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Owing to the opaque nature of the laminated structures, traditional high-
speed optical camera cannot be used to detect the dynamic process of sub-
surface deformation. In this article, we report a study of using high speed X-
ray imaging to study the high strain rate deformation in laminated Al struc-
tures. We used a Kolsky bar apparatus to apply dynamic compression and a
high-speed synchrotron X-ray phase contrast imaging (PCI) setup to conduct
the in situ X-ray imaging study. The in situ X-ray imaging captures the shock
wave propagation in the laminated structures. After shock compression, we
characterized the microstructures by using transmission electron microscopy
(TEM), which demonstrates an increase of dislocation density. The micro-
pillar compression tests show that the yield strength at 0.2% offset of lami-
nated Al-graphene composite has a significant increase of 67%, from 30 to
50 MPa, compared to laminate Al after shock loading.

INTRODUCTION

Next-generation structural, energy, and defense
materials need to withstand mechanical extremes,
such as shock compression, without failure.1 Shock
compression occurs in a wide variety of situations,
including high-speed automobile and aircraft colli-
sions, explosive welding, armor penetration, meteor
impacts, interstellar dust–dust collisions, and inertial
confinement fusion.2 All of these situations rely on

material performance as critical to safety and sur-
vival. Different experimental techniques, such as
quasi-static measurements, shock compression, and
quasi-isentropic compression, have been applied to
study the aforementioned experimental conditions.
Recently, experimental techniques enabling shock
compression using Kolsky bar have generated grow-
ing interest.3–17

The state-of-the-art techniques utilize high density
of interfaces in nanolaminate metals to withstand
shock compression.18 A paradox to enhancing the
penetration resistance under shock loading is that the
interfaces should be weak and strong simultane-
ously.19 On one hand, a weak interface can weaken
shock waves because of their high shock wave
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resistance, while the interfaces may be destroyed
when a shock wave passes them. On the other, strong
interfaces can constrain the propagation of disloca-
tions and heal the materials, while shock waves with
high frequencies can coherently pass them. These
shock-induced microstructural changes in metals
have been correlated with variations in the post-shock
mechanical properties, leading to increases in both the
hardness and reload yield strength.20

In this report, the Kolsky bar was used to apply
shock compression in laminated Al-graphene compos-
ites, which were assembled by transferring single
layer graphene between Al sheets. Graphene is a
planar monolayer of carbon arranged as a two-dimen-
sional (2D) lattice with ultra-large specific surface
area ratio (2600 m2/g) and the highest known Young’s
modulus with only a single atomic layer of carbon
atoms arranged in two dimensions with a sp2 bonding
configuration.21,22 High-speed X-ray imaging was
applied to observe the shock wave propagation inside
the laminated Al structures. After shock compression,
the microstructure in Al sheets was studied by high-
resolution transmission electron microscopy (TEM),
which showed high density of dislocations generated
in the cross section. The mechanical properties were
characterized by micro-pillar compression.

MATERIALS AND METHODS

Laminated Al-Graphene Composite Sample
Preparation

The aluminum/graphene laminate composites
were fabricated by inserting an alternate graphene
layer as a reinforcement layer to the aluminum foils
and with subsequent application of a pressure per-
pendicular to the plane of the layers. High-purity
aluminum foil [thickness 25 lm (Alfa Aesar, product
number 10558, 99.45% metal basis)] was used as the
metal matrix, and a chemical vapor deposited single
layer graphene (originally on copper foil, Graphene
supermarket) was used as the atomic membrane
between aluminum foil. Both the aluminum foil and
the copper/graphene were punched into circular
shapes. Copper was etched using a copper etchant
as used in the standard graphene transfer process.
Then, the graphene was carefully transferred onto
the aluminum disc in such a way that it was perfectly
aligned onto its surface without any visible wrinkles
and folds. A total of nine such aluminum discs were
coated each with a transferred graphene layer. Then,
the whole stack with another top aluminum foil was
filled into a ring-shaped mold and was hot pressed at
300 �C with a pressure of � 20 MPa. After releasing
the pressure, the laminated aluminum-graphene
composites were used as experimental samples.

In Situ X-ray Imaging Setup

The high-speed X-ray imaging experiments were
conducted at the beam line 32-ID-B, Advanced
Photon Source (APS), Argonne National Laboratory.

The setup of the in situ X-ray imaging is schemat-
ically shown in Fig. 1. The fundamental energy of
the X-rays was centered at 25.0 keV. The size of the
X-ray beam on the sample was 2.56 mm * 1.5 mm
with an intensity of 1.4 * 1016 photons/s/mm2/0.1%
BW. The process dynamics was recorded at 5 MHz
frame rate with a Shimadzu HPV-X2 high-speed
camera. Appropriate time delays need to be cali-
brated prior to the experiments to synchronize the
camera with the start of the loading and passing of
the X-rays through the specimen to capture the
event. The resolution of the imaging system was
estimated to be 6.4 lm/pixel, and the frame size was
100,000 pixels (400 * 250 pixels).

Kolsky Compression Bar

A Kolsky bar, with normal high strain rates (102–
105 s�1), was used to apply the dynamic loading.
The Kolsky bar used in this report is composed of a
striker bar (diameter = 12.7 mm, length = 76 mm)
and incident bar (diameter = 12.7 mm, length =
1372 mm), both manufactured from a high-

strength steel alloy (Vascomax 300 maraging steel).

Microstructure Characterization

TEM specimens of cross sections were prepared
by FIB lifting-out. The preparations were performed
by using FEI Helios 660 dual-beam system. The
thin foils were cut by using Ga + with a voltage of
30 kV and currents from 15 nA to 50 pA. To remove
a possible damage layer, the surfaces of specimens
were polished by using Ga+ with a voltage of 5 kV
and currents of 3.2 nA. The structural characteri-
zation was conducted using FEI Tecnai Osiris
transmission electron microscope operated at
200 kV.

