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a b s t r a c t

Dynamic compression experiments are conducted onmicron-sized SiC powders of different initial densities
with a split Hopkinson pressure bar. Digital image correlation is applied to images from high-speed X-ray
phase contrast imaging to map dynamic strain fields. The X-ray imaging and strain field mapping demon-
strate the degree of heterogeneity in deformation depends on the initial powder density; mesoscale strain
field evolution is consistentwith softeningor hardeningmanifested bybulk-scale loading curves. Statistical
analysis of the strain probability distributions exhibits exponential decay tail similar to those of contact
forces, which are supposed to lead to the grain-scale heterogeneity of granular materials.

� 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

Impact-induced compaction and/or sintering of powders is an
important approach for synthesizing bulk ceramics, metals, alloys
and composites with improved mechanical properties [1,2], and
widely used in, for example, powder metallurgy [1,3,4]. The forma-
tion of a high quality compact depends on a number of factors, and
identifying the important ones can help reduce undesired
microstructures, including large density variations and internal
cracks [5]. High strain-rate (102–103 s�1) dynamic compression of
granular materials, such as sand and soil, is also of interest in civil
engineering [6,7]. Obtaining spatially and temporally resolved
compaction dynamics in highly heterogeneous granular materials,
is critical to understanding deformation mechanisms and develop-
ing constitutive models for powder compaction [5], but has been
an experimental challenge.

For dynamic compression or high strain-rate loading in general,
split Hopkinson pressure bar (SHPB) has been widely used for var-
ious materials including granular materials [7,8]. Strain gauges are
effective for obtaining bulk, rather than meso-scale, responses.
Local deformation dynamics can be characterized with two-
dimensional (2D) strain field mapping, using optical digital image
correlation [9] or X-ray digital image correlation (XDIC) [10,11].

XDIC is advantageous for the penetration capabilities of X-rays,
and relies on images acquired with such techniques as X-ray phase
contrast imaging (XPCI) [12–14]. XPCI is particularly useful to
image low-Z powders including SiC, and the particles naturally
serve as speckles. While density or particle displacement distribu-
tions under quasi-static loading have been examined to certain
detail [15,16], measurements on dynamic strain distributions in
ceramic powders with high-speed XDIC are extremely rare. Shock
compaction experiments on powders usually yield bulk-scale
stress-density relations [4,17,18] and grain-scale deformation
dynamics is largely untouched [10]. Heterogeneous force distribu-
tion in granular materials (force chains) has been widely observed
[19,20]. Nonetheless, heterogeneity in deformation has not been
fully investigated from a quantitative point of view.

In the present study, high strain-rate compression experiments
are conducted on micron-sized SiC powders of different initial den-
sities with SHPB and high-speed XDIC. The X-ray imaging and
strain field mapping demonstrate that the degree of heterogeneity
in deformation depends on the initial density of a powder, and
mesoscale strain field evolution is consistent with softening or
hardening manifested by the bulk-scale compression curves. Sta-
tistical analysis of the strain fields reveals that the strain probabil-
ity distribution follows an exponential form, similar to contact
force distribution within the context of force chains [19].

SiC powder with a mean particle size of �15 lm (Fig. 1 inset) is
chosen for our dynamic compaction experiments. As shown in
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Fig. 1, the SiC powder (7) is sandwiched between two thin poly-
methylmethacrylate or PMMA plates (6). The dimensions of the
sample perpendicular to the X-ray (8) direction are 4 mm � 5 mm,
and the thickness along the view direction is 0.5 mm. We imple-
ment a mini SHPB device along with a high-speed X-ray imaging
system (8, 9, 10) at the beamline 32-ID of the Advanced Photon
Source. Details of the imaging system were presented previously
[13]. The striker (1), incident bar (2) and transmission bar (3) of
the SHPB are all made of high-strength steel with a diameter of
4 mm. After the SHPB’s gas gun is fired, impact of the striker on
the incident bar generates an elastic wave propagating through
the incident bar (along the x direction, Fig. 1). When the incident
wave arrives at the interface between the incident bar and the steel
driver plate (5), it is partially reflected owing to impedance mis-
match, while the rest is transmitted into the transmission bar.
The incident, reflected and transmitted waves are recorded by
strain gages (4). The transmitted wave is used to calculate the
stress applied to the sample (rs) [7], and

rs ¼ Etet
At

As
; ð1Þ

where e is strain, E is Young’s modulus, A is cross-section area, and
subscripts t and s denote the transmission bar and sample,
respectively.

