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unrecoverable deformation

In this industrial case study, the effect of processing conditions on the cure progression
as well as the magnitude of creep strain due to storage/post-operations after de-mould-
ing was investigated via a wet lay-up manufacturing of a glass fibre reinforced polymer
(GFRP), commonly used in boat building. In addition, how the creep and the related
permanent deformation in its recovery stage can be prevented or controlled was a
focus of the study. Dynamic Mechanical Analysis (DMA) was used to monitor the creep
rate of test samples while a constant stress was applied to mimic the sagging condition
of GFRP parts during assembly stages. Differential Scanning Calorimetry (DSC) was
used to determine the degree of cure as well as the glass transition temperature (7,) at
different curing temperatures. A direct relationship was found between the curing and
the operating temperatures, and the unrecovered displacement seen in the final GFRP
part. The unrecovered displacement was hypothesized to occur mainly due to a combi-
nation of cure progression and creep during the manufacturing process. Namely, cure
progression results in the development of stiffness retaining the elastic deformation,
while creep can create irreversible viscous flow. The results obtained may be particu-
larly helpful to manufacturers of open moulded parts to prevent the costly consequence
from excessive recurring of parts after de-moulding.

© 2014 DEStech Publications, Inc. All rights reserved.

1. INTRODUCTION

progressive deformation under constant load [5] can occur
in viscoelastic materials and cause irreversible dimensional

Light weight, high specific stiffness/strength and lower
thermal expansion of Glass Fibre Reinforced Polymers
(GFRPs) have led to their widespread applications in many
industries including marine, automotive, sporting and civil
[1]. The time-temperature-cure dependent behaviour is an
important consideration in the design and analysis of struc-
tures made of FRP materials since polymer resins exhibit
thermo-viscoelastic behaviour [2], which has a major im-
pact on the effective mechanical behaviour of final parts [3].
This dependence is significantly affected by various condi-
tions (e.g., environmental conditions, processing time and
temperature, etc.) [4]. In addition, creep, a relatively slow,

*Corresponding author. E-mail: abbas.milani@ubc.ca

© 2014 DEStech Publications, Inc. All rights reserved.
doi:10.12783/issn.2168-4286/2.2/Milani

changes during manufacturing (e.g., undesired time-depen-
dent deformation in GFRP parts under their own weights
during assembly stages).

The present article is from a case study performed in the
recreational boat industry. Boats made of GFRP composites
are manufactured in two specific parts (deck and hull). Each
part is usually left on a storage rack after de-moulding and
before the boat is assembled and transferred. In this post-
moulding stage, the part may experience a load over a pe-
riod of time due to, for example, self-weight (sagging), or
external loads, and start deforming undesirably. Therefore,
creep could be a non-negligible contributing factor to the
process-induced deformation of such large GFRP parts [6].
Consequently, the hull and deck parts may not hold to the
pre-specified geometric tolerances to fit together, which in
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turn can cause considerable problems during assembly. The
extent to which the creep, as well as the associated perma-
nent deformation in its recovery stage, can be prevented or
controlled by processing conditions has been the focus of the
presented work via a set of designed experiments as follows.

2. EXPERIMENTAL PROCEDURE

Initially, wet lay-up technique was used to prepare a
plate sample (300 mm % 900 mm) consisting of three fibre-
glass mat layers and unsaturated polyester resin (Aropol®,
Ashland chemicals) initiated with 1.75% Luperox DDM-9
initiator for a total thickness of approximately 2 mm. This
laminate was left to cure past the gelation point, enough to
de-mould and then quickly transferred to a freezer to pre-
serve minimal cure. The fibre content of the fabricated com-
posite laminate was determined to be 48 + 0.35 wt% from
the resin burn-off experiment. 15 mm x 60 mm specimens
were cut from the master plate using a table saw. Six batches
of nine small specimens were placed into an environmental
chamber at 10, 20, 30, and 40°C for 180 minutes where a
cure plateau was reached for each batch. Then, each batch
was moved back to the freezer to preserve its final degree
of cure.

