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Bulk nanocrystalline (NC) materials (with an average grain size
<100 nm) have been widely reported to exhibit high strength but
disappointingly low plasticity. In this Communication, upon
dynamically deforming an NC NiFe alloy, we report impressively
large plastic deformation: from 8% quasi-static strain to a
maximum prescribed dynamic strain of �22% without failure.
This large, dynamic plastic deformation is accompanied by a
much elevated yield strength (33% increase compared with
quasi-static strength). Detailed postmortem microstructure
analysis reveals that the dynamic deformation resulted in
significant grain coarsening and de-twinning manifested by a
great reduction of the twin density vis-à-vis slight grain
coarsening without de-twinning in quasi-static deformation.
We envisage that such mechanisms are responsible for the
unique texture as compared with the conventional deformation
texture as uncovered by in-depth texture analysis based on X-ray
diffraction (XRD) using synchrotron radiation. Our efforts
highlight potential ingenious avenues to exploit the superior
behavior of NC materials under extreme conditions by invoking
the favorable deformation mechanisms, such as reported herein.

In recent years, bulk NC metals and alloys have attracted a
great deal of attention as potential candidates for next-generation
high-strength materials. Indeed, success has been achieved on
the strength improvement with grain refinement to nanometer
scale, extending from the well-known Hall–Petch relation to at
least �20 nm.[1–3] However, often it appears that the increased
strength is at the expense of the capability of the materials to
sustain plastic deformation. In fact, poor ductility associated
with NC materials has become a seemingly insurmountable
obstacle for their widespread technological applications.[4,5] Most
of the recently developed strategies for improving tensile ductility
have been limited to ultrafine grained materials (with an
average grain size>100 nm) with a dislocation-dominated plastic
deformation mechanism,[6–11] which may not be applicable to
bulk NC materials where grain-boundary-mediated plasticity
prevails.[12–14] Although large plastic deformation has been
observed in compression of micrometer-sized pillars of NC
materials,[15,16] little has been said regarding the deformation
mechanism. Therefore, it still remains an open question as to
how considerable plastic deformation can be possible in bulk
samples of NC materials. Moreover, the application of materials
under dynamic loading in many occasions requires a combina-
tion of a high resistance to sample yielding and a good tolerance
of plastic deformation. In this paper, we provide strong evidence
for very large plastic deformation under dynamic loading of bulk
NC samples and we also attempt to unravel the underlying
deformation mechanism responsible for such behavior via
careful and in-depth postmortem microstructural analysis.

NC NiFe alloy samples (Ni-20wt% Fe) were prepared by pulse
electrodeposition. Uniaxial dynamic compression at strain rates
of around 103 s�1 was performed using the Kolsky bar technique
with loading direction in the deposition (or thickness) direction.
For the purpose of comparison, quasi-static compression tests
were carried out at a strain rate of 1� 10�3 s�1 in the same
direction of loading. Microstructural evolutions upon dynamic
and quasi-static loading were characterized using synchrotron
XRD and transmission electron microscopy (TEM) as well as
high-resolution TEM (HRTEM).

Figure 1 shows the true stress–strain curves of theNCNiFe alloy
under dynamic and quasi-static loading conditions. The dynamic
yield stress approaches�2GPa as compared with�1.5GPa under
quasi-static condition. This translates into �33% increase in
strength upon dynamic loading.More importantly, Figure 1 reveals
a remarkably enhanced plasticity of this NC NiFe alloy upon
dynamic loading: while the quasi-static specimens fail at �8%
strain, no failure is observed under dynamic loading. It is worth
pointing out that dynamic loading was stopped at a prescribed
strain. Close examination of the dynamic stress–strain curves also
suggests that, although flow softening is present in all the curves,
the softening ismore or less steady, that is, it proceeds in a uniform
manner, and no precipitous stress collapse is observed due to the
development of adiabatic shear banding.[17,18] This is further
asserted by postmortemexamination of the specimens. In contrast,
the quasi-static stress–strain curve exhibits an initial hardening
mbH & Co. KGaA, Weinheim 5001



