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Abstract

Steady state creep was not observed during large strain compressive creep in electrodeposited nanocrystalline-Ni. An additional
exothermic peak during differential scanning calorimetry of deformed samples is attributed to recovery associated with geometrically
necessary dislocations. The lack of change in texture suggests that grain boundary sliding and rotation occurred during creep.
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1. Introduction

Since grain boundaries limit intragranular dislocation
motion, it is well known that a reduction in grain size to
the nanocrystalline regime offers a potent means of
strengthening materials [1].

However, there are experimental data as well as
computational simulations that suggest that at very fine
grain sizes, a reduction in the grain size will lead to a
reduction in strength due either to diffusion creep
processes, some form of grain boundary sliding, or lim-
itations in the operation of dislocations [2–4].

Creep deformation is usually characterized by the fol-
lowing expression [5]:

_e / Dd�prn ð1Þ
where _e is the steady state strain rate, D is the appropri-
ate diffusion coefficient, d is the grain size, r is the
imposed stress, and p and n are constants termed the in-
verse grain size and stress exponent, respectively. The
diffusion coefficient is given as D = D0exp(�Q/RT),
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where D0 is a pre-exponential term, Q is the appropriate
activation energy, and R is the gas constant. Typically,
intragranular dislocation creep processes involve p = 0
and n > 3, whereas grain boundary sliding and diffusion
creep processes involve n 6 3 and p P 1.

There have been two independent studies on creep in
electrodeposited nanocrystalline Ni. Wang et al. [6]
conducted experiments at room temperature and they
reported n � 1 for a grain size of 6 nm, and a transition
from n � 2 to n � 5 for Ni with d = 20 and 40 nm. Yin
et al. [7] reported n � 1 and �6 for Ni with d = 30 nm
tested at room temperature and at 373 K, respectively.
The experimental results with n � 1 were attributed to
Coble grain boundary diffusion creep [8], whereas n > 5
has been attributed to some form of dislocation creep.
The activation energy for creep was not measured.

Examination indicates that the total strains during
early creep studies were very small (typically <0.5%),
and they may not relate to steady state deformation.
Since models for creep are based on steady state defor-
mation, there is a need to re-examine experimental
results on nanocrystalline materials. The relatively low
tensile ductility of nano-Ni at low temperature is a seri-
ous limitation. While rolling experiments can provide
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large strains, the flow stresses are usually not very well
known [9,10]. Uniaxial compression offers a simple
means for overcoming the above limitations.
2. Experimental material and procedures

Electrodeposited Ni plates with a thickness of
1.75 mm and square dimensions of 9 mm · 9 mm were
obtained using procedures described earlier [11]. Com-
pression creep samples with a nominal square cross-
section of 1.75 · 1.75 mm and a height of 2.7 mm were
cut from the as-received plates. The grain sizes and
textures in the specimens were characterized using
X-ray diffraction (XRD) using Cu Ka radiation. The
grain sizes were obtained from the broadening of the
(111) peak using the Scherrer formula, after subtraction
for instrument broadening. The variation in grain size
and texture was characterized by polishing the sample
and conducting XRD sequentially. The grain sizes were
also determined from a creep deformed sample, as well
as a sample annealed for the same time as the creep test.

Constant load compression creep tests were con-
ducted at r = 1000–2000 MPa and T = 300–400 K; most
of the experiments were carried out at T = 373 K. The
specimens were loaded to the required initial stress with-
in 2 min, after the stabilization of the experimental setup
for 1 h at the testing temperature. Deformation was quite
uniform, without significant barreling. A few experi-
ments were conducted at T = 353 and 393 K to evaluate
the activation energy for deformation. A temperature
cycling experiment was also conducted for determining
the activation energy; the experimental setup required
the removal of load during the interval necessary for
stabilizing the system at the altered temperature.

Differential scanning calorimetry (DSC) experiments
were carried out on the as-received sample and on a
few deformed samples, using a heating rate of
10 K min�1.
Fig. 1. (a) Variation of grain size and texture across the thickness of
electrodeposited plate. (b) Comparison of grain size in the as
processed, annealed (44 h at 373 K) and deformed (at 373 K, at
2 GPa for 28%, for �42 h) specimens.
3. Experimental results

3.1. Microstructural considerations

The variation in texture (defined here as the relative
ratio of I(111)/I(200) peaks) and grain size through the
thickness of the electrodeposited plate, shown in
Fig. 1a, depicts a progressive increase in grain size and
texture across the thickness of the plate. Fig. 1b illus-
trates the influence on grain growth and texture of
annealing and creep deformation at r = 2 GPa and
e � 28%; the open and filled bars correspond to the
two opposite sides of the electrodeposited plate.