Two specimens from each specific conversion batch were
tested using a three-point bending clamp of a Dynamic Me-
chanical Analyzer (DMA-Q800). One temperature condition
imitated the summer ambient temperature (30°C) and the
second temperature condition imitated the winter condition
(10°C) on the manufacturing floor in Kelowna BC, Canada.
Three repeats per temperature (i.e., from each batch) were
performed. The DMA was used to monitor the creep rate of
each test sample while a constant stress is applied, following
ASTM D2990. In order to properly capture the creep behav-
iour of the material, a corresponding relaxation period of 30
minutes was applied after the loading. Then, the load was
removed and the recovery behavior of the samples was mon-
itored. The magnitude of applied force (1.2 N) was chosen
based on self-weight and the second moments of area scaled
from an industrial part to induce the maximum normal stress
equivalent to that during part storage.

The degree of cure of each testing condition was analyzed
using Differential Scanning Calorimetry (DSC-Q2000, TA
Instruments). This was conducted by comparing the resid-
ual heat of reaction evolved from the sample (AH, 4.1 tO
the total heat of reaction of completely uncured raw resin
(AHTota]) [Degree of cure =1 — AHresidual/AI_ITotal] [7]

3. RESULTS AND DISCUSSION

The creep representative curves of the GFRP laminates,
depicting the change in displacement over time under the
specified operating temperature and loading conditions (Fig-
ure 1), confirmed that creep for the given material is tem-

perature-dependent. Additionally, for the same part, cured at
20°C, there is an increase in the creep displacement at the
higher temperature; for example when the post-moulding
operation or in-service loading is applied in summer. This is
because of a temperature increase during the storage period
after de-moulding leading to a greater degree of the poly-
mer chains mobility by means of a higher molecular kinetic
energy. In addition, the material becomes softer and flows
more readily at higher temperatures, owing to the greater in-
fluence of the viscous component of partially cured resin. On
the other hand, at a given operating temperature, the creep-
induced displacement magnitude after de-moulding is seen
to considerably decrease by increasing the curing tempera-
ture of the resin during the moulding process [Figure 1(b)].
Figure 2(a) shows representative DSC thermographs. The
heat of reaction was significantly smaller for the partially
cured samples compared to that of the raw resin. There was
also a sequential reduction in the heat of reaction as the cur-
ing temperature increased due to a progressive increase in
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Figure 1. Representative curves illustrating the behaviour of the
specimens under creep test using DMA at different operating (DMA)
temperatures but the same cure state (a), and same operating
(DMA) temperature but different curing temperatures (b). Total and
unrecovered displacements was higher at the higher operating tem-
perature (30°C) compared to the lower operating temperature (10°C)
at a constant curing state. An increase in the curing temperature
resulted in considerable reduction in total and unrecovered displace-
ments at a constant operating temperature.
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Figure 2. (a) Representative DSC thermographs illustrating the
exothermic curing reaction for different resin samples pre-cured at
10, 20, 30 and 40°C, as well as the raw resin. The significant reduc-
tion in the heat of reaction of the pre-cured samples compared to the
raw resin indicated the increase in the degree of cure as the curing
temperature increased. (b) Curing temperature (T,), and glass tran-
sition temperature (T,) versus degree of cure. As can be seen, the
degree of cure increased by increasing the curing temperature. A
linear correlation between T, Tg and degree of cure was observed.
It was found that an approximately 25°C temperature difference
between T, and T, existed once cure progression had stopped for
all the curing temperatures (adapted from [9]). (Note: T, of -67°C,
which is the T, of the raw resin (degree of cure = 0), has been con-
sidered in the plot.).

the initial cure extent, and hence, less un-reacted resin mate-
rial was available to participate in the curing reaction during
the DSC heating cycle (4°C/min). There was a linear cor-
relation between T, and T, as well as each with the degree
of cure [Figure 2(b)]; e.g., the degree of cure increased by
increasing the curing temperature 7; similarly there was an
increase in the glass transition temperature 7, as the cure
progressed. Interestingly, there was almost a constant differ-
ence (about 25°C) between T, and 7}, at each degree of cure.
This temperature difference is a critical practical thresh-
old value and specific to each given resin type [8]. It has
been acknowledged that cure predominately stops when:
T, — T, = critical value; for a given steady cure state, rais-
ing 7, will lower T, — T, below the critical value and cure

can then continue and raise 7,. As the curing temperature
was increased from 10°C to 40°C, a statistically significant
reduction in the unrecovered displacement was observed un-
der a given operation temperature [Figure 3(a)]. Also, there
was a statistically significant reduction in the unrecovered
displacement at lower operating temperature, given the same
initial curing temperature.

