
Manufacturing and
Materials Processing

Journal of

Article

A Rapid Throughput System for Shock and Impact
Characterization: Design and Examples in
Compaction, Spallation, and Impact Welding

K. Sajun Prasad , Yu Mao, Anupam Vivek *, Stephen R. Niezgoda and Glenn S. Daehn

Department of Materials Science and Engineering, The Ohio State University, Columbus, OH 43210, USA;
kasi.4@osu.edu (K.S.P.); mao.154@buckeyemail.osu.edu (Y.M.); niezgoda.6@osu.edu (S.R.N.);
daehn.1@osu.edu (G.S.D.)
* Correspondence: vivek.4@osu.edu

Received: 15 November 2020; Accepted: 8 December 2020; Published: 10 December 2020 ����������
�������

Abstract: Many important physical phenomena are governed by intense mechanical shock and
impulse. These can be used in material processing and manufacturing. Examples include the
compaction or shearing of materials in ballistic, meteor, or other impacts, spallation in armor and
impact to induce phase and residual stress changes. The traditional methods for measuring very high
strain rate behavior usually include gas-guns that accelerate flyers up to km/s speeds over a distance
of meters. The throughput of such experiments is usually limited to a few experiments per day
and the equipment is usually large, requiring specialized laboratories. Here, a much more compact
method based on the Vaporizing Foil Actuator (VFA) is used that can accelerate flyers to over 1 km/s
over a few mm of travel is proposed for high throughput testing in a compact system. A system
with this primary driver coupled with Photonic Doppler Velocimetry (PDV) is demonstrated to give
insightful data in powder compaction allowing measurements of shock speed, spall testing giving fast
and reasonable estimates of spall strength, and impact welding providing interface microstructure
as a function of impact angle and speed. The essential features of the system are outlined, and it is
noted that this approach can be extended to other dynamic tests as well.

Keywords: impact deformation; vaporizing foil actuator; powder compaction; spallation; inclined
collision welding

1. Introduction

Equation of state (EOS) describes the states and thermodynamic properties of the material,
and its measurement is of immediate interest in military, automobile, aerospace, and other several
manufacturing applications [1]. Numerous approaches have been developed for obtaining the EOS of
a variety of materials through dynamic shock wave compression [2], static compression [3] and static
coupled with dynamic compression techniques [4]. To investigate material behavior under dynamic
loading, dedicated facilities such as gas guns, rail guns, shock guns, electrothermal gun accelerators,
laser driven flyer impacts and even explosives have been used effectively [5–10]. The present work
attempts to formalize and standardize new techniques that can make dynamic studies more accessible
and improve throughput dramatically. Vivek et al. [11] have developed the Vaporizing Foil Actuator
(VFA) technique for many impulse and impact processes, such as impact welding [12,13], forming and
embossing [14], shearing [15], and high-energy rate metalworking [16]. In this method, the pressure
created from the electrically driven rapid vaporization of a thin aluminum (Al) foil is used to generate
an immense transient pressure that can be used to launch projectiles to velocities well in excess of
1 km/s. Flyer speeds can be accurately measured with a laser-based technique, Photonic Doppler
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Velocimetry (PDV), the working principles for which can be found elsewhere [17]. In the present work,
three critical dynamic material phenomena are shown as examples of the utility of this system: powder
compaction, spallation, and impact welding.

Dynamic powder compaction (DPC) can reach higher densities than static compaction [18] and
offers near-net-shape part fabrication by which subsequent finishing operations are minimized or
eradicated, resulting in cost-effective manufacturing [19]. All consolidation processes including
conventional hydraulic pressing, forging, hot/cold isostatic pressing, triaxial compaction [20] retain
residual porosity, which during the sintering process leads to dimensional changes. Several DPC
techniques using explosive compaction, gun-type units, hydraulic impact, spring-loaded hammers,
and electromagnetic impulse units have been reported to improve the green density of compacts [21].
Green compacts with low defects and uniform density are essential for the fabrication of a high strength
with little and uniform shrinkage. For DPC, higher densification is ascribed to the passage of the
shock wave through the powder when the impact source hits the powder mass. Sethi et al. [22]
demonstrated that DPC yields better green strength of the compact compared to the conventional
compaction technique. Wang et al. [23] carried out DPC by high-energy impact delivered by a hammer
with a mass of 135 kg traveling at speeds of 7–10 m/s. The result showed that the green density and
bending strength of compacts increase with an increase in impact velocity due to an increase in shock
wave pressure. Sometimes, multiple impacts have also been used to increase green density [24,25]
In the past, particular interest has been given to DPC of metallic powders using explosives [26,27].
Though very high densities have been achieved, there have been issues with reflected shock waves
producing cracking after initial consolidation [26,27].

