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Abstract. The process of grain growth in ultrafine-grained nickel was studied using differential
scanning calorimetry. Samples of nickel, with mean grain sizes in the range from 100 to 400 nm,
were prepared by equal-channel angular pressing, high pressure torsion or combinations of
both. It is shown using differential scanning calorimetry that grain growth in these structures
begins at temperatures in the range from 500 to 700K and the measured activation energy for
grain growth is close to the activation energy for grain boundary self-diffusion. There was also
evidence for a decreasing activation energy in the samples prepared by high pressure torsion.

1. INTRODUCTION

There are two important techniques for refining the
microstructure of metals and alloys without con-
tamination and without creating any internal poros-
ity: these techniques are high-pressure torsion
(HPT) and equal-channel angular pressing (ECAP)
and they represent two examples of processing
through severe plastic deformation (SPD) [1]. Com-
binations of these techniques are also effective in
refining the microstructure. A series of recent re-
ports described the microstructural evolution occur-
ring in pure nickel after processing using HPT [2] or
ECAP [2-4]. These results demonstrate that the
microstructure of nickel samples can be refined to
mean grain sizes of the order of ~0.35 µm by ECAP
[3, 4] and ~0.17 µm by HPT [2]. It is shown in the
present work that even greater grain refinement may
be achieved by using a combination of ECAP and
HPT.

Ultrafine-grained (UFG) and nanoscale materi-
als generally have a low thermal stability because
they are in a metastable condition. Therefore, re-
laxation and grain growth may occur at significantly

lower temperatures than in conventional coarse-
grained materials. Also, thermally activated pro-
cesses (for example, grain boundary diffusion) may
have lower activation energies in these materials than
in similar materials with large grain sizes. For ex-
ample, there is evidence suggesting that grain
boundary diffusion of copper in UFG nickel differs
by orders of magnitude from conventional grain
boundary diffusion in coarse-grained nickel [5]. On
the other hand, an evaluation of the activation en-
ergy for grain growth in ECAP nickel yielded a value
close to that anticipated for self-diffusion in nickel
[3] and similar results were reported also for grain
growth in an electrodeposited nanocrystalline nickel
[6, 7].

The present investigation was initiated to address
this apparent discrepancy. Specifically, tests were
undertaken to determine the activation energy and
released enthalpy associated with grain growth oc-
curring in pure nickel processed by ECAP, HPT, cold
rolling (CR) and their combinations using differential
scanning calorimetry (DSC).
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2. EXPERIMENTAL MATERIAL AND
PROCEDURES

The principles of processing by ECAP and HPT have
been described in several papers [1-4, 8]. Briefly,
nickel cylinders having diameters of 16 mm and
lengths of ~100 mm were subjected to ECAP at
room temperature using a die with an internal angle
of 90°. Samples were pressed repetitively for 8
passes, equivalent to a total strain of ~8, and each
sample was reversed from end to end and rotated
by 90° about the longitudinal axis between passes.
Earlier experiments showed this procedure produces
an as-pressed mean grain size of ~0.30-0.35 µm
[3, 4]. For processing by HPT, disks with diameters
of 10 mm and thicknesses of ~0.3 mm were tor-
sionally strained under a high pressure of 6 GPa for
a total of 5 complete revolutions, equivalent to a
true logarithmic strain ~6. This procedure produces
a mean grain size of ~0.17 µm [2]. Three additional
samples were prepared by using an electrodis-
charge procedure to cut disks from the central parts
of rods prepared by ECAP and then subjecting these
disks to one of the following procedures. First, a
disk was processed by HPT for 5 revolutions under
an applied pressure of 6 GPa: this sample is desig-
nated ECAP+HPT. Second, a disk was cold rolled
to give a reduction in thickness from 1.7 to 0.25
mm, equivalent to a reduction of ~85%: this sample
is designated ECAP+CR. Third, a cold-rolled sample
was further subjected to HPT for 5 turns under an
applied pressure of 6 GPa: this sample is desig-
nated ECAP+CR+HPT. In addition, a sample of elec-
trodeposited nanocrystalline nickel with a grain size
of ~35 nm was also included for comparison. Fol-
lowing processing, the microstructures of these vari-
ous samples were examined using transmission
electron microscopy (TEM).

The thermal behavior of these samples was evalu-
ated using DSC under an atmosphere of pure ar-
gon. All DSC measurements were performed in a
Perkin-Elmer DSC7 calorimeter under continuous-
heating conditions using heating rates of 20, 40 and
60 K/min. The calibration procedure for the appara-
tus ensured that temperature measurements were
correct to within <0.05% and the absorbed/released
enthalpy was accurate to within ~2%. The repro-
ducibility of the results was higher than 98%. To
ensure that the observed irreversible signal was
above the detection level of the apparatus, additional
third runs were performed on all samples and it was
found for each condition that the DSC signals on
these third runs were coincident with the second
run. Fig. 1 shows typical DSC net signals for ECAP

Fig. 1. Typical DSC net signals after subtracting
the base line for different heating rates.

nickel samples using these three different heating
rates.

