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ABSTRACT

We present the first results of laser-driven flyer plate experiments on a nanocrystalline copper-tantalum (NC–Cu–Ta) alloy. A pulsed
Nd:YAG laser (1.2 J/pulse, 10 ns) is used to accelerate an Al foil disk (25 lm � �800lm) off a glass substrate at velocities of 0.8 and 2.4 km/s
through a small air gap and impact the NC–Cu–Ta target. The flyer velocities were determined from a high-speed video and extensive
post-impact analyses were conducted using advanced electron microscopy revealing the formation of a band structure leading to a
non-trivial upper bound for the breakdown of an extremely stable NC-microstructure and physical-properties.

VC 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0008107

Laser-driven flyer plates represent a low-cost, high-throughput
method to induce highly shocked states in a target for short durations,
on the order of nanoseconds. This technique provides the opportunity
to investigate new structural materials that display anomalous
mechanical and physical properties under such conditions.1

Conventional shock recovery experiments using flyer plates acceler-
ated to high velocities in gas guns have been instrumental in under-
standing the structure-property relationships in metals when shocked
to a high Hugoniot compressed state.2 For instance, depending on the
peak pressure that is generated, pressure rise time, and pulse duration,
the microstructure of most metals/alloys will evolve to contain a high
concentration of defects, i.e., dislocations, point defects, and/or defor-
mation twins resulting in an extreme strain-rate dependent behavior.3

Additionally, some structural alloys, such as titanium alloys, have been
shown to undergo a pressure-induced phase transformation.4 The
generation and evolution of such shock-induced defects in metals, as
observed post-mortem, have been correlated to provide insight to their
physical response and failure.5 All the same, the practical limitation of
recovering samples having experienced very high-pressure states

(>30GPa) has limited the available knowledge of the substructures
which develop from hyper velocity impacts. Therefore, for strain-rates
ranging from 106 to 107 s�1, the deformation mechanisms are less well
understood, especially for bulk nanocrystalline (NC) alloys where con-
ventional deformation mechanisms may not be applicable.6

Laser-driven flyer plates, produced by laser-plasma acceleration
of thin metal foils adhered to a glass substrate, could be a method
to access such extreme regimes in NC materials, along with any
transition in the deformation mode (slip vs twining). In this Letter, a
systematic study of laser-driven flyer plate impacts (using flyer plates
of Al) at velocities ranging from 0.8 km/s to 2.4 km/s in NC copper-
tantalum [Cu-3Ta (at.%)] is presented. Recently, Darling and col-
leagues have shown that the immiscible NC–Cu–Ta alloy system is
not only thermally stable7 but also thermo-mechanically stable.8–15

Previously, the mechanical response of these types of alloys has been
reported under various strain-rate conditions, ranging from 10�8

to 105 s�19,16 and shown to exhibit minimal defect evolution post-
mortem.9 Therefore, this work explores the physical mechanisms
and structural stability at play in a NC–Cu–3Ta (at.%) alloy by
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laser-driven (Al) flyer plate impact, i.e., beyond the strain-rate of
105 s�1. The tested specimens will then have their microstructures
characterized via scanning transmission electron microscopy (STEM)
to elucidate microstructural stability and deformation mechanisms. In
addition, this alloy provides a unique opportunity for the NC commu-
nity to expand its knowledge base into one of the remaining and rela-
tively unexplored areas of extreme strain rates in NCmetals.

Toward this, a series of stabilized NC–Cu–3Ta (at.%) disks 3mm
in diameter and �0.5mm in thickness were produced from mechani-
cally alloyed powders using multi-pass high temperature equal channel
angular extrusion (ECAE) at 700 �C. Complete details of the powder
processing and consolidation efforts can be found in Refs. 8–15.
Preliminary microstructural analysis of the as-consolidated test sam-
ples using STEM (Fig. 1) indicates that the extruded microstructure
for this alloy had an average grain size of 89 nm. Prior statistical analy-
sis revealed the presence of an extremely dense network of Ta based
nanoclusters with a mean diameter of 2 nm within the microstruc-
ture.17,18 These nanoclusters exist within the Cu matrix and along
grain boundaries, as shown in Fig. 1. It has been previously deter-
mined that such nanoclusters play an important role in dictating the
mechanical response as well as stabilizing the matrix grain size under
the application of stress and temperature, such as during processing
and high rate mechanical testing.9,13,16 To evaluate microstructural sta-
bility under extreme rates, the NC–Cu–3Ta (at.%) disks were
impacted by laser-driven flyer plates at 0.8 km/s (�9GPa shock pres-
sure) and 2.4 km/s (�34GPa shock pressure). Flyer velocities were
determined from a high speed video or multi-flash imaging. In multi-
flash imaging, a single long exposure is taken, while a light source is
rapidly pulsed. In these experiments, the light source is a spoiled-
coherence illumination laser (646 nm, 6 ns pulse length, 10MHz repe-
tition rate). The laser was pulsed seven times to build up an image
showing the development of the plate over time. The change in the
position of the leading edge of the plate was used with the known repe-
tition rate of the laser to determine the plate’s velocity. A schematic of
the flyer launch system and a multi-flash image of a low velocity experi-
ment are shown in Fig. 2. In addition, a supplemental movie has been
provided in the supplementary material of the flyer forming and
impacting the surface of the prepared NC–Cu–3Ta sample.

