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Deformation twinning has been observed in room-temperature rolled nanocrystalline Ni. The
growth of the deformation twins via the emission of partial dislocations from a grain boundary has
been examined in detail. Partial dislocations on neighboring slip planes may migrate for different
distances and then remain in the grain interior, leading to the formation of a steplike twin boundary
�TB�. With continued twin growth, the TBs become gradually distorted and lose their coherent
character due to accumulated high stresses. Moreover, we propose that microtwins may form near
such TBs due to the emission of partial dislocations from the TB. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3104858�

Twins have been observed in a number of deformed
nanocrystalline �nc� metals, including Cu,1 Ta,2 Al,3,4 Pd,5

and Ni,6–10 even though they are seldom found in the defor-
mation of similar coarse-grained metals. Deformation twin-
ning therefore plays an important role in the deformation of
nc materials, and it is important to find out how twins form
and grow during deformation. Molecular dynamics �MD�
simulations11,12 have suggested that grain boundary �GB�
emission of partial dislocations can result in deformation
twinning in nc Cu and nc Al, as confirmed by some experi-
mental results.1,3,4 MD simulations also show that for the
deformation of nc Ni �20–50 nm�, GB emission of partial
dislocations does not result in twinning.11 However, defor-
mation twinning has been observed in deformed nc Ni rolled
to different strains at low temperature �in liquid nitrogen�.6,7,9

In this letter, we report that deformation twinning can also
take place during room-temperature cold-rolling of nc Ni.
The growth of twins by the emission of partial dislocations
from GBs is discussed in detail for the cases of three differ-
ent types of twin boundaries �TBs�.

Fully dense, electrodeposited nc Ni sheets were procured
from Goodfellow Inc. The as-received sheets were 200 �m
thick and of 99.8% purity. The average grain size was about
20 nm. Samples of nc Ni of 10�20 mm2 in size were rolled
at room temperature to various von Mises equivalent strains
�VM calculated as �VM= �2 /�3 ln�1+���, where � is the roll-
ing reduction. The equivalent strain rate was approximately
10−2 s−1. The microstructures were examined using x-ray
diffraction �XRD�, transmission electron microscopy �TEM�,
and high-resolution TEM �HRTEM� �JEM 2010F operated at
200 kV�. The TEM specimens were prepared by twin-jet
polishing using a nitric acid-methanol solution �20% of
HNO3 by volume� at −30 °C.

The HRTEM experimental results show that the pres-
ence of a lot of deformation twins in the cold-rolled samples.

This result agrees with previously reported results for de-
formed nc Ni.6–9 However, our samples were deformed at
room temperature, whereas the samples analyzed in Refs.
6–9 were deformed at low temperature �in liquid nitrogen�.
Figure 1 shows an example image of a twin �for a sample
rolled to �VM=0.45�. The low magnification illustration in
the upper left corner of Fig. 1 indicates the twin position.
Three grains, A, B, and C, can be seen and the twin is en-
larged from the white box in grain A. The twin relationship
at TB1 and TB2 is confirmed by the fast Fourier transforma-
tion of the lattice image shown in the lower left corner. From
Fig. 1 it can be seen that the TB is not straight, as shown by
broken line between TB1 and TB2. This kind of TB can be
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FIG. 1. Twin grows in deformed nc Ni. The win is enlarged from the white
box in the upper left corner, in which there are three grains, A, B, and C. The
fast Fourier transformation for twin relationship at TB1 and TB2 is shown in
the lower right corner. The broken line shows the steplike TB between TB1
and TB2. Note the atomic plane at TB1 is counted as the first plane, with the
second to the eighth plane counted in order, the plane at TB2 is the eighth
plane. There is a dislocation loop formed by Shockley dislocation marked by
T in the sixth plane. The two arrows indicate twin growing direction in
lengthening and broadening.
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regarded as a stepped boundary. It can also be seen that the
twin on the right side of TB1 has reached the GB between
grains A and B. However, the twin between TB1 and TB2
remains in the grain interior. In order to explain how the twin
grows, we can number the atomic plane of TB1 as the first
plane �number 1�, with the second plane �number 2� on its
left. Counting the atomic planes in order, the atomic plane of
TB2 is the eighth plane �number 8�, as shown in Fig. 1. We
propose that partial dislocations are emitted plane by plane in
sequence from the upper GB of grain A �not shown in the
figure� and glide downward to the grain interior, leading to
the twin broadening and lengthening. Because they are emit-
ted earlier, the partial dislocations of the first atomic plane
and the planes to its right have reached the A/B GB. How-
ever, the partial dislocations on the second to eighth plane
remain in the grain. It is because of this, upon unloading the
force to drive them forward, that it disappears and they re-
main in the grain. Due to the pinning effect of the dislocation
loop formed by a Shockley dislocation marked by “T” in Fig.
1, these partial dislocations cannot retreat to the original GB.
It is conceivable that with continued loading, the partial dis-
locations continue forward the A/B GB. At the same time,
partial dislocations on each atomic plane in the left of the
eighth plane will be emitted, leading to extension and growth
of the twin, as shown by arrows in Fig. 1. Therefore, the step
seen in the TB results from the interrupted process of twin
growth by a process of the partial dislocation glide.