Figure 3(b) shows unrecovered creep displacement val-
ues plotted versus T, — Toperation (Where Topergion NOW re-
places T, as the new temperature due to the DMA condition;
i.e., post-moulding operation temperature). It was found that
both the initial curing temperature, which directly alters 7,
right before de-moulding, and the operating temperature in-
fluencing the creep displacement, affect 7, — Teraiion and
result in a concomitant reduction in the unrecovered (per-
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Figure 3. (a) Unrecovered displacement dependencies on curing
temperature upon load removal. There were statistically significant
differences between all pairs of sample means with a significance
level of p < 0.05 according to Paired t-test. (b) Unrecovered displace-
ment dependency on Ty — Toperaiion- Final unrecovered displacement
was dependent on both curing temperature (affecting T,) and oper-
ating temperature. There was a continuous reduction in the unre-
covered displacement as the Ty — Toperaiion increased; hence, both
curing and operating temperatures contribute to the unrecovered
displacement (Adapted from [9]).
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manent) displacement; i.e., if parts are not cured enough in
the mould, then 7, will be too low before de-moulding. In
this case, parts that are stored after de-moulding, then trans-
ported or generally operated at high temperatures, may get
too close to 7, and become soft enough to undergo a notable
deformation under a given load. Therefore, in manufactur-
ing of composite parts, transportation, storage and operating
temperatures of the parts must be considered based on the 7,
of the parts dictated by the curing temperature. In addition,
when T, — Tiypcration 1S lower than the critical value, for exam-
ple at low 7, and high operating temperature, cure can still
progress. Consequently, the elasticity of the part increases
and the elastic displacement that had occurred upon loading
will not be fully recoverable.

4. CONCLUSIONS

A direct relationship between the curing, glass transition,
as well as operating temperatures and the unrecovered dis-
placement that may occur during transportation, storage or
operation of composite parts was found. It was hypothesized
that this unrecovered displacement was mostly attributed to
a combination of cure progression and creep which results
in a partial recovery of the total displacement. Cure progres-
sion leads to the development of stiffness that retains the
elasticity, while creep can cause irreversible viscous flow.
Consequently, undesired dimensional changes occur when
the part is removed from the mould after partial curing and
transported or stored at a temperature that is close enough
to the T, of the part. Therefore, the part is softened to the
point at which has the potential to undergo creep under the
applied loads; e.g., its own weight when stored on a storage
structure. It was also found that there is about 25°C differ-
ence between the curing temperature and the resulting 7, (in
the case of Aropol® unsaturated polyester resin used in the
case study). The part has the potential to become soft and
also to further cure and change the 7, at temperatures within
this window. Thus, the operation and storage temperatures
should be ideally low enough, compared to the curing tem-
perature, to make sure that the part neither further cures, nor
exhibit a notable viscous behaviour.
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This paper summarizes the ballistic considerations of a general project concerning the
protection against the threats associated with improvised explosive devices (IEDs).
IEDs generate two kinds of threats: blast and fragments. One possible protection com-
bines a ballistic textile (Kevlar®) to stop the fragments and a crushable material (Crush-
mat®) for absorbing the blast. In order to properly develop an optimized protection, the
different materials were tested separately before combining them. Numerical models
were also developed with DYNAFAB® and LS-DYNA® in order to determine and op-
timize the relevant design parameters. Good correlations were obtained between the
models and the experiments. The investigated combined protection system could serve
as an interesting basis against more general terrorist threats like fragmentation bombs.
The evolution of computer resources will allow modeling such complex assemblies of
materials with more details and reduce the calculation time.

