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A strain-induced reverse phase transformation from a hexagonal close-packed phase to a face-centered cubic phase was observed
under tension at room temperature in electrodeposited nanocrystalline Co-Ni alloys with an average grain size of 15 nm. Such
reverse phase transformation was previously observed only on heating. Investigation by transmission electron microscopy suggests
a close relationship between the reverse phase transformation and grain growth during the tensile deformation.
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1. Introduction It is generally acknowledged that
martensitic transformations can be triggered above
the martensite start temperature (M s) by plastic
deformation.[1] The strain-induced martensitic transfor-
mation is one of the most important characteristics of
shape memory alloys (SMAs), which has been widely
investigated in Ni-Ti-based, Fe-based and other typ-
ical SMAs.[2] However, there are not many reports
about strain-induced reverse transformation, which is an
interesting topic.

Meanwhile, when the grain size is reduced to
nano scale, nanocrystalline metals and alloys exhibit
much different behaviors in comparison to their coarse-
grained counterparts.[3–5] Phase transformations have
been widely investigated in nanocrystalline Co pro-
cessed by ball milling,[6,7] surface mechanical attrition
treatment [8,9] and high-pressure torsion.[10,11]

Size dependence of the reverse transformation from
hcp to fcc phase is still less understood. Binary Co-Ni
alloys are selected as the experimental model material in
this work for the reason that they exhibit a reversible fcc
to hcp phase transformation when Ni content is less than
35at% Ni, as shown in the phase diagram (Figure 1).[12–
15] The phase transformation temperature decreases
with increasing Ni content.

*Corresponding author. Email: jin@sjtu.edu.cn

Interaction between the reverse transformation and
grain growth upon heating in nanocrystalline Co-Ni
alloys was taken into consideration.[16,17] Since strain-
induced grain growth has been extensively reported
in nanocrystalline materials under indentation,[18,19]
high-pressure torsion,[20,21] compression [22] and ten-
sile test,[23,24] it is interesting to study the microstruc-
ture evolution accompanying a plastic deformation pro-
cess.

In the present study, an interesting phenomenon of
strain-induced phase transformation from hcp to fcc in
nanocrystalline Co-31.0at%Ni alloy was observed. Pulse
electrodeposition was employed to prepare nanocrys-
talline Co-Ni alloys with fewer defects and impuri-
ties. Phase change and grain growth were studied on
Co-(20.6 ± 0.1at%)Ni, Co-(31.0 ± 0.1at%)Ni and Co-
(48.0 ± 0.5at%)Ni under tension at room temperature.
The close relationship between reverse transformation
from hcp to fcc and grain growth during tensile tests was
discussed and it suggested a possible mechanism for the
strain-induced reverse transformation.

2. Experimental Nanocrystalline Co-Ni alloys were
prepared by pulse electrodeposition. A saccharin-
containing electrolyte with contents listed in Table 1
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Figure 1. Phase diagram of Co-Ni.[12]

Table 1. Composition of electroplating
baths used in the present study.

(mol·l − 1)

NiSO4 · 6H2O 0.87, 0.98, 1.09
CoSO4 · 7H2O 0.30, 0.20, 0.10
Boric acid 0.50
Saccharin 2.5(g·l − 1)
Sodium dodecyl sulfate 0.5(g·l − 1)

Table 2. Pulse plating conditions lead-
ing to acceptable nanocrystalline Co-Ni
deposits from saccharin-containing elec-
trolyte.

Parameter Value

On-time (ms) 30
Off-time (ms) 270
Peak current density (mA·cm − 2) 200
Temperature (°C) 40
pH 4.0

was used to produce electrodeposits of 20 μm thickness.
Analytical grade chemicals and deionized water were
used to prepare the solutions. The solution temperature
was maintained at 40 ± 1°C by immersing the plating
cell in a large volume thermostatted water bath. The
cathode substrate was made of 304 stainless steel sheet
with a size of 30 mm × 40 mm × 0.5 mm after a passi-
vation treatment by immersion in nitric acid. A graphite
sheet with surface area much larger than that of the cath-
ode was used as the anode. Pulsed electrodeposition was
carried out galvanostatically using cathodic square wave
pulses with complete current cut-off during the inter-
val between the pulses. The pulse plating parameters are
given in Table 2.

