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The partial-dislocation-mediated processes have so far eluded high-resolution transmission electron
microscopy studies in nanocrystalline �nc� Ni with nonequilibrium grain boundaries. It is revealed
that the nc Ni deformed largely by twinning instead of extended partials. The underlying
mechanisms including dissociated dislocations, high residual stresses, and stress concentrations near
stacking faults are demonstrated and discussed. © 2006 American Institute of Physics.
�DOI: 10.1063/1.2227639�

The mechanical properties of nanocrystalline �nc� mate-
rials are controlled by their deformation mechanisms,1 which
include partial dislocation emission from grain boundaries
�GBs�,2–10 deformation twinning,9–20 full dislocations,3,5,7

GB sliding,3,11–13 and grain rotation.11,14 Basing on general-
ized planar fault energy �GPFE� curves, molecular dynamics
�MD� simulations predicted that nc Ni prefers to deform by
extended partials, rather than twinning.5 The two energies on
the GPFE curves, the unstable stacking fault energy �SFE�
�usf and the unstable twin fault energy �utf, are believed to
play critical roles in the activation of extended partials and
twining.5 However, a recent study indicates that the �usf and
�utf values obtained from GPFE curves vary significantly
with the models used for their calculation and it is not clear
if these values even qualitatively agree with the real values,21

which so far cannot be experimentally measured. A recent
experimental study22 revealed the formation of both stacking
faults and deformation twins in electrodeposited Ni, which
has GBs not far from equilibrium and those used in MD
simulations.

Nanomaterials often have nonequilibrium GBs with high
densities of extrinsic �extra� dislocations.23–25 This is espe-
cially true for those nc metals and alloys produced by severe
plastic deformation.26 It has been claimed that the GPFE
curves are not applicable to these nc metals and alloys be-
cause partial dislocations already exist at/near nonequilib-
rium GBs and therefore do not need to be nucleated.27,28 In
other words, since the �usf and �utf only affect the nucleation
process of the extended partial and the first twin partial, they
should not affect the nc metals and alloys with nonequilib-
rium GBs. However, experimental evidence is still lacking to
support such a claim.

The objective of this work is to study the partial-
dislocation-mediated processes in nanomaterials with non-
equilibrium GBs. We chose to use nc Ni produced by surface
mechanical attrition treatment �SMAT� �Ref. 29� in this study
because Ni has been extensively studied by MD simulations

and experiments, and SMAT can produce nc Ni with
impurity-free nonequilibrium GBs.

A Ni plate with a purity of 99.998% was subjected to
SMAT at room temperature to produce a layer of nc Ni.30

Extensive high-resolution electron microscopy �HREM� ob-
servations revealed that at the depth of 27 �m from the sur-
face, the nc Ni has grain sizes in the range of 20–100 nm.
The grain size is found to affect twinning propensity: twins
were observed in 50% of small grains �20–50 nm� but in
only 10% of large grains �50–100 nm�. In contrast, stacking
faults were observed in only 2% of all examined grains.
These observations indicate that twinning is a more preferred
deformation mechanism than slipping of extended partials.

Figure 1�a� is a HREM image showing a low angle
��3° � GB �marked with asterisks� and a twin lamellar in a
nc grain �the twin boundary is marked by an arrow�. Figures
1�b� and 1�c� are Fourier filtered diffraction patterns of the
low angle GB and the twin, respectively. Figure 1�d� is an
enlarged image of the area inside the rectangular frame in
�a�. Interestingly, as indicated by the arrow on the left, a twin
nucleus exists at the GB. It appears that a dissociated 60°
dislocation glided toward the GB, and its wide stacking fault
dynamically overlapped with the wide stacking fault of a
stationary dissociated 60° dislocation on the GB, forming the
twin nucleus at the GB. Such a twin nucleation mechanism
has not been reported before. Shown in the right side of Fig.
1�d� is a twin with the twin boundary marked by an arrow
and labeled as TB. As shown, a high density of dislocations
exists on the GB segment AB, which is also the boundary of
the twin lamellar. We believe that these dislocations were
related to the twin formation process.

Figure 2 shows a nonequilibrium GB in nc Ni. Severe
lattice distortion is clearly visible near the GB. Such lattice
distortion attests to high residual stresses at the GB that
could help with overcoming the energy barriers for nucle-
ation of extended partials and twins.