© 2014 DEStech Publications, Inc. All rights reserved.

1. INTRODUCTION

The use of fabric armor in certain ballistic applications is
increasingly preferred over conventional rigid metal armor
systems because of its superior strength-to-weight ratio and
flexibility. To date, the design and development of such fab-
ric armor systems have largely been approached empirically.
Impact tests and empirical quantities such as V50 are used
primarily as gauges to benchmark the ballistic performance
of different materials. Research on dynamic behavior of tex-
tile materials under impact is a relatively new area of inter-
est. As the need to manufacture a light and effective personal
protective system grows, the need to develop an accurate
and robust design tool increases.

Many efforts have been directed in the past to study the
dynamic behavior of textile materials under impact. Initially,
most of the studies focused on mathematical modeling of
single yarns, which are the main constituents of fabrics, un-

*Corresponding author. E-mail: lionel.gilson@rma.ac.be, Tel : +32 2 742 6420,
Fax : +32 2 742 6412

© 2014 DEStech Publications, Inc. All rights reserved.
doi:10.12783/issn.2168-4286/2.2/Gilson

der transverse impact [1-4]. Analytical models were devel-
oped from the knowledge obtained during the study of single
yarns to predict the behavior of fabrics under impact [4-6].
Due to the geometrical complexity of a fabric, many of the
analytical solutions failed to capture the response of a fabric
with an acceptable accuracy. The introduction of personal
computers guided many researchers toward simulating the
impact using numerical models [7-22]. Different models
were suggested, but due to lack of experimental knowledge,
none of them has been properly verified. Most of the experi-
mental studies are limited to measuring the striking and re-
sidual velocity of the projectile, without providing any data
during the impact event. Photographic investigations are
also performed to visualize the deformation characteristics
of a fabric during impact, which provide a limited set of data
for the displacements within the impact duration. However,
there has always been a desire to capture the on-going re-
sponse of the target and projectile deceleration during the
impact.

Moreover, in a lot of practical applications, it is necessary
to combine an anti-blast protection with a ballistic protection
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when the threat is, for example, an improvised explosive de-
vice (IED) which generates not only fragments but also a
blast wave. The effects of the latter must be decreased in
order to protect the person or structure. Cellular and granular
materials are usually used against explosion effects. Howev-
er, there is little quantitative knowledge about the dynamic
behavior of these materials and, before integrating such an
anti-blast material into a protection, studies on the perfor-
mance of these materials are essential. Although a thorough,
quantitative understanding of all the mechanisms that occur
during ballistic impact into fabrics and compliant laminates,
and blast absorption by cellular materials does not exist yet,
much has been learned through experimental observations
and analysis of modeling efforts.

The aim of this project is to study how a protective struc-
ture made of an anti-blast material and a textile based bal-
listic protective material will be able to resist ballistic im-
pact (the problem of the blast wave will not be discussed
here). Different materials and configurations will be tested
by real experiments or evaluated using numerical methods.
The work hence aims to obtain a better understanding of the
mechanisms improving the capability of the combined pro-
tection (blast and impact threats) to stop an incoming pro-
jectile. This paper describes the development of a combined
protection in three separate steps for the two best materials
studied in the framework of this research.

2. FIRST STEP: THE TEXTILE

2.1. Experimental

In order to test the resistance of the fabric against ballistic

(7) additional lighting.

Figure 1. Experimental setup: (1) gas gun, (2) Doppler radar, (3) optical basis, (4) Radar 26 GHz, (5) tested sample, (6) high speed camera,

impact, several tests were performed on textile layers of 40
x 40 cm. The experimental set-up consists of a 10 GHz Dop-
pler radar, a 26 GHz Doppler radar, a high speed camera and
a double optical basis. Projectiles are 6.5 mm steel balls that
showed no deformation after impact. Figure 1 summarises
the configuration of the experimental set up used for the
tests.

The originality of these tests is the measurement of the
evolution of the projectile speed during penetration of the
target using the 26 GHz Doppler radar. Next to this, the
high-speed camera allows observing the impact time, the de-
formation history of the cone created during impact and pen-
etration of the projectile, and, when perforation occurs, the
perforation time. The 10 GHz Doppler radar measures the
projectile velocity before impact. The optical basis is used
as a trigger for the measurement system and a double-check
for the 10 GHz Doppler radar.