Nickel contents in the Co-Ni samples were detected
by energy dispersive X-ray analysis (EDX) on a scan-
ning electron microscopy (SEM, FEI Sirion 2000 field
emission microscope) and by using inductively cou-
pled plasma optical emission spectrometer (ICP, Thermo
iCAP6300). The structure of samples was determined by
using X-ray diffraction (XRD, Rigaku D/max-2550/PC,
Cu Kα) and the microstructures were investigated by
transmission electron microscopy (TEM, JEOL-2100F).
Tensile tests were performed using universal material
experiment machine (Zwick/Roell Z020), where the
strain was measured by using a knife-edge extensometer
(makroXtens). Heat evolution was measured by differen-
tial scanning calorimetry (DSC, Perkin Elmer Diamond).

3. Results

3.1. Phases and Microstructure of as-deposited Co-
Ni Alloys. Figure 2 shows the TEM images and
XRD patterns of as-deposited samples with three typi-
cal compositions of Co-20.6at%Ni, Co-31.0at%Ni and
Co-48.0at%Ni, respectively. It is clear from the bright-
field and dark-field micrographs that these electrode-
posits have a nanocrystalline structure with an average
grain size of 15 nm and negligible porosity as con-
firmed by density measurements.[25] The selected-area
electron diffraction (SAED) patterns indicate that the as-
deposited Co-20.6at%Ni and Co-31.0at%Ni are mainly
in the hcp phase with the diffraction rings from cen-
ter to outwards corresponding to ε(100), ε(002), ε(101),
ε(102), ε(110) and ε(103), respectively. On the contrary,
Co-48.0at%Ni contains the fcc phase with the diffraction
rings corresponding to γ (111), γ (200), γ (220), γ (311)
and γ (222). The results are also confirmed by the XRD
analysis.

3.2. Tensile Tests at Room Temperature for Free-
standing Films and Alloys with Substrates. Free-
standing 20-μm-thick deposits can be mechanically
stripped off the 304 stainless steel substrates and pro-
cessed into tensile specimens as shown in Figure 3 by
wire-electrode cutting. But mechanical testing of the
free-standing films is difficult to perform due to the shear
stress. The samples break quickly and the engineering
strain is less than 0.4%. However, the soft substrates
can stabilize the specimens and avoid strain localiza-
tion during tensile tests.[26–28] As the samples were
tested together with the 304 stainless steel substrates,
ductility is not only a function of the film microstruc-
ture, but is also dependent on the overall adhesion of the
substrate. Figure 3 shows the typical tensile engineering
stress–strain curve for the free-standing sample (curve
a) in comparison with that for the sample together with
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(a)

(b)

(c)

Figure 2. Initial structure (1.bright-field, 2.dark-field, 3.SAED, 4.XRD) of as-deposited samples with different nickel contents:
(a) Co-20.6at%Ni; (b) Co-31.0at%Ni and (c) Co-48.0at%Ni.

Figure 3. Typical tensile engineering stress–strain curves
under a tensile rate of 0.5 mm/min: (a) free-standing sam-
ple; (b) sample together with substrate; (c) 304 stainless steel
substrate and (d) curve of deposit layer estimated by ROM.
The inset shows the geometry of tensile samples (R, radius of
curvature).

the substrate (curve b) and the 304 stainless steel sub-
strate (curve c) under a tensile rate of 0.5 mm/min. There
is no synergetic and destructive interaction between the

deposits and the substrate, so that the stress in the deposit
layer (curve d) can be estimated by the rule of mixture
(ROM) [29]:

σdeposit = σtotal − σsubstrate(1 − Vdeposit)

Vdeposit
, (1)

where σ deposit is the calculated stress of the deposit,
σ total is the measured stress of the deposit together with
substrate, σ substrate is the measured stress of the sub-
strate without deposit and Vdeposit is the volume fraction
of the deposit layer. As the 20-μm thick Co-Ni alloys
deposited on a 0.5-mm thick 304 stainless steel substrate,
the value of Vdeposit is about 0.04. The elastic modu-
lus of the deposit layer estimated by ROM is well in
agreement with the measured value of the free-standing
sample. Results show that the fracture strain of the
sample with substrate is more than four times larger
than that of the free-standing sample, while the frac-
ture stress of the sample with substrate is smaller than
that of the free-standing sample. Samples after tensile
tests are collected for the next morphology observa-
tion. Disks of 3 mm diameter were punched for TEM
observation.
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(a)

(d) (e)

(b) (c)

Figure 4. Bight-field TEM images of Co-31.0at%Ni after different tensile tests: (a) ε = 0.35% (free-standing sample);
(b) ε = 0.6%; (c) ε = 1.0%; (d) ε = 1.4% and (e) ε = 1.5%.

