
Phase transformation accommodated plasticity in nanocrystalline nickel
X. Y. Zhang,1,4,a� X. L. Wu,2,b� Q. Liu,1 R. L. Zuo,1 A. W. Zhu,4 P. Jiang,2 and Q. M. Wei3
1School of Materials Sicence and Engineering, Chongqing University,
Chongqing 400030, People’s Republic of China
2State Key Laboratory of Nonlinear Mechanics, Institute of Mechanics, Chinese Academy of Sciences,
Beijing 100190, People’s Republic of China
3Department of Mechanical Engineering, University of North Carolina at Charlotte, Charlotte,
North Carolina 28223-0001, USA
4Physical Science and Engineering Technology School, Guangxi University,
Nanning 530004, People’s Republic of China

�Received 18 May 2008; accepted 12 June 2008; published online 21 July 2008�

Based on detailed x-ray diffraction and transmission electron microscopy we have found
body-centered-cubic �bcc� Ni upon room-temperature rolling of nanocrystalline �nc�
face-centered-cubic �fcc� Ni. The bcc phase forms via the Kurdjumov–Sachs �KS� martensitic
transformation mechanism when the von Mises equivalent strain exceeds �0.3, much higher than
accessible in tensile testing. The fcc and bcc phases keep either the KS or the Nishiyama–
Wasserman orientation relationship. Our results provide insights into the deformation physics in nc
Ni, namely, the fcc-to-bcc phase transformation can also accommodate plasticity at large plastic
strains. © 2008 American Institute of Physics. �DOI: 10.1063/1.2953545�

A good understanding of the deformation mechanisms of
nanocrystalline �nc� materials is the key to microstructure
design and property controls.1–6 Numerous efforts have cor-
roborated that the grain boundary plasticity dominates via
various partial dislocation activities during the plastic defor-
mation of face-centered cubic �fcc� nc metals.1–10 It has been
found, for example, that in nc Ni, deformation twinning, for-
mation of extended, and full dislocations from the grain
boundaries, grain boundary sliding, and grain rotation can
contribute to plasticity.2,11–13 In this letter, we provide con-
vincing x-ray diffraction �XRD� and transmission electron
microscopy �TEM� evidences for the formation of a body-
centered cubic �bcc, �� phase of Ni via phase transformation
in nc fcc ��� Ni �grain size around 20 nm� upon room-
temperature rolling. This observation is somewhat surprising
as the � phase of Ni has been considered the exclusive equi-
librium phase of nickel at ambient pressure and at tempera-
tures up to its melting point, though both � and hexagonal
close-packed phases of Ni have been synthesized mainly as
very thin films by heteroepitaxial growth.14–17 On the other
hand, molecular dynamics simulation reveals a continuous
transformation even to an amorphous phase in Ni nanowires
at a strain rate of 5% ps−1, a stress of 9.5 GPa, and a strain
of 15%, respectively, with the stress level far exceeding the
maximum flow stress of bulk Ni.18 The observations reported
in this letter thus reveal yet another mechanism that can ac-
commodate plasticity of nc Ni at relatively large plastic
strains.

In this work, fully dense, electrodeposited nc Ni sheets
were procured from Goodfellow Inc. The as-received sheets
are 200 �m thick and of 99.8% purity. The average grain
size is 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 Henceforth in this letter, �VM is cal-
culated as �VM= �2 /�3 ln�1+���, where � is the rolling reduc-

tion. The equivalent strain rate was approximately 10−2 s−1.
The microstructures were examined using XRD and high-
resolution TEM �HRTEM, JEM 2010F operated at 200 kV�.
The TEM specimens were prepared by twin-jet polishing us-
ing a nitric acid methanol solution �20% of HNO3 by vol-
ume� at −30 °C.