Spallation is one of the significant modes of material failure during high-velocity impact. During
impact, the interaction of the incident and reflected shock waves inside the material causes an internal
fracture and separation of the outer surface. Knowledge of the spall strength of the material is essential
in designing armor, military vehicles, and aircraft structures [28–30]. In this regard, Forbes [31]
indicated that the Hugoniot Elastic Limit (HEL) is dependent on the thickness of the specimen and
ultimately affects the spall strength of the component. Apart from these, it was concluded that the
spall strength depended on several factors, including the processing route of material, anisotropy of
the material and directional distribution of the second phases. In recent years, significant advances
have been made to generate high tensile stress at high strain rates, which led to the generation of the
database for known strategic materials [32–34]. Copper has been used as a common model material
to study incipient spall strength and its correlation to microstructure and crystal orientation [35,36].
Hence, considering the vast amount of data available, the polycrystalline copper material (Cu110) was
chosen for the present work.

Impact welding is a high strain rate, solid-state joining process. It is complex and involves high
pressure and high local strains. These cause removal of the initial surfaces by jetting and the high
pressure produces intimate contact. High transient temperatures can also cause melting and the
formation of brittle intermetallic compounds. Furthermore, the process can cause wave formation
dominated by fluid dynamics. Several groups have studied these phenomena and supporting
microstructural representation can be found in the literature by Lee et al. [37]. Kuzmin and Lysak [38]
experimentally proved that successful collision welds depend not only on the impact velocity but
also on the collision angle. Zhang et al. [39] reported that successful collision welds are generally
obtained when the collision velocity is between 150 and 1500 m/s and the collision angle is between
5◦ and 20◦. With optimal welding parameters, melting can be favorably suppressed and localized
or eliminated, creating minimal to no intermetallic formation. Metals that are difficult or impossible
to join using conventional welding methods are therefore able to be joined using collision welding
technique. In this regard, different welding technologies viz. explosive welding [40,41], magnetic
pulse welding [42], underwater explosion [43] and laser impact welding [44] have been extensively
used in the past, and the limitations of these techniques are mentioned by Ngaile et al. [45]. Recently,
vaporizing foil actuator welding (VFAW) techniques have been extensively used to weld the target
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with varying oblique angles for a different class of materials including AA1100-O to AISI1018 [46], 15-5
PH SS [47], Cu110 to CP-Ti [48,49], OFHC copper to Grade 2 Ti [50] and many more combinations of
exotic materials. A versatile tool based on the vaporizing foil actuator is described here, and the first
results from the aforementioned three experiments are presented.

2. Materials and Methods

In the present work, the VFA technique assisted projectile acceleration and the impact drove
impulse-based dynamic characterization experiments in powder compaction, spallation, and collision
welding of inclined target samples. A similar approach using electric gun technology at Lawrence
Livermore Laboratory discusses problems of interest to shock-wave researchers [51,52]. For this
purpose, a chamber for dynamic processing and characterization was designed and fabricated at the
Impulse Manufacturing Laboratory at The Ohio State University (http://iml.osu.edu). A schematic CAD
model and fabricated chamber with details are depicted in Figure 1. The chamber is equipped with
an automated pneumatic control pedestal system to transmit and control energy. The base structure
of the operational level inside of the chamber is electrically insulated using Garolite G-10 material
(glass-fiber-reinforced epoxy) material. The chamber has ports to allow entry to focusing probes from
a time-domain multiplexed 16-channel PDV system. This PDV system is built with standard arrays of
4 × 4 probes that allow measurement of workpiece velocity, position, and acceleration and its essential
construction is described in greater depth elsewhere [17]. The 16-channel PDV system allows for a
more accurate and higher resolution measurement of deformation fields generated by VFA launch
or impact.
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Figure 1. (a) A rendered CAD-model schematic and (b) actual photo of the chamber.