3.3. Microstructure of Co-Ni Alloys after Tensile
Tests. Figure 4 shows the bright-field TEM images of
Co-31.0at%Ni after different tensile tests. Five samples
after tensile tests are collected for the morphology obser-
vation: (a) free-standing sample after tensile failure up
to ε = 0.35%; (b), (c) and (d) samples with substrates
after tensile tests stop when ε = 0.6%, ε = 1.0% and
ε = 1.4%; (e) sample with substrate after tensile failure
up to ε = 1.5%. The nanocrystalline structure with hcp
phase remains unchanged in samples (a), (b) and (c). Just
tiny amounts of grains began to grow when ε = 1.4%
(Figure 4(d)), and more grains began to grow after ten-
sile failure up to ε = 1.5% (Figure 4(e)). As shown in
Figure 5, the background nano grains remain the hcp
phase (Figure 5(c)), while an fcc nano-twinned struc-
ture is formed instead of the initial hcp phase in the
grown grains (Figure 5(d)). Our previous studies [16]
have reported that the nano-twinned fcc structure has an
extraordinary stability within the temperature range from
4.2 to 1,000 K, and that the fcc phase will not transform
back to the hcp phase. The formation of the fcc phase
is also confirmed by XRD pattern (Figure 5(e)). The
microstructures of all Co-20.6at%Ni and Co-48.0at%Ni
samples remain unchanged after tensile tests, and are

similar to the images shown in Figure 1, hence are not
shown here.

4. Discussions It is well known that the reversible
fcc to hcp transformation exhibits a negligible vol-
ume change.[30] The high degree of structural simi-
larity between the two phases implies small entropy
and enthalpy changes. Co-Ni alloys have low stack-
ing fault energy with an approximate value of 31 and
18.5 kJ/m2 for the hcp and fcc structures in pure Co,
respectively.[31] Thus, the conversion between the two
structures easily occurs via stacking fault formation.[32]
These characteristics result in easier phase transforma-
tion in Co-Ni alloys [33] and provide the possibility of
strain-induced phase transformation from hcp to fcc.

As shown in Figure 1, the reverse martensitic
transformation from hcp to fcc in coarse-grained Co-
31.0at%Ni alloy takes place at about 420 K. However, it
happens at room temperature together with grain growth
in electrodeposited nanocrystalline Co-31.0at%Ni sam-
ple under tension. The unusual strain-induced reverse
transformation shows a close relationship with the grain
growth.
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(a) (b)

(c) (d)

(e)

Figure 5. Structure of Co-31.0at%Ni samples after tensile failure up to ε = 1.5%: (a) overall bright-field image; (b) bright-field
image of the grown grains; (c) SAED pattern corresponding to the background; (d) SAED pattern corresponding to the grains
grown up, which is measured by nano-beam diffraction (NBD) model and (e) X-ray diffraction pattern.

The high interfacial volume fraction in the
nanocrystalline materials leads to significant driving
forces for coarsening,[34] and there is a huge tendency
for grain growth, especially at elevated temperatures.
The strain energy provides a kind of driving force that
the grain growth could occur during the deformation pro-
cess. Strain-induced grain growth has been extensively
studied in nanocrystalline materials and it is reported
that there is a critical value of stress above which
deformation-induced grain growth would occur.[21,22]
However in the present study, grain growth during ten-
sile test occurred only in the Co-31.0at%Ni with ε higher
than 1.4%. Based on the engineering stress–strain curves
shown in Figure 2, it is suggested that the grain growth
was induced by sufficient strain rather than stress.

On the one hand, exothermic heat resulting from
grain growth can promote reverse transformation. As
shown in Figure 1, the thermodynamic phase equilib-
rium temperature (T0) of the hcp and fcc phases for

Co-31.0at%Ni is higher than room temperature, at which
the free energies of the two phases are equal. It means
that the phase transformation from hcp to fcc should not
take place at room temperature unless there are other
energies which can provide an additional driving force,
that is, increasing the instant temperature for the sample.
The resources of the extra energies may be provided by
the thermal effect of the deformation process and grain
growth.