C
O
M

M
U
N
IC

A
T
IO

N

www.advmat.de

Figure 1. Dynamic andquasi-static true stress–strain curvesof theNCNiFe
alloy. Three samples were used for the dynamical tests with strain rates
ranging from 1� 103 to 3� 103 s�1. Significantly enhanced dynamic defor-
mation strain and strength were observed compared to the quasi-static
loadingwith a strain rate of 1� 10�3 s�1. It should be noted that none of the
dynamic specimens failed. The dynamic loading was discontinued at a
prescribed strain level. Although dynamic flow softening is persistent in
the dynamic strain–stress curves, no precipitous load drop is observed
before the prescribed strain, indicative of nearly uniform deformation and
absence of plastic instability such as adiabatic shear banding.[17,18]
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followed by quick saturation of the flow stress and final premature
failure. In order to study the microstructure evolution associated
with the dynamic deformation, we interrupted one of the tests
(Sample #3) at an early strain and subsequent reloading of this
sample showed very similar stress–strain behavior in terms of
strength and flow softening.

Postmortem synchrotron XRD did not reveal any new phase
upon dynamic loading but it did suggest texture evolution in theNC
NiFe alloy during dynamic deformation. Figure S1 in the
Supporting Information displays the pole figures of both the
as-received material and the specimen subjected to dynamic
deformation. A weak (200) texture is detected in the deposition
direction of the as-received material, which is the typical growth
texture associatedwith electrodeposition of face-centered cubic (fcc)
metals and alloys. Dynamic deformation has intensified the
previously weak (200) texture but the {110} and {111} orientations
have become randomly distributed. Such texture evolution in
the NC NiFe alloy upon dynamic loading is different from the
conventional route of texture development established in coarse-
grained fcc polycrystalline metals, where as a result of dislocation
slip a (110) texture develops preferentially in the loading direction
under uniaxial compression.[19] This novel texture evolution in the
NC NiFe alloy under dynamic deformation points to new
deformationmechanisms beyondmerely dislocation slips. Detailed
TEM analysis provided in the following verifies such surmise.

To understand the peculiar dynamic deformation behavior of
the NC NiFe alloy, we have performed extensive TEM and
HRTEM analyses of both the as-received and the dynamically and
quasi-statically deformed samples. Considering the presence of
the deposition as well as the deformation texture, the TEM and
HRTEM characterizations were conducted in both top view
(electron beam parallel to deposition direction) and side view
(electron beam normal to the deposition direction). Representa-
tive microstructures of the as-received NC NiFe sample from the
� 2009 WILEY-VCH Verlag Gmb
two viewing directions are shown in Figure 2. Equi-axed grains
with sizes from �5 to 60 nm were observed in the top view
(Fig. 2a). Statistics from �360 grains indicate that most of
the grains fall in the range between 10 and 20 nm (Fig. 2e). Some
columnar grains were observed in side view (Fig. 2b). Close
examination reveals high-density growth twins in side view,
which are nearly invisible in top view. Both top-view and side-view
TEM analysis suggest random grain orientations with sharp
large-angle boundaries, as confirmed by the nearly continuous
ring patterns of selected-area diffraction (SAD; insets of Fig. 2a
and b), taken from an area of�500 nm in diameter. Statistic TEM
observations indicate that the above microstructural character-
istics are exhibited in the whole sample, as shown in Figure S2 at
low magnification. HRTEM shows that some small grains may
contain a few dislocations (Fig. 2c and Fig. S3a), while others are
dislocation-free (Fig. S3b and c). Figure 2d reveals the detailed
structure of growth twins in two neighboring grains, G1 and G2,
where parallel twin boundaries (TBs) can be seen. These
observations are similar to other studies.[20]