The measurement of impactor speed is carried out separately from material characterization
experiments. Figure 2a depicts the schematic of the dynamic experimental setup with the PDV probe
for the measurement of impact velocity. A tool steel (S7 steel) barrel with a total length of 30 mm and
an inner bore diameter of 12.8 mm was used to house the projectile. Aluminum (Al 6061-T6) projectiles
with 12.5 mm diameter with different lengths of 10 mm and 5 mm were used to understand its effect
on the impact velocity. Additionally, a composite projectile consisting of a 1-mm-thick steel impactor
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(AISI 1018) backed by a 4-mm-thick aluminum puck (Al 6061-T6) was used in order to increase the
impact pressure. An industrial adhesive (J-weld) was used to join the impactor and puck. Furthermore,
graphite-based lubricant or motor oil was used to reduce friction from the bore wall and increase
projectile speed. A thin piece of polyvinyl chloride (PVC) and an aluminum sheet (6061-T6) of 1 mm
was placed at the bottom of the barrel to increase the stability and efficiency of the plasma-driven
acceleration of the projectile, separating the projectile from two-layered aluminum foils. Two layers
of aluminum foils (Al1100) with a thickness of 0.0762 mm were connected to the copper terminals.
The copper terminals are connected to the terminals of the capacitor bank.
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Figure 2. A schematic showing: (a) the experimental setup for the measurement of projectile velocity
using the Photonic Doppler Velocimetry (PDV) probe, (b) powder compaction of commercial pure
titanium (CP-Ti), (c) spalling of copper (Cu110) plate, and (d) 20◦ inclined collision welding between
copper (Cu110) and steel (AISI 1018).

For all experiments, a current with an amplitude around 200 kA was rapidly discharged from
the capacitor bank through the terminals to the aluminum foils, causing nearly instant vaporization
of the foil, as has been detailed elsewhere [11,53]. The generated impulse plasma pressured and
sheared the PVC and aluminum sheets through the barrel, accelerating the projectile to a high velocity
traveling along the barrel. The input energy was set to be 14 kJ. The capacitor bank is a 16-kJ
commercial Magneform system with a total capacitance of 462 µF, short circuit current rise time of
12 µs, an inductance of 100 nH, and resistance of 10 mΩ. All the conductive parts of the fixture were
insulated with KaptonTM tape to avoid alternate current paths other than through the foil. A piece of
transparent polycarbonate was placed at the top of the barrel, and a steel backing block with a hole
pattern was positioned on top of the polycarbonate to secure and protect the PDV probe. A 25 mm
focuser probe was used to measure the projectile velocity and a collimator was used to measure the
velocity of free surfaces.

After determining projectile velocity, the same experimental setup was used for powder
compaction, spallation, and collision welding of inclined target samples as shown in Figure 2b–d,
respectively. For carrying out powder compaction experiments, commercially pure titanium (CP-Ti)
powder was filled inside the upper barrel as depicted in Figure 2b. Detailed material description
of the used CP-Ti powder can be found elsewhere [15]. Thin steel foil (SS304) just above the lower
barrel was used to hold the powder, and the steel foil (SS304) at the top was used to measure the
free surface velocity of the compacted powder. For spallation experiments, a 4 mm thick copper
target (Cu110) was kept at the top of the lower barrel and backed by an upper barrel as presented in
Figure 2c. Polycarbonate was kept at the top of the barrel to capture the spalled fragments. In order to
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study impact welding, a specific angle of 20◦ was machined into a 4mm thick copper target plate as
shown in Figure 2d. This inclined target provides the collision angle required for impact welding.
Finally, the PDV data collected was exported to MATLAB to analyze the speed resulting from initial
projectile velocity and subsequent experiments. The voltage and current traces from the corresponding
experiments were also collected using a 1000:1 BK PR28A voltage divider and a 50 kA: 1 V Rogowski
coil, respectively.

3. Result and Discussion

3.1. Effect of Projectile Configuration on Impact Velocity

As discussed earlier, VFA experiments using different projectile lengths and masses were used to
understand their effect on impact velocity. The output of time-based evolution of current, voltage,
and velocity using an aluminum projectile with 10 mm length at 14 kJ energy input is shown in
Figure 3a. The voltage profile showed a sudden pop-in trace around 15 µs, and the instance is usually
referred to as the shock burst out time. This kink in voltage is due to foil vaporization into high-pressure
plasma [15]. Subsequently, an increase in voltage and a decrease in current was observed. At the
same instance, the projectile started to gain its momentum, and the projectile approached a stagnation
velocity of 310 m/s at about 40 µs. The velocity trace of different projectile configuration with 14 kJ
input energy is shown in Figure 3b. It can be observed that the impact velocities were 310 m/s, 387 m/s
and 372 m/s for an aluminum projectile with a 10 mm length, 5 mm length, and a composite projectile,
respectively. Similarly, it is evident from the figure that the higher mass in the composite projectile led
to a lower velocity compared to the 5 mm aluminum projectile. Repeatability was confirmed by testing
two specimens at each condition.
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3.2. Effect of Lubrication on Projectile Velocity