Figure 3�a� shows a HREM image of a nonequilibrium
low angle ��3° � GB. 60° dislocations with �111� half planes
are marked on the GB. Figure 3�b� is an inverse Fourier

image showing much higher dislocation density on �111̄�
planes along the same GB segment. Interestingly, Fig. 3�a�
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shows dissociated 60° dislocations with wide stacking faults.
The boundaries of two such wide stacking faults are marked
by two pairs of lines, respectively. The stacking fault widths
are in the range of 6–18 atomic planes �1.22–3.66 nm�. The
dissociation of 60° dislocations on a GB has not been re-
ported before and could be uniquely associated with the non-
equilibrium nature of the GB.

The existence of dissociated dislocations on nonequilib-
rium GBs has important consequences on the deformation
mechanism of nc Ni. First, the leading partial can simply slip
into the grain interior under an external stress, becoming an
extended partial and creating a stacking fault. In other words,
the emission of the leading partial is affected by the stable
stacking fault energy, but not by the much higher �usf. Sec-
ond, since the trailing partials already exist on the GB, they

could also slip into the grain interior, a process that does not
have to overcome the high �usf. The easy emissions of the
trailing partials effectively erase the stacking faults created
by the leading partial, which explains why we did not ob-
serve many stacking faults. This suggests that the �usf has no
effect on the formation of stacking faults. In addition, if two
dissociated dislocations on a GB happen to be on adjacent
planes, a twin nucleus will form if their leading partials have
the same Burgers vectors. Such a twin nucleation process
will not need to overcome high �utf.

The observation of large quantities of deformation twins
indicates that twins can be easily nucleated. This result is
consistent with our previous reports that once a stacking fault
is formed, it is relatively easy to nucleate the twin.22 After a
stacking fault is formed, a twin partial with the same Burgers
vector as the initial leading partial could be emitted on an
adjacent plane to nucleate a twin. Alternatively, a trailing
partial could be emitted on the same plane to erase the stack-
ing fault. An analytical model27,28 predicts that below a cer-
tain critical grain size, it is easier to nucleate a twin partial
than to emit a trailing partial. The model does not consider
the �usf and �utf, and is especially applicable to nc Ni with
nonequilibrium GBs studied here. The model predicted that
the twinning is easiest for nc Ni with grain sizes in the range
of 19–27 nm, which explains our observations that small Ni
grains �20–50 nm� have a much higher twin density than
larger Ni grains �50–100 nm�. In addition, there are also
other factors that help with the twin nucleation, including
high stress concentrations near the stacking faults.22,31

In summary, we experimentally studied the partial-
dislocation-mediated processes in a nc Ni with nonequilib-
rium GBs. We observed a large number of deformation
twins, but very few stacking faults, contradicting the predic-
tions by MD simulations. These discrepancies between our
experimental observations and MD simulations can be ex-
plained by the following reasons. First, there are lattice dis-
tortions near nonequilibrium GBs, and the related stress con-

FIG. 1. �a� A HREM image showing a low angle ��3° � GB �marked with
asterisks� and a twin lamellar with the twin boundary �TB� marked by an
arrow. ��b� and �c�� Fourier filtered diffraction patterns of the low angle GB
and twin, respectively. �d� An enlarged image of the area inside the frame in
�a�.

FIG. 2. A HREM image showing severe lattice distortion near a nonequi-
librium GB.

FIG. 3. HREM images showing �a� dissociation of 60° dislocations into
Shockley partials bounding stacking faults on a nonequilibrium GB and �b�
an inverse Fourier transformation image of high density dislocations on

�111̄� planes. The arrow indicates the GB direction.
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centrations are so high that they could overcome any energy
barriers for nucleating partial dislocations and twins. Second,
on some GBs, dislocations are already dissociated into lead-
ing and trailing partials, making the �usf irrelevant. Third,
high stress concentrations near the stacking faults could help
with overcoming the �utf. Fourth, we have observed a twin
nucleation mechanism, dynamic overlapping of a slipping
dissociated 60° dislocation with a stationary dissociated 60°
dislocation on a GB. Such a mechanism is not affected by the
�utf. Fifth, the GPFE curves used by the MD simulations
might be significantly different from the real physical curves.
Finally, a previous analytical model,27,28 which considers the
stable stacking fault energy, is applicable to nanomaterials
with nonequilibrium GBs.
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