Upon dynamic deformation, the peak of the grain size
distributions clearly shifts to large values (Fig. 2f). The average
grain sizes increase from 19 to 36 nm in side view and from 18 to
35 nm in top view. In contrast, the quasi-statically deformed
specimen has much less grain growths (Fig. S4) with average
grain sizes of 23 nm (top view) and 21 nm (side view). Despite the
increase of overall grain sizes, some small grains still remain
between 5 and 10 nm after the dynamic deformation, though with
reduced population in both top and side views. HRTEM
observations show that the dislocation configuration (in terms
of density and structure) in these small grains remains almost
unchanged (Fig. S5). Moreover, neither the average grain size nor
the grain shape seem to have changed in these small grains. This
may be taken as indirect evidence that plastic deformation, if any,
of such small grains may be mediated by grain-boundary
activities. This is in line with numerous computer simulations,
which suggest that grains of such small size could accommodate
plastic deformation by grain-boundary sliding.[13,14,21] In addi-
tion, we have observedmarked structural features in the relatively
large grains (>60 nm) after dynamic loading (Fig. 3a). Detailed
TEM reveals that many of the large grains exhibit irregular
shape and are composed of two or more subgrains (labeled from
G1 to G4 in Fig. 3a). Figure S6 serves as another representative
example in which roughly six subgrains (labeled from G1 to G6)
can be discerned within a large grain of �200 nm. These
subgrains are of size<50 nm. The SAD ring patterns become less
continuous (inset of Fig. 3a) than those from the as-deposited
sample, a consequence of grain coarsening. The large grains
appear to come about through coalescence of small grains.
It is likely that the coalescence occurs when two grains with
close orientations make contact during the course of grain
sliding. Grain coalescence could also be assisted by rotation
of neighboring grains, which eventually merge into a single
grain.[12,22] Agglomeration of smaller grains to form larger
ones will naturally diminish the populations of the former.
Such grain-growth mechanism, encountered herein, is in fact
in excellent agreement with a recent in situ TEM study of NC Al,
where initially separated grains with similar orientation can be
combined.[23] Grain coalescence can sometimes be found in the
quasi-static samples but the extent is much less than that
H & Co. KGaA, Weinheim Adv. Mater. 2009, 21, 5001–5004
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Figure 2. a,b) Representative bright-field TEM and c,d) HRTEM images of the as-received
NC NiFe alloy in top view (a) and side view (b–d). e,f) Grain-size distributions before and after
the dynamic deformation, respectively. The insets in (a) and (b) are SAD patterns from an area
with a diameter of about 500 nm. HRTEM images were taken from a h011i zone axis. Dislocations
in a small grain in (c) are marked by ‘‘T’’. The insets in (d) are diffraction patterns from grains G1
and G2 showing twin relationship. Small-angle grain boundary between G1 and G2 is formed by
dislocation. About 360 grains each were counted for both side view and top view.
observed in dynamically deformed samples. The large grains in
the quasi-static specimen are often observed to have two dark
neighboring grains sharing a small-angle boundary (Fig. S7).

In addition to the top-view TEM observations, indicative of
grain growth via coalescence of small grains, a similar
mechanism is also commonly observed in side view, as shown
in Figure 3b for a dynamically deformed sample. Here, again,
large grains embracing many sub-grains can be clearly witnessed,
accompanied by the less continuous SAD ring pattern. More
interestingly, our TEM observations suggest that many preexist-
ing growth twins have disappeared upon dynamic deformation.
This is strong evidence for a new deformation mechanism in this
NC NiFe alloy namely de-twinning. Statistics indicate that
the dynamic deformation has resulted in a reduction of twin
Adv. Mater. 2009, 21, 5001–5004 � 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
density from 1.54� 10�4 to 4.36� 10�5 nm�2,
while quasi-static deformation has not altered
the twin density evidently (Fig. S8). To further
understand the de-twinning process, we
searched extensively for the debris of twins
by both TEM and HRTEM. Figure 3c presents
a scenario where TBs have been shifted
(pointed by black arrow) and partly eliminated
(pointed by white arrow, the twins T1 and T2
have been taken over by a grain T). In other
cases, the TBs are severely distorted (Fig. S9).
Figure 3d shows an HRTEM image to reveal
the distorted and shifted TBs. In contrast to the
as-received specimen, a high density of
dislocation is found near the TBs (Fig. S10).
Even though the exact process is not clear
without in situ observation, it appears that the
de-twinning process involves the contribution
from partial dislocation activity. Mechanical
annealing of TBs such as evidenced in
Figure 3b–d leads to an increased average
twin width and, at the same time, to a
decreased twin density. In addition, bearing
in mind that de-twinning can induce a drastic
orientation change, we may regard de-
twinning to be the primary mechanism
responsible for the texture change during
dynamic loading of this NC NiFe alloy.

