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Dynamic creation and evolution
of gradient nanostructure in
single-crystal metallic microcubes
Ramathasan Thevamaran,1* Olawale Lawal,1 Sadegh Yazdi,1 Seog-Jin Jeon,2

Jae-Hwang Lee,3 Edwin L. Thomas1*

We demonstrate the dynamic creation and subsequent static evolution of extreme
gradient nanograined structures in initially near–defect-free single-crystal silver
microcubes. Extreme nanostructural transformations are imposed by high strain
rates, strain gradients, and recrystallization in high-velocity impacts of the microcubes
against an impenetrable substrate. We synthesized the silver microcubes in a bottom-up
seed-growth process and use an advanced laser-induced projectile impact testing
apparatus to selectively launch them at supersonic velocities (~400 meters per
second). Our study provides new insights into the fundamental deformation mechanisms
and the effects of crystal and sample-shape symmetries resulting from high-velocity
impacts. The nanostructural transformations produced in our experiments show
promising pathways to developing gradient nanograined metals for engineering
applications requiring both high strength and high toughness—for example, in
structural components of aircraft and spacecraft.

C
reating ultrastrong materials that are also
tough enough to resist failure has always
been a challenge to material scientists and
engineers. In metals, decreasing the grain
sizes to the nanoscale has been shown to

result in ultrastrong nanocrystallinemetals (1, 2).
This improvement, however, comes at the cost of
increased susceptibility to catastrophic brittle
failure as strain localizes in nanocrystallinemetals
and forms cracks under tensile loading. It has
recently been shown (3–6) that the creation of
spatial gradients in grain structure can poten-
tially alleviate the catastrophic failure through

progressive ductile behavior under applied uni-
form tensile stresses. Previousmethods for creating
a gradient nanograined (GNG) structure require
multistep surfacemechanical grinding (3) or sur-
face mechanical attrition treatment (SMAT) (5).
Surface mechanical grinding results in a GNG
structure with grain sizes increasing from the
nanocrystalline (~20 nm) to the coarse-grained
(~10 mm) scales from the surface to the interior
over a depth of ~0.5 mm, leading to a gradient of
grain size ~0.02 (3). The SMAT has been shown
to produce a GNG structure with grains increas-
ing in size from the ~100-nm nanocrystals to the
~35-mm coarse grains over a depth of ~120 mm,
leading to a gradient of grain size ~0.3 (5). We
demonstrate effective creation of an extremeGNG
structure with a single-step, high-velocity-impact
process. The high strain rates, pressure, and strain
gradients during impact create the GNG structure
with a gradient of grain size ~1, where the grain
size varies from~10 to ~500 nmover a distance of

~500 nm. We also show that the high elastic
energy stored in the material due to impact trig-
gers a continuous (static) recrystallization pro-
cess that takes place over the course of weeks at
room temperature.
A clear understanding of the fundamental de-

formation mechanisms in materials exposed to
high-velocity impacts and shock compressions
is critical to the development of advanced protec-
tive technologies for applications in automobile
and aircraft crashes (7), sport-related collisions
(8), and body and vehicle armors (9). Impact and
shock compression are also used for advanced
material processing techniques such as shot peen-
ing (10), laser shock peening (11), and explosive
welding (12). Supersonic velocity microparticle
impacts are especially relevant in cold spray tech-
nologies (13), collision of undetectable small-sized
space debris and micrometeorites with spacecraft
(14), andmicroparticle impacts on turbine blades
(15). However, to date, most of the studies on the
nano- andmicrograins ofmetals have been limited
to quasi-static loading rates ofmicropillars (1, 2, 16),
due to the challenges in conducting short–time-
scale experiments on small-sized samples.
Laser-driven shockwaves have recently been