2.2. Modeling

The rapid development and great variety of textile ma-
terials on the market have promoted experimental research
about their impact performances [12,23]. However, these
experimental approaches are often complicated because of
the high-speed phenomenon. These tests often give only
information about apparent characteristics like projectile
displacement or impact and residual velocity. The main ad-
vantage of numerical simulations is the possibility for de-
scription and observation of failure mechanisms.

Several ways can be used to perform impact simulations
of textile materials. Duan et al. [24] developed a textile mod-
el based on woven solid elements. Such a model is able to
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span width

thickness

Figure 2. Micrograph of a typical section of Keviar® and the relevant
dimensions of such a structure [14].

describe the impact response of textile materials for different
projectile velocities [25]. Other models consider the textile
as a homogenous bi-dimensional shell. This is the case e.g.
of Roylance et al [5] and Shim et al. [26]. Finally, a hybrid
method between the two aforementioned exists too. This is
the hybrid element analysis as described by Nilakantan and
Rao [14,27].

For the applications considered here, the full woven solid
approach was preferred because of its precision especially at
the impact point during penetration and perforation. All the
modelled fabrics are generated with DYNAFAB® [16] and
imported into LS-PrePost®.

DYNAFAB® is interesting because it allows generating
geometries and meshes for textiles in a fairly simple way
before importing them in LS-PrePost®. The geometries of
the yarns can be easily obtained by microscopic measure-
ments of the typical dimensions of the yarns in the consid-
ered fabric (Figure 2). Table 1 summarizes the dimensions of
the Kevlar® fabric that was used in this study.

The boundary conditions must be carefully selected. Ide-
ally, these boundary conditions have to mimic these of the
experiments. However, if the available boundary conditions
are free edge or full blocked edge, the model is not represen-
tative since in reality, a textile material can never be perfect-
ly fixed in a frame. When an edge is fixed, a perfect fixing or
clamping of the edge in the frame during the experiments is
hence implicitly assumed. In the tests and simulations per-
formed for this research, two edges were fixed (upper and
lower), while the two other are free. For the numerical simu-
lations an impact at the center of the fabric by a rigid spheri-
cal projectile is considered. The symmetry of this configura-
tion allows reducing the size of the model and to model only
a quarter of the structure (Figure 3). The square fabric model
has edges with a length of 20 cm. However, for such a geom-
etry and meshing, the quantity of data is too high and needs
to be simplified. The size of the modeled tissue was reduced
to 25 mm. A simple elastic material model with erosion was

Table 1. Geometrical Properties of the Keviar® used
for the Tests and Simulations.

Kevlar® dimensions (mm)

Warp Weft
Width  Span  Thickness Width  Span Thickness
1113 1.203 0.244 1.228 1.195 0.209

Figure 3. View of the fully woven solid element model with the sym-
metry for one layer of Kevlar® generated with DYNAFAB® and im-
ported in LS-PrePost®.

used to represent the properties of Kevlar® (p = 1310 kg/m?,
E =62 GPaand g,,,,, = 2.3 GPa) [14,25].

The model needs to be completed with a correct con-
tact definition. For the simple impact problem, an AUTO-
MATIC-SURFACE-TO-SURFACE contact was used. In
LS-PrePost®, contacts are important because they allow the
definition of the frictional coefficients. For this first step, the
value of the frictional coefficient is not very important but
needs to be greater than zero because of the spherical shape
of the projectile. Indeed, with a zero value of this coefficient,
a spherical projectile would slip between the yarns of the
target without any rupture of fibers during its penetration,
which is not realistic. A low frictional static and dynamic
coefficient (0.2) was used. The literature often mentions
values between 0 and 0.5 for the friction between projectile
and textile materials [9,12]. This parameter becomes more
important when the final models are considered (see section
4.2). The comparison between the experiments and different
models showed good accordance and is extensively devel-
oped in [22].