We can estimate the temperature rise in the defor-
mation process using the following equation [35]:

�T = β

ρCV

ε2∫
ε1

σdε, (2)

where β = 0.9 (assuming 90% of work of deformation
was converted to heat), ρ is the density of the sample and
CV is the specific heat capacity. The specific heat capac-
ity of Co-31at%Ni and 304 stainless steel at room tem-
perature is about 0.44 J/(g·K) [36] and 0.50 J/(g·K),[37]
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respectively. As ε = 1.4%, �T of the 304 stainless steel
substrate is about 1 K and �T of Co-31at%Ni deposit
layer is about 4 K. It means that the heat generated from
the deformation process can be ignored.

Also, we can estimate the temperature rise in the
grain growth process by measuring the heat evolution
using DSC. The released heat can be estimated by calcu-
lating the area of exothermic peak. When the grains with
an initial size of 15 nm grow up to about 300 nm,[16,17]
the released heat is about 31 J/g. As the grain has grown
up to about 150 nm after tension (Figure 5(b)), we can
use 31 J/g as the value of released heat for estima-
tion. Whereas the specific heat of Co-31at%Ni alloy is
about 0.44 J/(g·K), the heat evolution may increase the
temperature by about 70°, so that the temperature can
reach T0 and the reverse transformation can occur in Co-
31.0at%Ni. This estimate is based on two assumptions.
First, almost all the grains have grown up during heat-
ing, which is confirmed in our previous studies.[16,17]
Second, the velocity of the phase transformation is quite
rapid that the released heat of the localized grain growth
has no time for dissipation, and then, when the extra heat
diffuses to the whole specimen including substrate, there
is no obvious temperature rise.

Meanwhile, it can be reasonably deduced that the
grain boundary movement should occur more easily
because of the high mobility of atoms during the phase
transformation.[38] Omori et al. [39] reported an abnor-
mal grain growth induced by cyclic heat treatment
between a high-temperature single-phase region and a
lower temperature two-phase region, and pointed out
that the abnormal grain growth phenomenon results from
the formation of a sub-grain structure introduced through
phase transformation. As a consequence, we assume that
the grain growth process in nanocrystalline Co-Ni alloys
could be enhanced by phase transformation. Since the
temperature for phase transformation from hcp to fcc
in Co-20.6at%Ni is much higher than room temperature
and the initial crystal structure of the as-deposited Co-
48.0at%Ni is fcc, no phase transformation will happen
in these samples. As a result, grain growth has not been
observed in Co-20.6at%Ni and Co-48.0at%Ni after ten-
sile tests. The compositional dependent behaviors imply
that the grain growth and the phase transformation from
hcp to fcc at an appropriate transformation tempera-
ture can take place in the samples during tensile tests
with a value of engineering strain about 1.4%. A much
larger strain may be necessary to induce grain growth in
samples without a phase transformation.

From what has been discussed in this paper, it is a
mutual promotion process that the phase transformation
from hcp to fcc always takes place coupled with grain
growth in nanocrystalline Co-Ni alloys. Our previous
studies [16] have reported that the symbiotic transfor-
mation happens at about 600 K upon heating in elec-
trodeposited nanocrystalline Co-Ni alloys, which is little

relevant with the composition. However in the present
study, we observe such symbiotic process during tensile
tests performed at room temperature in electrodeposited
nanocrystalline Co-31.0at%Ni. It is suggested that the
symbiotic transformation can be triggered by a suffi-
ciently high temperature or a sufficient applied strain.
We can forecast that the strain-induced reverse transfor-
mation can be observed in nanocrystalline Co-Ni alloys
with other components after tensile tests performed near
the As temperature. More experiments of nanocrystalline
Co-Ni alloys with different components at different tem-
peratures would be carried out for verification.

5. Conclusion In summary, strain-induced reverse
phase transformation from hcp to fcc in nanocrystalline
Co-31.0at%Ni alloy was observed. Close relationship
and conditions between the reverse phase transforma-
tion and grain growth during tensile test were confirmed
based on the detail observations on Co-20.6at%Ni,
Co-31.0at%Ni and Co-48.0at%Ni. It is suggested that
the mutual promotion process of the reverse phase trans-
formation coupled with grain growth can be triggered
by a sufficiently high temperature or a sufficient applied
strain.
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