The data suggest that grain growth is enhanced by
deformation. Annealing and creep at 373 K did not
affect the texture, with the ratios of I(111)/I(200) peaks
retaining the initial values of �0.6 and 2.5 at two sur-
faces of the samples.

3.2. Thermal analysis

Fig. 2 shows the DSC curves for the as-received sam-
ple and a deformed sample. The as-received sample
showed an exothermic peak at a temperature of
�600 K and an endothermic peak at 620 K; re-heating



Fig. 2. DSC curves of the as received (top two curves) and deformed (two curves at the bottom) samples showing the extra exothermal peak in the
deformed specimen at �580 K.
the sample after cooling to room temperature led to a
single endothermic peak at 620 K. The exothermic peak
observed in the as-received condition is usually identi-
fied with grain growth in nanocrystalline Ni, and the
endothermic peak has been related to a magnetic transi-
tion. It is interesting to note that there are two exother-
mic peaks at 580 K and 620 K after creep deformation.
Two exothermic peaks were obtained also on two other
specimens deformed at 373 K and a sample tested at
room temperature; the first peak involved an energy
release of �0.6 to 1 Jg�1. A double peak, related to
abnormal grain growth [11], for (111) and (200) reflec-
tions was observed during XRD of a sample after the
exothermic peak in the as-received condition. The lack
of a double peak after the first DSC exothermic peak
in the deformed specimen suggests that this peak is
not related to significant abnormal grain growth.

3.3. Mechanical data

Fig. 3a shows the variation in creep strain with time,
and Fig. 3b shows the corresponding variation in creep
rate with strain. Although a cursory examination of
Fig. 3a may suggest that steady-state creep was attained,
inspection of Fig. 3b indicates that the creep rates
decrease even at large strains of up to 28%. A similar
analysis suggests that previously reported data [6,7] also
correspond to primary creep.

The variation in strain rate with stress, shown in
Fig. 4a using data at fixed strains of 1%, 2%, 3% and
4%, yields stress exponents of n � 8, 10, 12 and 12,
respectively. Also shown in Fig. 4a is the theoretical pre-
diction of the Coble creep mechanism (dashed line),
which is discussed later. Fig. 4b depicts the variation
in strain rate with strain using a temperature cycling
experiment, which leads to an activation energy of
�115 kJ mol�1. Analysis of data from independent tests
at different temperatures also yielded activation energies
of �90 kJ mol�1, at a constant strain of 3%.
4. Discussion

The decrease in grain size with reduced texture
observed in the present investigation is consistent with
a previous report by Morgan et al. [12]. The experimen-
tal data in Fig. 1b provide evidence for deformation
enhanced concurrent grain growth, in agreement with
a recent molecular dynamic simulation [13].

4.1. Strain hardening and accumulation of strain energy

In creep involving grain boundaries, the inverse grain
size exponent varies from 1 to 3. However, the limited
grain growth cannot account for the substantial decrease
in the creep rate by over two orders of magnitude.

In constant load compression, the creep rate will
decrease with strain _e / exp en; for steady state, the
slopes of the strain rate–strain plots should be constant.
The changes in slopes of the curves in Fig. 3b imply that
there is no steady state for strains <20%. Nevertheless,
calculations suggest that n < 20 at high strains of
>20%, which is consistent with results shown in Fig. 4a.

Recent calculations by Asaro and Suresh [14] have
shown that for Ni with grain sizes >15 nm, deformation
will occur by the movement of complete intragranular
dislocations.

In face-centred cubic pure metals deforming by intra-
granular dislocations, a significant primary creep region
is usually associated with the formation of a subgrain
structure [5]; k/b = 20(G/r) where k is the subgrain size,
b is the magnitude of the Burgers vector and G is the
shear modulus. Putting typical values of G � 79 GPa,
b = 0.25 nm and r = 2 GPa, calculations yield a value



Fig. 3. (a) Creep curves at 300 and 373 K. (b) Strain rate vs strain
curves for 300 and 373 K.