As is apparent in the inset image in Fig. 2, the laser-driven flyer
plate is not flat, as is generally the case in gas gun experiments. The
spatial energy profile of the launch laser determines the plate

geometry. In the case of the system used here, this profile is approxi-
mately Gaussian, as determined by both the beam profile out of the
laser and the effect of the beam-shaping element used to modify the
beam. A small enough area under the tip of the plate, however, will see
the plate as effectively flat. As the microstructural analysis presented in
this paper deals with a very small area directly at the point of this
impact, it is assumed that the impact is one-dimensional (1D). This
assumption greatly simplifies analysis, but obviously does not capture
the full complexity of the impact event. However, the values deter-
mined using this assumption provide estimates for the true shock
state experienced by the analyzed volume of the sample (refer to the
supplementary material). Nevertheless, laser-driven flyer plates are not
a replacement for gas-gun experiments, but due to their vastly lower
cost, they can reduce the number of such large-scale experiments
needed by providing a rough map of interesting states to explore.

Extensive post-impact analysis was conducted on the targets uti-
lizing advanced electron microscopy. An example of a crater generated
by the flyer plate impacting on the surface of the NC–Cu–3Ta (at.%)
disk is provided in supplementary material Fig. S1. The low magnifica-
tion scanning electron micrographs of the impacted area indicate that
the short duration shocks generated by laser-driven flyer were suffi-
cient to induce changes in the materials. As seen, residual Al leftover
from the flyer was identified on the surface of the disk. On the macro-
scopic scale, the rest of the sample appears undamaged, with no cracks
propagating outward from the impact site or embrittlement causing
the sample to break up into smaller pieces. The perimeter of the
impact site is encircled by a rim of deep gouges. These gouges are
thought to be caused by erosion from plasma jets that surround the
flyer plate, and are a result of the launch process. From the center of
the impact site (marked with a red circle), the TEM specimen was
extracted using the site-specific lift-out technique via a focused ion
beam (FIB) from the middle of the crater. This TEM foil preparation
was duplicated for the sample impacted at 0.8 km/s. The entire
TEM foil for both impacted samples (2.4 and 0.8 km/s) is provided in
supplementary material Fig. A2. The composite STEM Bright Field
images provide a look at �50 lm2 of electron transparent

FIG. 1. Bright field (BF) STEM image of the as-received (i.e., post ECAE proc-
essed) sample. (a) Low magnification image showing the Cu grain structure. (b)
High magnification BF STEM images showing the high density of Ta based clusters
residing in the lattice as well as along the grain boundaries of the Cu based matrix.

FIG. 2. Laser-driven flyer plate launch and multi-flash imaging system. DL ¼ drive
laser, B ¼ beam block, P ¼ polarizing beam cube, k/2¼ half-wave plate, FI
¼ Faraday isolator, M ¼ mirror, BSE ¼ beam-shaping element, F ¼ focusing lens,
FP ¼ flyer plate, T ¼ target, S ¼ fast mechanical shutter, BP ¼ bandpass filter, C
¼ camera, PD ¼ photodiode. The inset is an example multi-flash image of flyer
launch. The image was taken with seven, 6 ns illumination pulses fired at 10MHz
(see the supplementary material for a live movie).
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microstructure for each sample. Initial STEM analysis of the samples
found that the flyer plate impact at 2.4 km/s resulted in the formation
of microbands roughly 1lm from the impact surface, as shown in Fig.
3 (a high magnification of supplementary material Fig. S2), while the
majority of the remaining microstructure is unaffected by the pressure
generated during impact (comparison to as-received, Fig. 1).
Furthermore, the 2.4 km/s sample revealed that the microbands extend
over a micrometer or two and are discontinuous throughout the
microstructure. From Fig. 3, it is evident that the microbands consist
of laminar structures, which at first glance appear to be consistent with
nanotwins intermixed with microbands (in which regions of elevated
dislocation density, resulting in polygonization and cell wall

