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Processes of internal damage development during localized dynamic penetration represent a crucial mechanism
important for relevant analysis of deformation and failure of plates and sandwich panels under high strain rate
conditions. Soft cellular materials are of special importance as the internal damage defines mode of collapse and
energy absorption capabilities. In this paper, a fast X-ray radiography is employed for in-situ analysis of the
internal damage development in soft closed-cell aluminum foam subjected to a localized high strain rate
penetration using an instrumented projectile in a direct impact Hopkinson bar apparatus. The process with a
typical duration of a few milliseconds is visualized using four X-ray projections acquired using a flash X-ray
system and a high-speed camera. Internal damage such as cracking, shear failure in the vicinity of the projectile,
and compaction of the material is successfully identified. This unique method utilizing a laboratory based X-ray
source allows for characterization of the penetration mechanism that has been usually analyzed only in post-

mortem state.

1. Introduction

Soft cellular materials represent a type of complex heterogeneous
materials with applications in a variety of engineering fields, e.g.,
cushioning, vibration damping, filtration or as fillers for impact energy
absorption layers. Closed-cell metal foams represent typical materials
for this field and their performance at high strain rates have been studied
extensively. Special attention has been paid to strain rate sensitivity,
inertia effects, wave propagation, representative volume element, and
dynamic compaction. However, localized dynamic penetration, which
represents a crucial mode of deformation, has been studied only in a
limited number of papers. The damage processes and energy absorption
were studied experimentally [1] and numerically [2] including intro-
duction of theories and modelling approaches for interactions at the
interface between the foam and the projectile, and for dynamic
compaction under the projectile. An important study was published by
Pang [3] where partially cut specimens of metal foam were subjected to
dynamic indentation using an instrumented projectile and the process
was observed by a high-speed camera. Another approach for pre- and
post-mortem analysis of the specimens by X-ray computed tomography

* Corresponding author.
E-mail address: fila@fd.cvut.cz (T. Fila).

was employed in [4]. The most limiting factor of all the referenced
studies consists in a fact that development of the internal damage was
not observed in-situ during the experiment or that the process was not
true localized indentation of an intact material. Here, an experimental
technique allowing for high-speed in-situ visualization of the internal
damage together with measurement of force and velocity of the pro-
jectile is required for tracking and identification of the penetration
stages, which is a crucial step for representative analysis and modelling.

X-ray radiography represents an ideal method for volumetric in-
spection, visualization, and characterization of internal damage in ma-
terials. In the field of impact dynamics, particle accelerators like
synchrotrons have been used for high-speed X-ray imaging of dynamic
processes [5]. Moreover, flash X-ray systems have been introduced and
employed particularly for visualization of penetration in armament and
ballistic protection applications [6] or high-velocity gas-gun experi-
ments [7]. Flash X-ray systems provide advantages over synchrotrons
such as large field of view, high penetration depth, accessibility and
radiation safety with a cost of sacrificing image quality, resolution and
continuous nature of the imaging. In this paper, we use flash X-ray
system in a new methodology, where the X-ray system is coupled with a
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Fig. 1. a) specimen and its axial cross-section, b) principle of the flash x-ray radiography in a split Hopkinson bar, c) experimental setup.

direct impact Hopkinson bar (DIHB) for visualization of the internal
damage during localized dynamic indentation into closed-cell aluminum
foam. Combination of the fast X-ray radiography and instrumented
projectile in a dynamic penetration experiment allows for an unprece-
dented in-situ visualization of the deformation processes and identifi-
cation of the penetration stages together with effects of structural
imperfections on overall deformation response.

2. Materials and methods
2.1. Material

Cylindrical specimens of closed-cell aluminum alloy (AlSi7) foam
having 60 mm in diameter and 60 mm in height (Fig. 1a) were prepared
using the powder-compact foaming technique as described in [8]. Each
cylindrical foam specimen was prepared by placing the profiles of pre-
cursor material (composition: AlSi7 + 0.5 wt% TiH2; mass: ~125 g) into
the cavity (60 mm in length and 60 mm in diameter) of a stainless-steel
closed mold inside a pre-heated furnace at 750 °C. After filling the cavity
by liquid AlSi7 foam (~12 min), the mold was removed from the furnace
and cooled in air, resulting in a solid foam with closed cells covered by
an outer dense AlSi7 thin skin. In total, 6 specimens were manufactured
and tested together with micro-CT inspection prior to mechanical testing
to obtain pore statistics and determine porosity yielding approximately
66 % as an average from all the samples.