used to probe material responses at small length
scales and short time scales (17, 18). Here, we use
an advanced laser-induced projectile impact test-
ing (a-LIPIT) apparatus (19, 20) to selectively
launch individual single-crystal silver (Ag)micro-
cubes at supersonic velocities (~400 ms−1) and
allow them to directly impact a rigid impenetra-
ble target (Fig. 1A). The laser ablation of a gold
(Au) thin film produces Au vapor—trapped be-
tween the glass substrate and the thin cross-linked
polydimethylsiloxane (PDMS) layer—that locally
expands the PDMS layer and launches the room-
temperature projectile (Ag microcube) at con-
trolled velocities that are proportional to the laser
pulse energy (20). The PDMS layer also thermally
isolates the Ag projectile during laser ablation.
This technique allows the sample to deform in an
unconstrained manner and enables us to investi-
gate the roles that the intrinsic crystal symmetries
and the extrinsic microcube-shape symmetries
play on resulting deformations, when the micro-
cube impacts along specific crystal-symmetry di-
rections (Fig. 1, C to E).
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Recent advances in the synthesis of Ag nano/
microcubes (21) enable us to synthesize near–
defect-free single crystals in near-perfect cubic
geometry (Fig. 1B) and in large quantities. Our
bottom-up synthesis contrasts the commonly used
top-down sample preparation techniques based
on focused ion beam (FIB) milling, which result
in substrate bound samples in limited quantities
that contain surface damage and gallium contami-
nation incurred from ionmilling. We used a seed-
growth process with control of oxygen in the
reaction environment (20) to synthesize the near-
monodispersed single-crystal Ag microcubes (cube
edge ~1.4 mm) for this study (20). Ag is a face-
centered-cubic (fcc) metal having space group

Fm3m (no. 225) that can serve as a model for in-
vestigating the dynamic deformation behavior of
fccmetals.Moreover, the low-stacking-fault ener-
gy of Ag (19 mJ/m2) (22) reduces the mobility of
dislocations, which in turn activates numerous
intriguingmicrostructural processes to accommo-
date large imposed strains such as the formation
of stacking faults, partial dislocations, deforma-
tion twins, and shear bands, in addition to the
conventional slips and cross-slips found in fcc
metals having high-stacking-fault energy (23–26).
For impacts approximately along the [100],

[110], and [111] crystal-symmetry directions, the
deformed samples exhibit distinct deformation
features that reflect the interplay of intrinsic and

extrinsic symmetries. The extrinsic cubic geome-
try of the sample guides the plastic deformation to
follow the cube’s symmetries and results in p4mm,
p2mm, and p3m plane point group symmetries
(fig. S1) (20), as seen in the top views of the de-
formed samples corresponding to the impacts
along the [100], [110], and [111] directions, re-
spectively (Fig. 1, C1 to E1). The average pressure
rise ofmore than 9GPa during the high-strain-rate
(>108 s−1) impact far exceeds (>150x) the 60-MPa
(27) yield strength of Ag. This generates a hy-
drodynamic stress state that results in severe plas-
ticity at the impacted side of the sample as the
material deforms with no resistance to shear
(20, 28).
The initial compressional shock wave generated

during impact rapidly attenuates as it moves
toward the top region of the sample due to
interactions with free-surface reflections (tensile
waves). This results in large deformations at the
bottom region of the sample but far less at the
top region, approximately retaining its initial
shape. As the amplitude of the propagating com-
pressive stress wave reduces to a few times the
yield strength of the material, plastic deforma-
tion via crystallographic slips ensues, governed
by the intrinsic fcc-lattice symmetry (Fig. 1F, fig.
S3, and tables S3 to S5) (20). We observe clear
evidence of parallel surface slip steps on the
cube’s surfaces after impact due to the exiting
dislocation avalanches (Fig. 1, C to E).
The deformed geometry also indicates high

axial and transverse strain gradients during de-
formation. For example, the impact along the
[100] direction (impact on a cube face) results in
the nominal lateral strains of ~1.45 and ~0.25 at
the bottom and top sides of the samples, with
greater than 8 × 105/m lateral strain gradient
along the height direction (fig. S4 and table S6)
(20). These observed characteristic deformations
suggest that extreme micro- and nanostructural
changes must occur within the crystal.
To investigate the nanostructural changeswith-

in the sample, we performed transmission electron
microscope (TEM) and selective area diffraction
(SAD) analyses on a sample impacted along the
~[100] direction (Fig. 2A) soon after the impact
(~20 hours from impact to TEM analysis). The
varying SAD patterns (Fig. 2, B1 to B4) indicate
a strong gradient in grain size along the height
of the sample. The top region exhibits a single-
crystalline diffraction patternwith negligible dis-
tortion arising in the probed ~200-nm-diameter
region (Fig. 2, B1 and B2), whereas the bottom
impacted region exhibits a nanocrystalline dif-
fraction pattern (Fig. 2B4). The high-resolution
TEM (HRTEM) images obtained at the bottom
region of the sample shownanocrystalline grains
that are ~10 nm in size (Fig. 2, C and D). The pres-
ence of nanocrystalline structure in the region
that underwent severe plastic flow suggests that
there may have been dynamic recrystallization
during the impact. The nearly adiabatic com-
pression within the short impact time (~1.5 ns)
generates material heating and leads to dynam-
ic recrystallization as deformation twinning
and strain-induced grain boundary migrations