structures). Besides the microbands and a few dislocations, the micro-
structure is free of damage with no cracking or de-bonding of interfa-
ces observed. Furthermore, the insensitivity to shock was also
observed in the sample impacted at 0.8 km/s, whereby the entire
microstructure remained indistinguishable from the as-received
condition.

A closer look at the un-deformed regions of the 2.4 km/s sample
reveals the microstructure to be very resilient to the extreme pressures
generated during shock impulse loading. The shock pressure was cal-
culated to be 9 and 34GPa for 0.8 and 2.4 km/s velocity impacts,
respectively. The Cu grain size and size distributions in Figs. 4(a) and
4(b) show very little change in either, despite being successfully shock
compressed to a stable high-pressure Hugoniot state. The grain size
remains equiaxed in shape and increases from 89nm6 41nm in the
as-received to 1796 117nm after shock loading at 2.4 km/s, the most
extreme case. Such small changes in microstructure are very surprising
given that the average grain size is less than 200nm and experienced
pressures as high as 34GPa along with temperature rises to 526K (cal-
culated during impact). In contrast, Lu et al. observed a rapid grain
coarsening from 70nm to 800nm in pure nanocrystalline Ta when
subjected to a laser pulse with an energy of 684 J.19 Higher magnifica-
tion STEM was used to resolve the underlying microstructural features
in more detail. supplementary material Figs. 3(a)–3(d) illustrate that
the Ta nanoclusters are distributed homogeneously in the grain interi-
ors and at grain boundaries and interact with dislocations. Despite the
high number density of Ta nanoclusters, no obvious voids or debond-
ing from the matrix was observed. The average size of the nanoclusters
was found to be �2–4nm in diameter with an average inter-
nanocluster spacing of 5.236 1.74 nm. These numbers remain nearly
constant with the application of high state of stress, highlighting the
alloy stability and resistance to coarsening under the extreme loading
conditions. It is owing to the stability and high density of the coherent

FIG. 3. Composite STEM (bright) field images providing a closer look at the micro-
banded regions of the microstructure that underwent laser-driven flyer plate shock
at 2.4 km/s (34 GPa). The micro-bands occur sporadically, i.e., in only a few, iso-
lated places throughout the microstructure with an average spacing of �120 nm.

FIG. 4. Microstructural data acquired for as-received and shock compressed bulk NC–Cu-3 at. % Ta alloy using Precession Electron Diffraction (PED) microscopy. Precession
diffraction image along with the grain size distribution plot and finally the distribution plot for the characteristic grain boundary types for the (a) as-received material and (b)
material shock compressed using the laser flyer plate to �34GPa. The distributions indicate a nominal increase in Cu grain size with the majority of the grains remaining in
the NC regime as compared to a rapid grain coarsening from 70 nm to 800 nm in pure nanocrystalline Ta when subjected to a laser pulse with energy of 684 J.19
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nanoclusters present in the microstructure that the Cu grains remain
almost intact. These observations suggest that the nanoclusters pin the
grain boundaries and block the grain boundary sliding and grain rota-
tion processes.13

To evaluate the influence of the deformation rate on the textural
changes (grain boundary sliding and grain rotation processes), preces-
sion diffraction measurements were performed in various regions. The
orientation imaging map (OIM) shows a high degree of randomness
in the orientation relationships between the Cu grains in the as-
received state with a texture index of 2.4, see Fig. 4. However, for the
microbands intermixed with twins in the 2.4 km/s impacted sample,
the local texture is quite significantly different with a texture index of
9.1. This effect is due to the deformation experienced in the sample
impacted at 2.4 km/s within these localized regions. Further analysis of
the microband region indicates that the sigma three boundary types
have roughly doubled in number fraction. In addition, only a marginal
change in the average grain size was observed between the as-received
sample and the shock recovered samples, i.e., the average grains are
still in the nanoscale as compared to�1140% observed for pure nano-
crystalline Ta under similar loading conditions.19 This is true even for
the �34GPa sample where the vast majority of the microstructure
remains relatively un-coarsened (see Fig. 4).