Graphite-based lubricant or motor oil was applied between projectile and barrel surfaces to reduce
the sliding friction. Prior to each experiment, the barrel was cleaned with extreme care using acetone to
avoid any external resistance from the scale produced from the previous experiment. It was observed
that the usage of different lubrication had no mitigating difference in impact velocity. However, motor
oil was used for further analysis due to consistency in results. Figure 4 presents the comparison of
projectile velocity for both unlubricated and lubricated cases. The maximum impact velocity using
lubricated 5 mm aluminum and the composite projectile showed an approximate increase by 2.5
and 1.7 times with respect to the unlubricated condition. Lubricated conditions had a significant
effect on impact velocity compared to experiments without lubrication. Repeatability was ensured by
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carrying out two experiments at each conditions. Henceforth, projectiles with motor oil lubrication
were considered for the different case studies discussed in the subsequent sections.J. Manuf. Mater. Process. 2020, 4, x FOR PEER REVIEW 6 of 13 
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3.3. Case Studies

3.3.1. Powder Compaction of CP-Ti

An example of using this system for powder compaction and its relevant diagnostics follow.
The CP-Ti powder was loaded into the 30 mm barrel and found to be compressed to 11.4 mm and
8.7 mm lengths when the 5 mm aluminum and the composite projectiles was used, respectively.
The corresponding compacts are shown in Figure 5a. The setup data and results of the two experiments
are consolidated in Table 1. Subsequently, the densities of both of the compacts were determined using
the Archimedes principle. It can be seen that the compact obtained using the composite projectile
showed a higher relative density of 88% compared to the 74% dense compact using the 5 mm aluminum
projectile. The higher densification is postulated to be because a higher pressure is imparted into the
powder body by the composite projectile which as a steel tip, which has a higher shock impedance [54].
A similar result was found for compacting CP-Ti powder using a VFA assisted sheared flyer [15].
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Table 1. Experimental setup parameters and the result obtained using different projectile configurations.

Projectile Configuration Initial Tap
Density (g/cm3)

Plunger
Impact

Speed (m/s)

Plunger
Kinetic

Energy (J)

Final
Density (g/cm3)

5 mm Al projectile 1.32 953 777 3.33

5 mm composite projectile 1.32 612 442 3.96

DPC involves propagation of a compressive shock wave through a powder to cause its densification
as mentioned by Vogler and coworkers [18,55,56]. The work details planar shock experiments on
porous powders consolidation on a stepped die provided by a gun-driven impactor. The experiment
is further identified with shock arrival time measurements on the sample impact and rear surfaces
using velocity interferometry (VISAR) probes to obtain an accurate measurement of shock velocity
and, consequently, determine the EOS or shock Hugoniot state. A similar approach using PDV was
adopted to estimate flyer velocity, free surface velocity, and shock velocity through composite projectile
impact as depicted in Figure 5b. The maximum flyer velocity and free surface velocity were found to
be around 885 m/s and 190 m/s, respectively. The reduction in velocity is due to the energy expended
for powder compaction. The movement of the flyer starts at a time of 1.06 × 10−4 s, whereas the
free surface motion was encountered around 1.6 × 10−4 s. From this, the average shock speed was
estimated to be approximately 555 m/s. By measuring the shock velocity, the impact pressure can be
determined for a material for which EOS is known [57,58]. Moreover, by repeating this procedure for
different impact velocities and measuring shock pressures using gauges such as manganin [59] and
attenuator material [60], empirical for EOS can be determined for unknown material.