3. THEORETICAL CONSIDERATIONS

There are numerous reports documenting the use
of DSC in studying the transformations occurring in
solids during heating. Two important parameters are
usually determined from detailed analyses: (i) the
activation energy, E, and (ii) the released (or ab-
sorbed) enthalpy, H. The activation energy can be
derived from standard Kissinger [9] or Ozawa [10]
plots or for isothermal experiments from the Johnson-
Mehl-Avrami (JMA) equation [11, 12, 13]. These
approaches are different in terms of their physical
origins [14] but they lead to similar values for the
activation energy. The Kissinger and Ozawa analy-
ses were developed for non-isothermal conditions
but they start from the rate equation for the chemi-
cal reaction (or reactions of the type: solid → solid
+ gas): & ( )x k x n= −1 , where &x  is the rate, x is the
fraction reacted, k is a rate constant of the chemi-
cal reaction dependent on temperature and n is the
empirical order of the reaction. The JMA equation is
of the form x kt n= − −1 exp[ ( ) ]  and this generally
describes the kinetics of solid-state transformations
but it was developed for an analysis of isothermal
experiments. In this equation, x is the fraction of
the transformation completed at time t, k is a con-
stant associated with the nucleation rate and growth
rate, both being dependent on temperature, and n
is the power reflecting the nucleation and growth
morphology. The integration of the transformation
kinetics equation under non-isothermal conditions
was developed recently [15]. It is important to note
that the most significant error in the calorimetric
analysis comes not from the equation selected for
the analysis but from the accuracy of the experi-
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mental determination of the various parameters
within the equation.

This paper presents new results for calculating
the apparent activation energy and measuring the
released enthalpy in DSC experiments. The appar-
ent activation energy can be derived from the
Kissinger plot:
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where β is the heating rate, TP is the peak tempera-
ture, T is the absolute temperature, E is the appar-
ent activation energy and R is the gas constant. It
has been shown [13] that Eq. (2) is more correct for
grain growth but the error due to using Eqs. (1) or
(2) is less than 3%, which is considerably less than
the errors in measurement of the peak temperature,
TP. In the present study Eq. (1) has been employed.

Following Yinnon and Uhlmann [16], the appar-
ent activation energy can be expressed as
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where EN and EG are the activation energies for nucle-
ation and grain growth, respectively, and the expo-
nent m is an integer or half-integer depending on
the mechanism of grain growth and the dimension-
ality of the crystal. For interface-controlled grain
growth, the value of m is 1. If the nucleation fre-
quency is negligible over the temperature range of
the DSC analysis, then EN << EG and

E E
G

= 2 .  (4)

The applicability of Eq. (3) for non-isothermal
analysis has been verified [17] when the grain growth
rate is controlled by temperature and a system un-
dergoes structurally only a morphological change.
This situation is realized during grain growth in pure
metals when the chemical composition of moving
grain boundaries is not altering.

The enthalpy release is associated with the de-
crease in the intercrystalline volume fraction due to
grain growth and dislocation annihilation processes.
Following Wang et al. [18], the change in the
intercrystalline volume fraction can be expressed in
terms of the grain size as

∆f
d d

IC
= − − −F
H

I
K

F
HG

I
KJ

1 1
3

0

3

δ δ
,  (5)

where δ (≈ 0.8 – 1 nm) is the grain boundary thick-
ness and d

0
 and d are the initial and final grain sizes,

respectively. Since δ/d << δ/d0 <<1, it follows that
Eq. (5) can be rewritten as
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It is possible to deduce the total grain boundary
energy released using the following procedure. The
grain boundary surface energy, γ, is ~ 0.7 J.m-2

[19] and this corresponds to a volume density of
αγ/d0, where α is a geometrical factor. For an ideal-
ized model of spherical grains, α = 3 and the grain
boundary energy can be represented (in units of
J.mol-1) as
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where Ω = 1.09·10-29 m3 is the atomic volume and
NA is Avogadro’s number. For this situation, the elas-
tic energy of the dislocation network,  ∆HEL, is the
difference between the total measured heat released
and the energy associated with the intercrystalline
fraction as calculated by Eq. (6). The energy stored
in the dislocation network is described by the rela-
tionship [20]:
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where the coefficient A*  is equal to 1/4π for screw
dislocations and 1/[4π(1-ν)] for edge dislocation, G
is the shear modulus (7.89·1010 Pa), ν is Poisson’s
ratio, b is the magnitude of the Burgers vector
(2.49·10-10 m), ρ is the dislocation density, RC is the
effective outer radius for dislocation interactions and
r