3. SECOND STEP: THE CRUSHABLE MATERIAL
3.1. Experimental

Ballistic impact tests have been conducted on different
samples of granular materials. Mainly Crushmat® and ver-
miculite were tested because of their interesting properties
in terms of weight and blast absorption efficiency. In these
tests, a 5.56 mm steel ball is fired at about 1200 m/s against
samples of Crushmat® (section of 15 x 15 ¢cm). Two sample
thicknesses are tested for Crushmat® (3 cm and 18 cm) while
the thickness of the vermiculite sample was 12 cm. Entry
and exit projectile velocities are measured thanks to a Dop-
pler radar. The velocity drop of the projectile in the air is
considered negligible between the measurement bases and
the impact as well as after the exit from the sample. Wit-
ness sheets have also been placed in the samples in order to
measure the velocity decrease during penetration. Figure 4
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9)
Figure 4. Overview of the setup: (1) gun, (2) optical basis as trigger
of the whole measurement system, (3) optical basis to measure re-
sidual velocity after perforation, (4) tested sample, (5) trigger screens
to measure velocity decrease during penetration, (6) acquisition data
system for trigger screens, (7) Crushmat®, (8) Doppler radar to mea-
sure the impact velocity, (9) high-speed camera.

shows the setup for these tests. The results of the tests are
summarized in Figure 5.

Comparing vermiculite and Crushmat®, Crushmat® of-
fered the best ballistic protection. Therefore, the following
modelling efforts were concentrated on this material.

3.2. Modeling
LS-DYNA® simulations are conducted in order to model

the behavior of granular materials subjected to the impact of
spherical rigid projectiles. The approach chosen was a simu-

-

Figure 6. Simulation of the impact of a rigid sphere on Crushmat®
(thickness: 12 cm).

lation based on Smooth Particles Hydrodynamics (SPH)
because SPH particles can be considered as granulates and
could thus be appropriate for granular material modeling.
The same symmetry as for the textiles was exploited. The
projectile is defined as a Lagrangian rigid body. As the SPH
simulation is heavier than running a Lagrangian model, the
initial front face of 15 x 15 cm is limited to a 4 x 4 cm
square. The thicknesses considered were 3, 6, 9, 12, 15 and
18 cm. The particle density is set to 600 and the standard
mesh is composed by 40 x 40 x 30 (or 60, 90, 120, 150,
and 180) particles (1 mm spacing between particles). For the
contact definition between the projectile and the SPH part,
an AUTOMATIC-NODE-TO-SURFACE CONTACT was
chosen. For this model, an important consideration is the
friction between the objects. Static and dynamic frictional
coefficients were set to 1.9 (close to the maximum value per-
mitted by LS-DYNA®) which gave the best fit between ex-
perimental and numerical residual velocities. Figure 6 shows

1400
—4— Vermiculite, medium (18cm)
—@— Vermiculite, fine (12cm)
1200 —&— CRUSHMAT (3cm)
—i— CRUSHMAT (18cm)
1000 e
——bloc 12 cm
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Figure 5. Velocity decrease in granular materials.
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Figure 7. Experimental and numerical evolution of the projectile velocity as a function of the penetration depth in Crushmat®.

such a model for 12 cm of Crushmat®. The Crushmat® was
represented by a porous material model having a density of
600 kg/m* (MAT _NULL card in LS-DYNA®).

4. THIRD STEP: COMBINED PROTECTION
4.1. Experimental

Rigid steel balls of 5.56 mm and 0.7 g were launched
with a Sabre cannon caliber .308 using Remington .308
magnum accelerator ammunition equipped with a sabot.
The velocity of the projectile is controlled by varying the
powder mass in the cartridges. The velocity of the projec-
tile before impact, during penetration and after perforation
was measured by a combination of different instruments
as presented in Figure 4. The sample is made of cylindri-
cal tubes of different lengths (3, 6, 9, 12, 15 cm) which
can contain different quantities of granulates and trigger
screens for measuring the perforation time and, by com-
bining the results for different triggers screens, the veloc-
ity decrease of the projectile in between two sequential
screens. Kevlar® layers are inserted at the front and at the
back of the tube (1, 2 or 3 layers in front and 2, 3 or 5 layers
at the back), as shown in Figure 8.