SCIENCE sciencemag.org 21 OCTOBER 2016 • VOL 354 ISSUE 6310 313

Fig. 1. The LIPITof single-crystal Ag microcubes. (A) A schematic of the a-LIPITexperiment. (B) Scan-
ning electron microscopy (SEM) image of a pristine single-crystal Ag microcube. (C to E) Top and side
(at 60° tilt) views of the deformed Ag microcubes showing the crystal and deformation symmetries
resulting from high-velocity impact, when impacted approximately along the (C) [100], (D) [110], and
(E) [111] directions (all scale bars indicate 1 mm). (F) Illustrations of the sequence of deformations in
the Ag microcube during high-velocity impact along the [100] crystal-symmetry direction.
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occur during deformation (29, 30). The average
sample temperature is estimated to rise by ~350K
during impact (20), because of the rapid and
nearly adiabatic plastic deformation that does
not provide enough time for the sample to
dissipate heat into the Au-coated Si substrate.
Higher temperatures may occur locally, but the
overall shape and texture of the deformed cube
rule out the possibility of melting. Nanoscale
incoherent deformation twins found in the sam-
ple (Fig. 2E) and the continuously varying orien-
tationof grains, characterizedby varying convergent
beam electron diffraction (CBED) patterns, also
signify the highly localized deformations in the
sample.
We performed TEM analysis on a sample im-

pacted along the [100] direction 8 days after impact
and found substantial nanostructural recovery in
the form of recrystallization. Two distinct regions
are evident in Fig. 3A: the recrystallized highly
deformedbottomregionand the top less-deformed
region. The highly deformed bottom region of this

sample now shows 30- to 150-nm-sized grains (Fig.
3B and fig. S5), which have recrystallized from the
less-than-10-nm-sized grains evident in the sample
investigated 20 hours after impact. We also found
several subgrains and a high density of disloca-
tions in these grains (Fig. 3C) that suggests a system
that is still far from equilibrium. The top-center
region and the left- and right-side regions of the
sample cross section exhibit distinct slip planes
at ~30° and ~150° to the horizontal impact plane,
which correspond to the {111} crystal planes in the
pristine fcc lattice (Fig. 3A). Although the slip
planes also exist in the sample shown in Fig. 2,
the recrystallization in the top region of the sample
allows them to be seenmore clearly, as in Fig. 3A.
Additionally, consistent with the presence of the
strong strain gradient, the thickness of the shear
bands bounded by these slip planes gradually re-
duces from the top region (~25-nm-thickbands) and
becomes so thin as to be nearly indistinguishable
near the most highly deformed bottom region
(Fig. 3D and fig. S6).

The evolution of the GNG structure in the
material is also evident in the distinct electron
diffraction patterns obtained in three different
regions that have undergone different extents of
deformation and recrystallization. The top region
shows a pattern that is similar to a single crys-
tal with small distortions caused by the numer-
ous closely spaced slip systems (Fig. 3E1). The
bottom-center region that was highly deformed
and recrystallized shows the characteristics of
a nanocrystalline structure (Fig. 3E2), and the
bottom-side region that underwent themost severe
plastic flow exhibits diffraction characteristics of
even smaller, highly misoriented nanocrystalline
grains (Fig. 3E3).
Such extreme deformations occurring over a