0 >> b is the dislocation core radius. If the disloca-
tion array is further idealized as a regular square
network, as shown in Fig.2, RC is given by
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where ρ is now named the “effective” dislocation
density. Eq. (9) then becomes
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where x = 4b2ρ is a dimensionless parameter. The
variation of the term x xlog( / )1  with the value of x
is shown in Fig. 3 for the interval [0, 1]: it has a
maximum at x* = 1/e = 0.3679 and decreases at x >
x*. Since a decreasing elastic energy is not physi-
cally meaningful, the maximum point corresponds
to the maximum possible dislocation density for the
material. For nickel, therefore, the maximum dislo-
cation density is estimated as ρmax = 1/(4b2e) =
1.5.1018 m-2. For nickel subjected to processing by
severe plastic deformation, the elastic energy of the
dislocation array, EEL, is equal to the difference be-
tween the measured heat release, ∆H, and the en-
ergy stored in the intercrystalline region, ∆HGB. Thus,
EEL=∆H - ∆HGB, which may be written in the form
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Eq. (11) provides an estimate of x and therefore a
value for the “effective” dislocation density, ρ.

4. RESULTS AND DISCUSSION

4.1. Transmission electron
microscopy

There have been several investigations of the micro-
structures formed in nickel samples processed by
severe plastic deformation including nickel pro-
cessed by ECAP [3, 4], HPT [2] and electrodeposi-
tion [6, 21]. Examination by TEM has revealed sev-
eral common features associated with these
samples. All of these processes lead to highly non-
equilibrium microstructures with many grain bound-
aries that are poorly defined and with grain interiors

Fig. 2. Ideal ized scheme of dislocation
arrangement in UFG materials.

Fig. 3. A plot of normalized elastic energy, E 
*,

vs. the dimensionless parameter, x=4b2ñ.

having complex contrast. These observations sug-
gest a high level of internal stresses and elastic
distortions of the crystal lattice. The azimuthal
spreading of spots in the selected area electron dif-
fraction (SAED) patterns also indicate the presence
of internal stresses whereas the well-defined rings
generally present after high imposed strains sug-
gest the grains are primarily separated by bound-
aries having high angles of misorientation. Materi-
als processed by SPD techniques may also pos-
sess distinctive non-homogeneities. Thus, HPT
samples generally exhibit some variation in the mi-
crostructure between the center and the edge of
the disk whereas samples processed by ECAP have
an anisotropy of shape along the pressing direc-
tion.

In the present investigation, the use of a combi-
nation of ECAP and HPT provides an opportunity
for removing some of these undesirable properties.
For example, Fig. 4 shows a TEM micrograph of
nickel after processing through the ECAP + CR +
HPT procedure together with an SAED pattern taken
from an area having a diameter of 1.8 µm. In this
condition, the microstructure is remarkably homo-
geneous, the mean grain size is ~100 nm and the
SAED pattern indicates the presence of high angle
boundaries between the grains.

4.1. Differential scanning calorimetry

During continuous heating, the microstructures of
the processed materials undergo significant changes
in grain size. An example is shown in Fig. 5 for
nanocrystalline electrodeposited nickel, where Fig.
5(a) is a bright-field TEM image showing the as-
processed grain size of ~35 nm and Fig. 5(b) is an
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optical micrograph showing the very large grains,
with an average size of ~300 µm, present in this
material after three runs from room temperature to
973K at a heating rate of 60 K/min.

Fig. 6 shows the Kissinger plots for all Ni
samples studied in this investigation where all of
the relevant experimental data are summarized in
Table 1. It is apparent from Fig. 6 that the Ni samples
subjected to HPT, or to HPT in combination with
ECAP or ECAP + CR, exhibit lower temperatures
for the grain growth process. By contrast, the ECAP
samples exhibit the highest temperatures for grain
growth and the electrodeposited samples lie at in-
termediate positions. A calculation of the activation
energy for grain growth through Eqs. (1-4) gives a
value for EG of ~89.2±4.5 kJ/mol for the HPT samples
and the other samples prepared by combinations
including HPT have even lower values for the activa-
tion energy. By contrast, the samples prepared by
ECAP and electrodeposition have activation ener-
gies close to that for grain boundary self-diffusion in
nickel (~115 kJ/mol [22]). The value of the activa-
tion energy determined after ECAP nickel is there-
fore in good agreement with that obtained from iso-
thermal annealing experiments [3]. However, there
is a disagreement in the values of the activation
energy and the heat release measured in this work
and reported earlier by Wang et al. [6]. The reason
for this discrepancy is not known but it is signifi-
cant to note that the values measured in this study
for the released enthalpy, ∆H, appear to correlate
with the initial grain size and thus with the
intercrystalline volume fraction. This correlation is
demonstrated in Fig. 7 where the released enthalpy,

Fig. 4. TEM micrograph of nickel subjected to
ECAP (room temperature, 8 passes) + cold
rolling (85% reduction in thickness) + HPT (room
temperature, 6 GPa, 5 turns).