Figure 1 displays the XRD results of nc Ni rolled to
various equivalent strains. Only fcc peaks are found in the
as-received nc Ni and it remains so to a �VM of around 0.27.
However, when �VM is increased to around 0.32, extra XRD
peaks, i.e., �200�� and �211��, start to appear which can be
unequivocally indexed to be from the bcc phase of Ni. It
therefore suggests that phase transition from fcc ��� to bcc
��� structure has occurred during rolling. Obviously, the for-
mation of the � phase within the nc fcc matrix requires ex-
tensive plastic deformation with an equivalent strain far be-
yond what is accessible in a typical tensile test of nc Ni
�usually below 5%�.19 The average lattice constants of � and
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FIG. 1. �Color online� XRD results of as-received nc nickel and those rolled
to various equivalent strains. Notice bcc peaks start to appear when the
strain is around 0.32. The strength of the bcc peaks increases with equivalent
strain, implying increased volume fraction of the bcc phase.
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� phase as measured by XRD are a�=0.3532 nm and a�

=0.2919 nm, respectively. The latter is in good line with
what is documented in the literature17,18 and is close to the-
oretical predictions.20 Further analysis of the XRD results
indicates that the volume fraction of the � phase, f�, in-
creases with equivalent strain, and reaches 7.5% at �VM of
0.43.

The presence of � phase in the rolled nc Ni is further
confirmed by HRTEM observation, as shown in Fig 2. Figure
2�a� shows a nc � grain viewed in the �111�� zone axis of the
bcc lattice. Figure 2�b� provides an enlarged view of the
boxed area in Fig. 2�a� containing the � /� phase boundary,
as indicated by arrows. The zone axes of the � and � struc-
tures are �101�� and �111��, respectively. It is evident that
�111�� is parallel to �101��, in accordance with the
Kurdjumov–Sachs �KS� orientation relationship well estab-
lished for the �-to-� martensitic transformation in low car-
bon ferrous alloys.21,22 The schematic projected configura-
tions of atomic arrays, viewed in the respective zone axes of
the � and � phases, are shown in Fig. 2�c�. The observed and
calibrated spacings between these atomic rows on �111	� and
�110	� planes are both 0.22 nm. This is in good keeping with

the calculated values of 0.2156 nm �a�
�6 /4� and 0.2383 nm

�a�
�6 /3� for the � and � phases, respectively. It is seen from

Fig. 2�c� that when the lattice is transformed completely
from � to �, the resultant amount of shear is
��6 /24� / ��3 /3�=�2 /8=0.177, as obtained from the geom-
etry of the projected atomic rows shown in Fig. 2�c�. In other
words, this shear is produced by the displacement of each
�111�� plane in the �121�� direction by a�

�6 /24. The equiva-
lent strain corresponding to the lattice change described by
Fig. 2�c� is �0.231.

One important feature is noted, from Figs. 2�b� and 2�c�,
that the �111�� plane is gradually curved into �110�� plane,
indicating the presence of various stages of transient struc-
tures. An example is shown in Fig. 3. In this HRTEM image,
the diamond and the square lattices correspond to the � and
� phases as viewed in zone axes of �011�� and �001��, re-
spectively. Clearly, the Nishiyama–Wasserman orientation
relationship, viz., �001�� 
 �011�� and �110�� 
 �111�� can be
established, which is also a typical orientation relationship
found in martensitic transition in ferrous alloys.21–23 This re-
sult again provides strong evidence for the occurrence of �
→� martensitic transformation in nc Ni. Moreover, it is
worth noting that the �→� transformation take places via a
continuous shearing process, by the formation of an interme-
diate structure between the final bcc and the original fcc
structure, and one typical area is marked by an asterisk in
Fig. 3. The intermediate structures have their orientations
deviating away from �011��. This continuous shearing pro-
cess is also supported as a number of dislocations �indicated
by short yellow lines in Fig. 3� is visible which stacks up
at the boundary between the �111�� and �110�� planes.
These dislocations help to provide the gradual tilting from
the �111�� to the �110�� planes, which eventually leads to
the formation of the bcc ��� phase. Interestingly, one dislo-
cation is also observed in � phase, as indicated by symbol T
in Fig. 3.