Mechanical Properties Characterization

The micro-pillars were prepared on the sample
before and after shock loading. FEI Helios 660 dual-
beam system was used in the preparation process.
The micro-pillars have a diameter of 5 lm and
height of 10 lm. In situ compression tests were
conducted on the pillars by using Hysitron PI85
PicoIndenter in FEI Helios 660 dual-beam system.
The strain rate was set to 10�3 s�1.

RESULTS

The behaviors of the Al-graphene composites
under shock compression were studied in repeated
experimental conditions. The high-speed image
sequences of a representative experiment are shown
in Fig. 2. The dashed curves indicate the location of
the plastic shock wave front at a specific time. The
shock loading was initiated from the left side of the
sample by the Kolsky compression bar, and the
plastic shock wave propagated along the shock
direction until it hit the right boundary of the
sample. The in situ X-ray study captured the shock
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wave propagation in the cross section of laminated
Al-graphene composite (Fig. 2a). The plastic wave
propagation (Fig. 2b-c), reflection (Fig. 2d), and
final compressed sample (Fig. 2e) are clearly
observed by in situ X-ray imaging. Figure 2d shows
that the wave was reflected for a short distance
before the sample was fully compressed. The aver-
age speed of the plastic wave was calculated as
around 38.85 m/s.

After shock loading, the microstructure of the Al
was characterized by using TEM. The bright-field
image of the sample without shocking is shown in
Fig. 3 a. The specimen was extracted from the
surface of the sample. This specimen contained the
material from surface to the area with a depth of
10 lm. There was no grain boundary within the
specimen. The diffraction pattern, as shown in
Fig. 3b, was taken from< 110> axis. This pattern

Fig. 1. In situ gas gun compression setup. Specimen contains ten layers of aluminum foils. One single layer of graphene was transferred on the
surface of each aluminum foil.

Fig. 2. High speed in situ X-ray imaging of Al-graphene composites under shock compression test. (a) Initial status, (b-d) shock wave
propagation, (e) further compression, and (f) final compressed sample.

Fig. 3. (a) TEM bright-field image of sample before shocking
experiment. (b) Selected area electron diffraction pattern of the
specimen in (a).
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was consistent with a standard pattern of an FCC
structure, which indicates that this specimen was a
single crystal.

The microstructure of the gas gun-shocked Al-
graphene composite was also characterized. Fig-
ure 4a shows a bright-field image of the shocked
sample. Many grain boundaries were observed in
this specimen. A grain boundary was magnified,
and HRTEM images are shown in Fig. 4b and 4c.
Their FFT pattern is shown in Fig. 4d. From this
pattern, two sets of< 110 > patterns were
observed with small orientation differences.

Comparing the TEM image of the sample before
and after shocking, there is little contrast in the
sample before shocking, and there are strips in the
shocked sample. The uniform image of the sample
without shocking indicates the low dislocation den-
sity and large grains. The strips in the shocked
sample are small elongated grains. The dark region
in these grains suggests that there are more dislo-
cations. The misorientation between grains was
relatively small. Considering the fact that these
grains were formed during shocking, these low-
angle grain boundaries might be produced by the
accumulation of dislocations.

The micro-pillars were prepared on the sample
before and after shock loading. The image of micro-
pillar after preparation is shown in Fig. 5a, c for

unshocked and shocked samples, respectively. The
micro-pillars have a diameter of 5 lm and height of
10 lm. The in situ compression tests were per-
formed on these micro-pillars. Figure 5b, d shows
the micro-pillars after compression tests. For
unshocked micro-pillar, slip mainly occured on one
plane. The activation of slip systems was controlled
by Schmid’s factor since the Al micro-pillar is a
single crystal. It is reasonable that only one slip
system has a large Schmid’s factor and was acti-
vated. For the polycrystalline shocked pillar, mul-
tiple slip traces appeared on the surface of the
shocked pillar because different grains have differ-
ent favored slip systems.

The engineering stress–strain curves of compres-
sion tests are presented in Fig. 6. The curves
showed that the yield strengths at 0.2% were
30 MPa and 50 MPa for unshocked and shocked
samples, respectively. The yield strength of the
shocked sample was 67% higher than that of the
untreated sample. The untreated micro-pillar was
compressed to a strain of 6.8% with a stress of
52 MPa. The stress in the shocked micro-pillar at
the same strain level was 72 MPa. The maximum
strain of the shocked pillar was 14.3% with a stress
of 84 MPa. More load drops occurred during the
compression test of the unshocked sample.

Fig. 4. (a) TEM bright-field image of sample after shocking experiment. (b) Magnified bright-field image of the area in red box, showing grain
boundaries. (c) HRTEM image of a segment of grain boundary in (b). (d) FFT patten of the HRTEM image in (c) (Color figure online).
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CONCLUSION

The response of laminated Al-graphene composite
under gas gun shock loading was revealed by high-
speed dynamic X-ray imaging. The shock wave
propagation in the laminated structures was
observed, and the shock wave speed was calculated
from these images. The microstructure, such as
dislocation, after shock loading showed a high
dislocation owing to the high strain rate deforma-
tion. The mechanical properties, which were char-
acterized by micro-pillar compression, of Al-
graphene composites are significantly improved
after shock loading. The ultimate stress and strain

for untreated Al-graphene composite were mea-
sured as 52 MPa and 6.8%, while the ultimate
stress and strain for shocked Al-graphene composite
were 84 MPa and 14.3%. This work demonstrates
an effective strategy to enhance the mechanical
properties of metal-graphene composites, leading to
broader applications as structural, energy, and
defense materials.
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