Steplike TBs, as seen in Fig. 1, have also been reported
in literature1 �e.g., the a-a TB in Fig. 3 of Ref. 1�. In that case
the twin was in grain interior, and had not formed either a
new grain or two TBs of different direction.13 Therefore, it is
expected that these twins, similar to the twin shown in Fig. 1,
are all the result of the GB emission of partial dislocations.
Some partial dislocations remain in the grain interior and
induce a stepped TB structure, as discussed above.

We also observed some straight twins with exact lattice
coherence TB �e.g., Fig. 2�a� and in the lower left white box
of Fig. 2�b��. Additionally, some other twins were also found
to have a TB that cannot be described by one atomic plane,
as shown in Figs. 2�b� and 2�c�. From Fig. 2 it can be seen
that these TBs contain several atomic planes �upper right
white box in Figs. 2�b� and 2�c��. In general, microtwins can
be found in these TB regions, implying that the migration of
partial dislocations takes place. Furthermore, dislocations
marked by T and dislocation dipoles marked by “dashed
circle” in Fig. 2�c� can be observed in these TB regions.

The presence of microtwins inside twins have been re-
ported previously9 �Fig. 8 of Ref. 9�, and was attributed to
the GB emission of partial dislocations. From Figs. 2�b� and
2�c� it can be seen that the stacking faults �SFs� in the TB
region are not continuous but interrupted. Additionally there
are several dislocations ahead of and behind the microtwins.
It is therefore possible that the microtwins are generated
from the TB and not the GB. We assume here that for GB
emission of partial dislocations, the twin size is limited and
cannot grow across the whole grain. In the latter stages of
twin growth, a high stress will exist in the twin tip. This
stress will hinder partial dislocations emitted by GB �Ref.
14� and interact with the TB, leading to TB distortion.15 Such
a highly heterogeneous strained region can result in the easy
nucleation of dislocations, i.e., the emission of dislocations
from a TB.15 Interaction of dislocations can produce a
Lomer–Cottrell lock.13 Subsequently, the Lomer–Cottrell

lock can emit partial dislocations to produce local micro-
twins and SFs. Thus a discontinuous Lomer–Cottrell lock
generated near a TB can lead to the formation of discontinu-
ous and local SFs and microtwins. As a result, the originally
straight TBs lose their lattice coherence and become
“messy.” If plastic strain increases continually, the TB will
evolve into a distorted GB with higher energy.9,10

In summary, in this letter, deformation twinning has been
observed in room-temperature cold-rolled nc Ni. Growth of
twins by the emission of partial dislocations from GB has
been illustrated in detail. If some partial dislocations remain
in the grain interior and do not reach the opposite GB, a
stepped TB is formed. With increasing twin size, TBs be-
come gradually disordered and distorted by high stresses ac-
cumulated at the twin tip. TBs can act as a blockage of
partial dislocation glide. The formation of microtwins can be
attributed to the emission of dislocations from TB.

FIG. 2. Twins in deformed nc Ni. �a� Twin with a straight TB. �b� Straight
TB �lower left white box� and TB containing several atomic planes and
microtwins �upper right white box�. �c� Perfect dislocations marked by T
and dislocation dipole marked by dashed circle near TB region.
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