Crystallographically, when the KS orientation relation-
ship is described as �111�� 
 �101�� and �101�� 
 �111��, as
adopted in Fig. 2, the first and second shears in the KS
mechanism are �211���111�� and �101���121��, respectively.
The amounts of shears are 0.354 for the first shear and 0.199
for the second shear, which are produced by a shear displace-
ment of a� /12· �211�� on every �111�� plane and a shear
displacement a� /12· �101�� on every third �242�� plane.23,24

It is noted that in the KS mechanism, the shear component of
the first shear along �121�� on the �111�� plane is 0.177,
which is exactly the same as the observed amount of the
apparent shear in �121�� on the �111�� plane, deduced from
the atomic arrangements as projected to the plane normal to
the incident beam �Fig. 2�c��. Moreover, in the KS mecha-

FIG. 2. �Color online� �a� HRTEM image of a nc bcc grain next to the fcc
matrix. �b� Enlarged view of the interface region between the fcc and bcc
structures. In �b�, the atomic arrangements of the �101� zone of fcc and the
�111� zone of bcc near the phase boundary are shown, with the �111	
d-spacing �0.204 nm� of the fcc phase and the �110	 d-spacing �0.206 nm�
of the bcc phase marked out, respectively. �c� Schematic configurations of
the projected atomic arrays viewed in �101� of fcc and �111� of bcc.

FIG. 3. �Color online� HRTEM image showing coexistence of the fcc �dia-
mond� and bcc �square� phases in a nc nickel after room-temperature rolling,
and the transitional structures indicated by an asterisk between the original
fcc structure and the final bcc structure.
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nism, the direction of the second shear is parallel to the in-
cident beam, so that the atomic displacement along this di-
rection does not affect the image formation of the atomic
structure in the electron microscope. As a consequence, the
positions of atomic rows projected along this incident beam
are expected to remain unchanged even if the � phase is
subjected to the second shear. In other words, if the KS
mechanism is operating, the HRTEM image along �101��

and �111�� will remain unchanged. The relatively undis-
turbed image of the atomic rows corresponding to the fcc
and bcc structures in Fig. 2�b� strongly supports the above
supposition. Therefore, the KS mechanism is the plausible
lattice deformation in the �→� martensitic transformation
that happened in nc Ni.

Thermodynamically, theoretical calculations have sug-
gested that the hypothetical bcc phase of Ni can be formed
by transition from the fcc phase at an energy cost of
6.68 kJ /mol.20 This energy cost must be provided from me-
chanical driving force. We envisage that the very high yield
strength of nc Ni and the stress condition of rolling together
may serve to provide such energy cost. A simplified calcula-
tion of the mechanical work accumulated during rolling of nc
Ni can be made by assuming that the stress-strain behavior
follows elastic-perfect plastic pattern, and the strain energy is
then the area under the stress-strain curve. Such estimate
reaches an overall volume average value of �4 kJ /mol at an
equivalent strain of 0.32. Therefore, a localized phase change
from fcc-to-bcc structure should not be very surprising from
a thermodynamic point of view.

The � phase of nc Ni formed during rolling can be, in
fact, referred to as a mechanically induced martensite trans-
formation. We observed nc grains of either a whole bcc lat-
tice �Fig. 2� or a transient one �Fig. 3�. When the nc Ni is
subjected to an external force, an inhomogeneous state of
internal stress is developed resulting from elastic anisotropy
and plastic incompatibilities in different grains or even
within different parts of a grain.6,12 The occurrence of trans-
formation is, as expected, dependent on deformation condi-
tions. In our case, it depends on the corresponding very high
flow stress and appropriate strain levels. The accommodation
for compatible plastic strains is thus nonuniform, demon-
strating the inhomogeneous nature of the deformation
accommodation.12 More specifically, the plastic deformation
may also vary from place to place even in one single grain.
There appear to be multiple different deformation responses
that can accommodate plastic strain even in one single nc
grain. We also observed deformation twining and formation
of stacking faults and dislocations in rolled nc grains, show-
ing that strain accommodation has multiple pathways and is
inhomogeneous from place to place in the nc grain. Our re-
sults extend the prior knowledge of plastic accommodation
in nc metals with convincing evidence of microstructural in-

stability via phase transformation occurring in nc Ni at rela-
tively large strains.

In summary, we have provided strong XRD and HRTEM
evidence for the formation of a bcc structure in nc fcc Ni
upon room-temperature rolling to large strains. The forma-
tion of the bcc phase is attributed to a mechanically driven
martensitic phase transformation that occurs within nc
nickel. The lattice instability observed here is of considerable
practical importance. The “hard-to-flow” far-from-
equilibrium microstructure such as nc Ni can accommodate
plastic strain via change in lattice structure into another vari-
ant upon mechanical loading. This mechanism adds to the
host of plastic deformation mechanisms of nc nickel.
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