2.2. Direct impact Hopkinson bar and flash X-ray system

The dynamic mechanical experiments were performed using DIHB
apparatus. The loading device consisted of two bars with a diameter of
20 mm made of high strength aluminum alloy EN-AW-7075-T6: a pro-
jectile with a length of 900 mm housed in the barrel of a gas-gun and a
transmission bar with a length of 1600 mm with a cylindrical specimen
support with a diameter of 60 mm mounted at its impact face. The
transmission bar was equipped with two pairs of strain gauges. The
projectile was instrumented by velocity sensors and a speckle pattern for
digital image correlation (DIC), which allowed for evaluation of actual
force and velocity during the penetration. The experiment was observed
by a pair of time-synchronized high-speed cameras Fastcam SA-Z 2100 K
(Photron, Japan). One camera was positioned at a 30-degree angle to

capture the area of interest within the specimen and random speckle
pattern for DIC.

The X-ray imaging was performed using MAT 300-4C (Scandiflash,
Sweden) flash X-ray imaging device (Fig. 1b). The system is based on
multi-anode flash X-ray tube capable to perform up to four radiographic
projections during the experiment (Fig. 1c). Acceleration voltage can be
set in the range of 100-300 kV, while target current of 10 kA and pulse
width of 20 ns are constant and provided using modified Marx genera-
tors. The source uses pencil type tungsten anodes with the focal spot of 1
mm and approximately 25° cone beam. The photons emitted during
projection were captured using GPXS (Hamamatsu Photonics, Japan)
fast scintillating screen for conversion to visible-light spectrum. The
resulting visible-light image was deflected using a flat high-precision
optical mirror to the second high-speed camera to protect it from
intensive ionizing radiation emitted during the X-ray pulse.

3. Experiment

The specimens were subjected to a localized dynamic penetration
using the DIHB. The specimen was mounted at the output bar in front of
the barrel of the gas-gun while the penetrating projectile remained
partially in the barrel during the experiment. Two impact velocities
were used: i) 14 m/s and ii) 26 m/s resulting in impact energy of
approximately 88 J and 275 J (initial strain rate of approximately 230
s~ and 430 s1). Duration of the experiments up to full-stop of the
projectile was in range between 8 ms and 15 ms. Time synchronization
of all the experimental devices was performed by trigger pulse initiated
by the laser gate mounted in front of the barrel. Four flash X-ray pro-
jections with equidistant time gaps were taken during each experiment
to capture the moment of penetration into the specimen as well as the
densification phase of its deformation response. Imaging parameters
were optimized to obtain sufficient contrast in the X-ray projections with
the resulting acceleration voltage of 150 kV and frame rate of 20 kfps at
resolution of 1024 x 1024 px for acquisition of the projection by the
high-speed camera according to the decay characteristics of the
scintillator.

4. Results and discussion

Mechanical response at the input and the output sides was evaluated
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Fig. 2. a) velocity of the projectile and the backside of the specimen during penetration, b) force-displacement diagram, c) high-speed camera images and flash x-ray

images taken in the identical time.

from strain gauges, velocity sensors, and DIC using standard wave
propagation theory for split Hopkinson bars. Time-synchronized images
from the high-speed camera capturing the sample directly in the visible
spectrum were compared with the X-ray projections.

Actual impact velocities of the projectile and backside of the spec-
imen are shown in Fig. 2a). Force-displacement diagram of penetration
is presented in Fig. 2b). Points, where the individual flash X-ray images
were taken, are highlighted in both diagrams. The plots show that the
information from the impact side during the penetration is crucial for
analysis and cannot be easily replaced by noisy information from the

output bar. Standard high-speed camera images and the flash X-ray
images taken at the identical times are compared in Fig. 2¢). While the
images in the visible spectrum cannot provide any information about the
internal processes, the defects can be identified in the X-ray images.
Protrusion and cracking of the specimen’s impact side, shear related
damage in pores around projectile and material compaction under the
projectile can be identified and their occurrence compared with the
mechanical information.

The aim of this study is the in-situ visualization of the internal defects
developed during localized dynamic penetration. Strain rate sensitivity,
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overall mechanical response, statistics and damage theories are beyond
the scope of this short report.

5. Conclusions

Flash X-ray system was coupled with the DIHB setup with an
instrumented projectile and this assembly was successfully employed to
visualize internal defects in the closed-cell aluminum foam during
localized dynamic penetration. The introduced experimental technique
allowed for identification of internal processes in the foam such as pore
damage and material compaction and can further be used as a vital tool
for theory definition and modelling.
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