4.2. Modeling

The numerical model (Figure 9) was developed with LS-
PrePost®. The Kevlar® was modeled in the same way as de-
scribed in section 2.2. The Crushmat® was represented as
described in section 3.2.

An AUTOMATIC-SURFACE-TO-SURFACE contact

was chosen to model the contacts between the different La-
grangian solids. For the contact between the SPH nodes and
the Lagrangian solids a NODE-TO-SURFACE contact was
chosen. The friction between the different materials is espe-
cially important when considering bodies in contact with the
Crushmat® material. This can be seen in Figure 10, where
one can observe a great pull-out of yarns from the Kevlar®
layers at the back of the protection.

In order to take into account this high friction due to the
presence of pulverized Crushmat® particles in the sample, a

Figure 8. Target system, composed of a tube filled with granu-
lar material, textile layers at the front and at the back, and trigger
screens in between.
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Figure 9. Numerical model of sphere impact on Keviar® (one layer in front and five at the back) and 3 cm Crushmat®.

high frictional coefficient was chosen in the simulations (set
to 1.9). Some parts represented by Lagrangian solids in the
simulations are however not in contact with this pulverized
Crushmat® (for example the front layer of Kevlar® when
impacted by the projectile). Accordingly, the frictional coef-
ficient is set to 0.2 as described in section 2.2.

Figure 11 shows a comparison between experimental
results and the simulations showing reasonable agreement
in terms of residual velocities. However, more detailed
studies should be realized in order to take into account of
the statistical nature of the ballistic phenomena and for a
refinement of the different parameters of the used material
models.

Moreover, Figure 11 shows that the residual velocity is
generally substantially larger in the case of five Kevlar® lay-
ers at the back of the sample, than for three Kevlar® layers.
This result seems counterintuitive, but both the experiments
and the simulations exhibit the same phenomenon. Future
work will focus on this.

5. CONCLUSION

The aim of this work is to investigate on possible new
approaches to develop a combined protection system against
threats generating both blast effects and fragments. A spe-
cific combination of two materials was selected in the frame-
work of this project, which should be able to absorb both
these threats: a ballistic textile (Kevlar®) against fragments
and a granular material (Crushmat®) against blast. By com-
bining these materials, synergies might exist e.g. the contri-
bution of the blast-absorbing material to an increased decel-
eration of the fragments (represented by the steel balls). A
suitable experimental setup was developed in order to test
these materials both separately and combined into a single
system. These experiments allowed observing the different
phenomena during the penetration and perforation processes
of the targets. The most relevant information coming from
the experiments are the effects of the friction on the decel-
eration of the projectile during penetration and the increased

Figure 10. lllustration of the importance of the friction between the pulverized Crushmat® material and the spheres—Increased yarn pull-out
and retention effect on the projectile.



Experimental Ballistic Response and Modeling of Compound Structures Based on Textile Fabrics 111

800
= #= Tests with 1 Kevlar layer in front and 3 at the back
- A= Tests with 1 Kevlar layer in front and 5 at the back
700 ~ —&— Models with 1 Kevlar layer in front and 3 at the back
®. Te —&— Models with 1 Kevlar layer in front and 5 at the back

» 600 - el T
E ¢
2
‘s 500 4
o
[
>
© 400 - x
=1 . .
s RN
g R
o2 300 - R

200 - oA

L 4
1 00 T T T T T T
2 3 4 5 6 7 8 9 10

Crushmat Thickness (cm)
Figure 11. Comparison between experimental results (one shot for each sample) and simulations of the performance of the combined protective

structures (Keviar® and Crushmat®).

yarn pull-out effect by the presence of the granulate mate-
rial when complete perforation occurs. Corresponding nu-
merical models were developed with LS-DYNA® in order
to mimic the tests and to identify the relevant parameters. A
more statistical ballistic study of such combined protections
is however deemed to be necessary in order to take into ac-
count the strong statistical nature of the ballistic impact phe-
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