Since uniform deformation is usually difficult to achieve in
soft/porous materials under SHPB loading, the strain calculated
with incident and transmitted waves is not accurate [7]. Therefore,
only stress–time curves are presented and discussed where appro-
priate. The incident wave signal is mainly used to trigger the high-
speed camera (10). Upon loading, the X-rays transmitted through
the powder sample form images on the scintillator (9) which are
captured by the high-speed camera as image sequences.

Fig. 2(a) shows the stress–time curves of the two samples with
different initial densities, q0 ¼ 1:86 g=cm3 (densely packed, sample
A) and 1.42 g/cm3 (loosely packed, sample B). These two samples
exhibit different compression responses. The axial stress in sample
A increases approximately monotonically with time (t). However,
the stress evolution for sample B displays three distinct stages,
similar to those of aluminum foams [21]. For t � 15 ls, the curve
for sample B coincides with that of sample A, showing a linear
increase as expected for elastic deformation in a normal solid
(stage I). The difference in wave speed due to that in the initial

density is minor on the time scales of current experiments. Then
the stress becomes approximately constant and even drops until
a rebound at 25–30 ls (stage II), followed by a slow rise (stage
III). However, the final stress level is significantly lower than that
in the denser sample A.

High-speed image sequences are acquired during compression.
The camera frame rate is set at 180,000 s�1 and the exposure time
is 0.35 ls. The spatial resolution is about 2 lm. The central area
(�0.5 mm � 0.5 mm) of the sample is chosen for imaging. The
powder particles cannot be exactly distinguished from each other
because there are about 30 layers of particles in the X-ray direction
(the z-axis). The loading direction is along the x-axis. Since the X-
ray intensity is not uniform across the plane of observation (the
xy-plane), a flat-field correction procedure is applied to all images
for better DIC analyzes [22]. The transmitted intensity field Iðx; yÞ is
corrected to Icðx; yÞ via

Icðx; yÞ ¼ Iðx; yÞ
I0ðx; yÞ I

�
0; ð2Þ

where I0ðx; yÞ is the incident X-ray intensity field acquired without a
sample in place, and I�0 is the mean of the incident intensity field.

The snapshots at different instants (frames f1–f6, noted in Fig. 2
(a)) after flat-field correction are shown in Fig. 2(b and c) for sam-
ples A and B, respectively. The particles in sample A are compacted
uniformly across the sample. However, we observe in sample B a
compaction front, propagating from the lower left to the upper right
(indicated by the dashed curves in frames f3 and f4). Nonuniform
compaction features appear to be more obvious in the movie (see
Supplementary Materials), but are clearly identified in XDIC analy-
ses as discussed below. The propagation velocity of the compaction
front (vcf ) is estimated to be�40 m/s, much higher than the impact
velocity (�5 m/s). The moment when the compaction band appears
in the sample actually corresponds to the inflection point of the
loading curve of sample B (f3). The compaction band sweeps across
the sample during the subsequent period of �15 ls (f3–f6), corre-
sponding to stage II on the loading curve (Fig. 2(a)). Thus, the macro
stress relaxation is attributed to localized deformation in sample B.
The compaction band is similar to that observed in aluminum
foams [23] and porous rocks [24], which formsmainly due to inher-
ent pore collapse. However, the intrinsic mechanism in our case is
quite different, given unique microstructures of granular materials.
The compaction band is not strictly parallel to the loading direction,

Fig. 1. Schematic diagram of the SHPB loading and high-speed X-ray imaging system. (1) Striker; (2) incident bar; (3) transmission bar; (4) strain gauges; (5) driver plate; (6)
PMMA sample container; (7) powder sample; (8) X-ray beam; (9) scintillator; (10) high-speed camera. Inset: a micrograph of the SiC particles prior to impact loading.
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