Fig. 4. (a) Variation of strain rate with stress. (b) Data from a
temperature jump experiment.
of k � 200 nm, so that the extensive primary creep can-
not be attributed to subgrain formation.

Development of an intragranular dislocation network
or mechanical twinning can also lead to strain harden-
ing. However, experimental observations on deformed
specimens do not show the development of any intra-
granular dislocation network or significant twinning in
electrodeposited Ni with a grain size of �40 nm [3].

It may be possible to account for both strain harden-
ing as well as energy storage during creep using the con-
cept of geometrically necessary dislocations, qg, related
to accommodating strain incompatibilities at grain
boundaries [1]:

qg ¼ �e=4bd ð2Þ
where �e is the average strain. Calculation for a strain of
0.04 and a grain size of 40 nm yields a value of
qg � 1015 m�2. A similar approach was utilized earlier
for deformation in coarse grained Ni [15].

During the first exothermic peak at 580 K after creep,
the DSC measurements yielded an energy release of
�0.6 to 1.0 Jg�1, Fig. 2. The release of strain energy



stored during deformation Estrn due to dislocations is
[1]:

Estrn ¼ ½Gb2q�=½4pð1� mÞ� ð3Þ
Using appropriate values for Ni in the above equation
and Estrn � 0.6 to 1 Jg�1, the dislocation density q was
estimated to be �1015 m�2. It is interesting to note that
this value is of a similar order of magnitude as the geo-
metrically necessary dislocation density calculated from
Eq. (2).

Based on the above discussion, there are two possible
explanations for the observed strain hardening. The
development of a geometrically necessary dislocation
content can lead to grain boundary hardening as envi-
sioned, for example, by Fu et al. [16]. This hardening
can lead to a reduction in the ability of grain boundaries
to emit intragranular dislocation, which is reflected as
strain hardening. Alternatively, it is possible that favor-
ably oriented grain boundaries get exhausted during
plastic deformation, so that strain hardening is caused
by the need to operate stronger sources.

Budrovic et al. [17] noted an increase in peak broad-
ening during tensile loading and a decrease in the initial
value after unloading, suggesting that there was no accu-
mulation of dislocations during deformation. While they
reported very little strain hardening, the present com-
pression experimental results indicate substantial strain
hardening. It is possible that the reported lack of strain
hardening is related to limited tensile ductility in nano-
crystalline Ni.

4.2. Rate controlling deformation processes

Since Coble diffusion creep has been reported previ-
ously in some studies, the present experimental data
were compared with the Coble creep rate _eCo [8]

_eCo ¼
33dDgb

kT
b
d

� �3

r ð4Þ

where d is the grain boundary width and Dgb is the grain
boundary diffusion coefficient, and dDgb = 4 · 10�15

exp(�108,000/RT) m3 s�1 [18]. The dashed line in
Fig. 3a indicates that Coble creep should be dominant
at stresses below �1.5 GPa.

However, the experimental data do not follow the
predictions of Coble creep, since the stress exponent n
is substantially greater than 1. Typically, Coble creep
becomes interface controlled at critical stresses of
�Gb/d, which is �500 MPa for Ni with d = 40 nm.

The activation energies determined in the present
investigation, �90–120 kJ mol�1, are close to the value
for grain boundary diffusion. Finally, the lack of any
change in texture after significant strains of �28%, and
grain growth, suggests that grain boundary sliding/rota-
tion/migration must accompany intragranular disloca-
tion creep, as reported also in nanocrystalline Pd [10].
Some models have been developed for grain boundary
sliding and rotation deformation in nanometals
[19,20], related to superplasticity. The influence of S

on superplasticity, creep, grain boundary diffusion and
grain growth is an area that merits additional attention
[21–23].
5. Conclusions

Constant load compressive creep experiments on
electrodeposited Ni with a grain size of �40 nm revealed
extensive primary regions, and no evidence for steady
state deformation. Differential scanning calorimetry
measurements displayed an additional exothermic peak
in deformed specimens, which is related to geometrically
necessary dislocations. The lack of any change in texture
coupled with grain growth suggests that grain boundary
sliding/rotation/migration accompanies intragranular
dislocation creep.
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