short time scale result in high energy storage
in the newly formed nanocrystalline grains with
high elastic strain and grain misorientations. The
stored elastic energy and the recrystallization
nucleus formed during dynamic recrystallization
together set the stage for continuous (static) re-
crystallization (30, 31). The continuous recrystal-
lization at room temperature results in drastic
changes in the nanostructure of the sample: The
GNG structure formed as a result of impact
evolves through grain coarsening by glide and
climb dislocation movements, dislocation accu-
mulation at subgrain boundaries, and coales-
cence of subgrains at low-angle grain boundaries,
all of which contribute to decreasing the stored
elastic energy (30). It is remarkable that the
continuous recrystallization process occurs pre-
dominantly due to the storedmechanical energy
without any external thermal annealing, in con-
trast to previous studies (30, 31) that have used
thermal annealing at ~573 K for 30 s to induce con-
tinuous recrystallization in highly deformed Ag.
To further probe recrystallization, we prepared

a TEM lamella of another Agmicrocube impacted
along the [100] direction 44 days after impact. It
shows much coarser-grained structure, indicat-
ing that the static recrystallization has continued
(Fig. 4). The middle region of the sample has a
large (~850 nm) grain with an aspect ratio of ~1,
whereas the adjacent regions contain elongated
grains [up to ~1700 nm in length and~300 nm in
width; equivalent diameter ~100 to 750 nm (fig.
S7)] inclined at ~27° (right) and ~10° (left) with
respect to the impact plane. These unique grain
shapes and their preferential orientations imply
that the midregion of the impacted cube has
experienced a nearly isotropic state of stress due
to initial shock compression and the large num-
ber of {111} slip bands crisscrossing in multiple
directions, whereas the side regions have been
deformed by {111} slip bands oriented predomi-
nantly on a preferred plane. The diffraction pattern
(Fig. 4C) obtained in a highly deformed region
exhibits the characteristics of a single-crystal
grain structure, implying a near-complete nano-
structural recovery fromtheprior severelydeformed
nanocrystalline state observed immediately after
impact. However, it should be noted that the nano-
structural recovery in the form of continuous re-
crystallization has transformed these single-crystal
grains into entirely new orientations compared

314 21 OCTOBER 2016 • VOL 354 ISSUE 6310 sciencemag.org SCIENCE

Fig. 2. Deformation modes and GNG structure formation in impacted Ag microcube, exam-
ined 20 hours after impact. (A) A cross-sectional image of an Ag microcube impacted along the
~[100] direction; image is produced by stitching several bright-field TEM (BF-TEM) images (inset shows
an SEM image of the impacted sample with a horizontal white dashed line indicating the location from
which the TEM lamella was obtained). (B1 to B4) SAD patterns taken along the increasingly highly
deformed regions showing a variation from ~single-crystalline structure in the top region to the nano-
crystalline structure at the bottom region. (C) HRTEM image of the bottom region showing nano-
crystalline grains. (D) Magnified HRTEM image of a nanocrystal grain at a different orientation compared
to its surrounding. (E) HRTEM image of the top region of the sample showing deformation twins [insets
show the incoherent twin boundaries (ITBs) and the fast Fourier transform (FFT) of the selected region
exhibiting twin spots].
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Fig. 3. Partially recrystallized Ag microcube, examined 8 days after impact. (A) Cross-sectional
BF-STEM (scanning transmission electron microscopy) image of the Ag microcube showing distinct
highly deformed and less-deformed regions, separated by the white dashed line (inset shows an SEM
image of the sample). (B) A magnified view of the region labeled “B” in (A) showing nanocrystalline
grains that have undergone static recrystallization. (C) A magnified view of the region labeled “C” in
(B) showing the smaller length-scale subgrain structure. (D) A magnified view of the region labeled
“D” in (A) showing the closely spaced slip bands. (E) The diffraction patterns showing the characteristics
of (E1) single-crystalline, (E2) nanocrystalline, and (E3) finer nanocrystalline grains.

Fig. 4. A highly recrystallized
Ag microcube examined
44 days after impact show-
ing a larger grain structure.
(A) An SEM image showing the
channeling contrast arising from
differently oriented grains (inset
shows the SEM image of the
sample). (B) Annular darkfield-
STEM image of the lamella
showing the larger grain struc-
ture with high-angle rotations
between adjacent grains (the
yellowspots indicate the locations
where the CBED patterns were
obtained for grain orientation
measurements). (C) SAD pat-
tern of the previously highly
deformed bottom region
(labeled as “C” in B) currently
exhibiting the characteristics
of fully recovered single-
crystalline structure.
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to the overall single-crystal orientation of the
initial microcube. CBED analysis performed on
the sample showed largemisorientations between
adjacent grains that exhibit high contrast (Fig. 4B
and table S7) (20) and a gradually varying CBED
pattern within each of those grains, consistent
with a structure at a lower length scale containing
defects and small subgrain misorientations.
Upon impact, the pristine single-crystal single-