Under shock conditions, FCC metals with high stacking fault
energies’ (SFE’s) such as pure Cu and NC Cu–Ta alloys form a mix-
ture of nanotwins and microbands. As grain size decreases the stress/
pressure required to form deformation-twins increases significantly,
and therefore, the observed volume fraction should go down. Further,
in the case of NC–Cu–3Ta alloy, there is an active competition
between dislocation motion and twinning to decide which will be the
more operative deformation mechanism at high-rates.20 Along the
same line, in our previous work, we used the generalized stacking fault
energy (GSFE) curves to measure and understand the competition
between dislocation slip and twinning, often referred to as the
twinnability of the material.20,21 The ratio of the unstable twinning
fault energy to the unstable stacking fault energy, b ¼ cutf =cusf , was
used to explain the role of Ta in deformation twinning in NC Cu–Ta
alloys. For pure Cu, the ratio b is close to unity (�1.11), i.e., the energy
barrier for a twin fault is smaller and hence, nucleating a twin fault is
relatively easy. However, as the value of b increases, the energy barrier
as well as the stress required to nucleate twins increases. In the case of
NC–Cu–Ta, a ratio of 1.18 was found indicating similar deformation
mechanisms as compared to that of a pure coarse-grained Cu.
However, the critical pressure for twinning is significantly different
from that for pure Cu, indicating the role of grain size. For instance,
the minimum twinning pressure for coarse-grained Cu and Cu alloys
is in the range of 14–20GPa.21,22 The minimal amount of twinning
observed in nanocrystalline Cu–Ta is an indicator of the higher thresh-
old pressure required to induce twinning at these smaller grain sizes.

To further investigate the stability of the microstructure under
such extreme conditions, we probed the residual hardness using a
micro-hardness indenter. The hardness was measured from various
spots within the impact crater using 100g load, which resulted in an
average diagonal length of 13 lm. Given the geometry of Vickers inden-
ters, this equated to an analysis depth of 1.9 lm. Changing the load to
probe a range in depth (1–3.5 lm) provided consistent results. The
average value for the hardness was found to be 2.68, 2.40, and 2.54GPa
at a shocked pressure of 9, 24, and 34GPa, respectively. Comparing

these values with 2.48GPa value for the as-received condition indicates
negligible change in the residual hardness for the NC–Cu–Ta alloy. In
contrast, Lu et al. observed a �50% increase in pure nanocrystalline Ta
strength when subjected to a laser pulse with an energy of 684 J.19 A
similar increase in the relative hardness (30% increase) was observed
when nanocrystalline Ni was subjected to a shock pressure of 40GPa.23

Overall, the lack of accumulated defect structures such as the formation
of cell structures (indicative of high dislocation density) within the
microstructure of NC–Cu–Ta alloys, as shown in Fig. 3, bodes reason-
ably well with the post-deformed hardness measurements.

In summary, the extreme conditions of laser-driven flyer plate
shock at high velocities provide a first look into the dynamic breakdown
of these thermo-mechanically stable NC Cu–Ta alloys. Initial results
indicate that the short duration shocks caused by plate impact was suffi-
cient to induce small changes in the structure of the sample, through the
appearance of microbands composed primarily of nanotwins and
microbanding at very high velocities and pressures. However, the micro-
structures remain unaffected and free from damage accumulation at
moderate shock velocities and pressures. These findings demonstrate
that stable nanocrystalline microstructures have a high tolerance for
defect accumulation under compressing shock loading. This indicates
that such metals may have enhanced physical and mechanical proper-
ties for impact and ballistic protection and mitigation.

See the supplementary material for the equations used to deter-
mine the experimental conditions in the shocked nanocrystalline
Cu–3Ta (at.%) material. Additionally, the laser-driven Al flyer plate
impact parameters used in the shock analysis as well as the resulting
calculated shock values are listed in Tables S1 and S2. Low and higher
magnification SEM micrographs showing the impact surface for the
highest and lowest impact shock velocities can be seen in Fig. S1.
Composite STEM bright field images for the entire TEM liftouts of the
highest and lowest impact velocities are included as Fig. S2 to provide
a macro view of the shocked microstructures. Finally, low and higher
magnification STEM bright field images highlighting the grain struc-
ture, Ta clusters, and dislocations within the shocked microstructures
compose Fig. S3.
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