3.3.2. Spallation in Copper

In the present work, the copper sample resulting in spall with a large spalled top surface with
one piece along with several smaller shards was collected as presented in Figure 6a. Figure 6b shows
the PDV velocity traces of the composite projectile and free surface near the shock wave breakout.
The impactor speed before colliding with the target was is estimated at 612 m/s. The resulting initial
breakout speed of the spalled sample was found to be approximately 527 m/s. The spall speed being
lower than impactor speed is expected given the lower density of the steel impactor compared to the
copper target. The voltage traces obtained from the experiments confirm the initiation of impactor
movement and spall. The velocity profile shows the clear spall signatures that consist of a release
into tension represented by velocity pullback; furthermore, the occurrence of spall at the velocity
minimum as presented in Figure 6b. In the same instance, recompression waves propagate in both
directions from near the spall plane denoted by a small spike in the velocity profile. Subsequently,
recompression appears as a velocity increase after spall, and it is followed by ringing in the spall scab.
The deceleration in the curve observed after the first shock denotes continuing damage evolution until
the spall scab completely separates from the bulk copper plate.

The data collected from the spall experiment was used to estimate the spall strength as per the
commonly used procedure [33,61] and Equation (1).

σspall =
ρC(Vmax −VSpall−max)

2
(1)

where ρ denoted the density of copper (8950 kg/m3) and C is bulk sound speed in copper material
(4600 m/s). The strain rates were calculated by applying a classical acoustic approximation as given by
Equation (2) [62].

.
ε =

0.5(Vmax −VSpall−max)

C∆t
(2)
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where ∆t is the time difference between Vmax and VSpall-max, and was obtained from the velocity
spectrogram plot as shown in Figure 6b. The average spall strength for the 4 mm thick copper sample
was estimated to be approximately 2.26 GPa and the average strain rate was around −2 × 104 s−1.
The obtained spall strength and the average strain rate was in the range mentioned by Turley and
coworkers [33,61]. Extensive studies by Remington et al. [62] concluded that decreasing sample
thickness results in higher strain rates by almost 10 times and an increase in spall strength by 30% as
compared to that of its counterparts. Furthermore, materials shocked by a high power laser show a
rapid increase in the spall strength with the strain rate at about 107 s−1 [63]. Thus, a dependence of
spall strength on strain rate and sample thickness for an unknown material can be established using
this tool.J. Manuf. Mater. Process. 2020, 4, x FOR PEER REVIEW 8 of 13 
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Figure 6. (a) Copper target showing large spalled top surface with one piece along with several smaller
shards, and (b) velocity traces of composite projectile and copper free surface near shock wave breakout.

3.3.3. Collision Welding of Inclined Target

For collision welding, the lubricated composite projectile was launched at 14 kJ input energy level
with an impact speed of 612 m/s (refer Section 3.2) to the copper target. The kinetic energy of steel tip
of composite projectile was estimated to be 186.7 J. The copper target grooved with 20◦ inclination
angle is shown in Figure 7a. The steel part became detached from the composite projectile and welded
to the copper target as shown in Figure 7b. The detachment of steel from the aluminum might have
occurred due to the generated reversal wave that had higher strength than the bonding strength of the
material. Furthermore, the material was sectioned along an X–X contour for optical microscopy as
shown in Figure 7c. A clear wave profile signifying a strong impact weld is visible even with unaided
eyes. A work by Ngaile et al. [45] where a copper flyer mass of 14.82 gm was launched towards steel
target using a chemically produced hydrogen energy-based impact technique. A similar wavy weld
profile at the steel–copper interface was observed with an impact speed and kinetic energy of 637 m/s
and 3000 J, respectively.

Figure 7d shows that an ungapped intimate contact weld interface was obtained over the entire
length imaged using optical microscopy. The large consistent waves going along most of the welded
interface are a testament to a constant impact angle during the welding process, which has not been
previously obtained with VFAW [64]. The waviness of the interface starts a few mm after the start of
welding. The weld’s bonding strength can be estimated using the micro-tensile test [65]. A similar
phenomenon of delay in wave initiation was observed during explosive welding [66]. Szecket et al.
demonstrated that the strong waves are commonly allied with the best-welded joints, although they
are not a prerequisite [67].
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4. Summary

This work’s objective was to present the new and rapid throughput experimental setup to do shock
physics and impulse manufacturing experiments. Three applications, namely powder compaction,
spallation, and impact welding experiments, were presented using the proposed facility. The first one
deals with dynamic compaction of titanium powder and conventional measurement of free surface
velocity to evaluate shock velocity through the compact loaded barrel. In the second part, the spall
strength and strain rate of polycrystalline copper were estimated. The third application relates to
metallurgical bonding between the steel and copper plate with a 20◦ inclined groove. The experimental
results substantiate the potential of a powerful new tool to study dynamic material behavior and
related processes.
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