A natural concern arises regarding the
possible grain growth and de-twinning
induced by the adiabatic temperature rise
common in dynamic loading of visco-plastic
materials. The overall estimated adiabatic
temperature rise within the sample during
dynamic loading is less than 80K (Supporting
Information), thus, insubstantial for signifi-
cant grain growth and de-twinning of the NC
NiFe alloy. Hence, we do not consider adiabatic
temperature rise to be the primary contribut-
ing factor leading to the grain-growth
and de-twinning processes. Similar to
Reference [24] we hold the view that such
microstructure evolutions aremechanically driven.

Comparingwith thequasi-staticdeformation,
the high strength and respectable dynamic
plastic deformation observed in the NCNiFe alloy are, thus, closely
related to the peculiar deformation mechanisms. Several factors
may contribute to the increased strength and plasticity. First, the
high strain rate associatedwith dynamic loading could enhance the
yield stress. Previous studies have suggested that the strain-rate
sensitivity in fccmetals increases asgrain size reducesand suchrate
effect can become substantial for NC metals.[25,26] The much
increased strain rate sensitivity also helps to suppress plastic
instability, which explains the absence of precipitous stress collapse
in the dynamic stress–strain curves of such strongNCmetals (such
stresscollapse isusuallyasignatureofadiabaticshearbanding inthe
specimen). The post-yielding decrease in flow stress might be
caused by gradual grain coarsening and de-twinning, as well as the
homogeneous and gradual adiabatic temperature rise when
heim 5003
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Figure 3. Postmortem bright-field TEM images of the NC NiFe alloy after dynamic deformation
from both top (a) and side (b) views. Large grains are found to be composed of several subgrains
labeled from G1 to G4. The black arrows in (b) point to some twin debris. c) Magnified TEM
image on the twin debris from side view. The TB marked by the white arrow has partly retreated
from its original position and the TB marked by the black arrow has shifted, suggesting the
de-twinning process. d) HRTEM image of the twin debris from side view. The inset is a Fourier
transformation showing twin relationship. The TB is shifted and distorted.
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dynamic deformation proceeds. Preexisting twins have been
reported to enhance tensile ductility at quasi-static loading rates
by themuch increasedstrainhardeningandstrainratehardening in
NC fcc metals, such as Cu, due to dislocation–TB interactions.[7]

However, in dynamic compression, as inour study, the compressive
ductility is determined by the crack initiation and catastrophic crack
propagationasaconsequenceofadiabaticshearbanding.Webelieve
that in our samples the primary role of de-twinning and grain
rotation is to relieve the stress concentrations thatmay also serve as
triggers of adiabatic shear banding. This, in turn, increases the
compressive ductility of the sample. Absence of plastic instability
under compressive loading of our samples due to the aforemen-
tioned reasons allows us to achieve a large ultimate plastic strain
without failure.

In summary, under dynamic loading a NC NiFe alloy showed
both higher strength and higher plasticity than under quasi-static
loading. Our elaborate analyses suggest that the dynamic plastic
deformation of the NC NiFe alloy is mediated by processes such as
de-twinning, grain-boundary sliding, and grain coarsening
through grain coalescence. The impressively increased dynamic
plasticity observed in this work can be primarily attributed to the
deformationmechanism of de-twinning and grain coarsening. The
de-twinning mechanism, in particular, seems to be a unique
deformation mechanism under dynamic loading for this NC alloy.

An Experimental Section is provided in the Supporting
Information.
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhe
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