grain Ag microcube undergoes an extreme defor-
mation trajectory of micro- and nanostructural
changes due to the high-strain-rate deformation:
a highly deformed external geometry and creation
of nanoscale grains and strong spatial gradients
in grain size along the height of the sample. Such
aGNG structure has been shown to result in a new
gradient-plasticity strengthening and toughening
mechanism in metals with spatial gradients in
stress and strain under uniform overall deforma-
tions (6). Because of the correlation between the
yield strength and the grain size, application of
a uniform external load to amaterial with GNG
structure still leads to different strain distribu-
tions in different-sized grains, resulting in a spatial
gradient of strain and stress (6). This strengthening
and tougheningmechanism,which is distinct from
the commonly known strain-gradient plasticity,
prevents catastrophic failure through progressive
yielding and strain hardening (4–6).
Our observations of recrystallization driven by

the stored elastic energy suggest amicrostructural
evolution path that progresses from nanocrystal-
line toward single crystal. The recrystallization
processes also soften the hard and brittle nano-
crystalline material that results from dynamic de-
formation (31). Therefore, the GNG-structured
metal with intermediate states of recrystallization
should have desirable strength and toughness for
mechanical applications requiring high fatigue life
and survivability in extreme environments such
as automobile and aircraft crashes, sport-related
collisions, and body and vehicle armors. The re-
crystallization process can be retarded by the
addition of alloying elements that preferentially
segregate to grain boundaries for thermodynamic
nanostructure stabilization (32).
TheGNG-structuredmaterialsmade by a single-

step high-strain-rate process, particularly inmetallic
alloy systems that have the ability to retard con-
tinuous recrystallization even at high temperatures
(32), will be useful for applications requiring ul-
trahigh strength and toughness. Our studies also
demonstrate that controlling the impact orienta-
tionwill provide additional control over tailoring
the GNG structure and hence themechanical prop-
erties of the resultant material. Additionally, our
findings suggest important roles played by both
the intrinsic crystal symmetries and the extrinsic
sample geometries, inspiring further fundamen-
tal investigations to understand the interplay of
intrinsic and extrinsic symmetries.
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SOLID-STATE PHYSICS

Observation of a nematic quantum
Hall liquid on the surface of bismuth
Benjamin E. Feldman,1* Mallika T. Randeria,1* András Gyenis,1* Fengcheng Wu,2

Huiwen Ji,3 R. J. Cava,3 Allan H. MacDonald,2 Ali Yazdani1†

Nematic quantum fluids with wave functions that break the underlying crystalline
symmetry can form in interacting electronic systems. We examined the quantum Hall
states that arise in high magnetic fields from anisotropic hole pockets on the Bi(111)
surface. Spectroscopy performed with a scanning tunneling microscope showed that a
combination of single-particle effects and many-body Coulomb interactions lift the
six-fold Landau level (LL) degeneracy to form three valley-polarized quantum Hall states.
We imaged the resulting anisotropic LL wave functions and found that they have a different
orientation for each broken-symmetry state. The wave functions correspond to those
expected from pairs of hole valleys and provide a direct spatial signature of a nematic
electronic phase.

N
ematic electronic states represent an in-
triguing class of broken-symmetry phases
that can spontaneously form as a result of
electronic correlations (1, 2). They are char-
acterized by reduced rotational symmetry

relative to the underlying crystal lattice and have
attracted considerable interest in systems such
as two-dimensional electron gases (2DEGs) (3–5),

strontium ruthenate (6), and high-temperature su-
perconductors (7–12). The sensitivity of electronic
nematic phases to disorder results in short-range
ordering and the formation of domains, making
them difficult to study using global measurements
that average overmicroscopic configurations. The
effect of perturbations, such as crystalline strain,
may be used to show a propensity for nematic
order—that is, to provide evidence that vestiges
of nematic behavior survive even in the presence of
material imperfections (1). However, it is difficult
to quantitatively correlate the experimental evidence
of ordering with a microscopic description of the
electronic states and the interactions responsible
for nematic behavior. To put the study of nematic
electronic phases on more quantitative ground,
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