Fig. 5. Electrodeposited nickel: (a) in bright-field
TEM before DSC [20] and (b) using optical
microscopy after 3 runs at a heating rate of 60
K/min up to the temperature of 923K.

∆H, and the activation energy, EG, are plotted as a
function of the initial grain size, d0.

Fig. 6. Kissinger plots for all nickel samples
investigated in this study and for electrodeposited
nickel (Wang et. al. [6]).



28 A.P.Zhilyaev, G.V.Nurislamova, S.Suriñach, M.D.Baró and T.G.Langdon

Table 1 . Data from DSC studies for materials processed by SPD.

Heating rate ECAP ECAP+CR HPT ECAP+HPT ECAP+CR+HPT eNi eNi
β, K.min-1 [6]

Peak temperature TP, K

20 652.0 630.4 525.9 554.9 552.0 595.4 587
40 672.9 646.5 542.2 570.3 563.2 609.5 606
60 681.2 659.2 549.0 578.6 575.7 620.7 –
d0, nm 350 [3] 300 170 [2] 140 100 35 [20] 20 [6]

∆fIC, 103 8.6 9.4 17.6 21.4 30.0 85.7     150.0
EG, kJ.mol-1 107.9 105.8 89.2 98.7 97.9 107.8    131.5

±5.4 ±5.3 ±4.5 ±4.9 ±4.9 ±5.4
∆H, J.mol-1 59.3 75.1 102.7 187.9 229.0 610.6    415.7

It is possible that the mean value of the total
enthalpy released is the sum of the grain boundary
energy due to the decrease in the intercrystalline
volume fraction and the elastic energy of disloca-
tions released due to their annihilation. All of the
results calculated from the experimental data using
Eqs. (7) to (11) are presented in Table 2. Thus, the
effective density of dislocations in these materials
after SPD processing is in the range from 1013 to
1014 m-2. These values are high but nevertheless they
are consistent with experimental values reported from
x-ray analyses of nanostructured materials [23]. It
is important to note that these dislocation densities
lead to average separations between neighboring
dislocations of ~20 nm in the electrodeposited nickel
and ~60 nm and ~80 nm in the nickel processed by
HPT and by ECAP, respectively. This distance is
therefore comparable with the mean grain size in
the electrodeposited nickel so that the interior of a
grain may contain only a single dislocation whereas
the calculations suggest as many as three and five
dislocations within each grain after processing by
HPT and by ECAP, respectively. These calculations
provide an explanation for the failure to observe dis-
locations within the interior of grains when there is
only complex contrast created by the dislocations.

Table 2. Estimates of the dislocation densities in nickel after SPD processing.

Parameters Grain size, nm

35 100 140 170 300 350
∆H, J·mol-1 610.6 229.0 187.9 102.7 75.1 59.3
∆HGB, J·mol-1 265.0 92.7 66.2 54.5 30.9 26.5
EEL, J·mol-1 345.6 136.3 121.7 48.1 44.2 32.8
x=4b2ρ, 10-4 6.613 2.607 2.328 0.921 0.845            0.628
ρ, m-2 6.0·1014 2.1·1014 1.9·1014 6.8·1013 6.1·1013         4.0·1013

It is important to highlight two apparent discrep-
ancies in these results. First, from Fig.6 one can
infer that HPT nickel has a lower temperature for
grain growth compared to the samples denoted as
ECAP+HPT and ECAP+CR+HPT. A recent study
of grain boundary misorientation distribution [24]
showed that in ECAP nickel there is a fraction of
low-angle grain boundaries which may be inherited
in samples subjected to high-pressure torsion and
thus lead to a lower thermal stability. The electrode-
posited nickel possesses a smaller grain size (~35
nm) and has a demonstrated higher thermal stabil-
ity compared to HPT, ECAP+HPT and ECAP+CR+
HPT samples. There are two possible explanations
for this effect. First, these samples were obtained
from the sulfur bath and although the sulfur concen-
tration was below the EDS detectable level it is pos-
sible that several dozens ppm of S may be present
in solid solution. Moving grain boundaries will lead
to a segregation of sulfur impurities creating sul-
fides and retarding further grain growth. This expla-
nation is reasonable but in fact TEM observations
[25] failed to reveal any nickel sulfides in foils pre-
pared from eNi samples heated up to 600K with a
heating rate of 40 K/min. The second possible ex-
planation relates to the strong growth texture of (111)
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Fig. 7. Values of the activation energy, E
G, 
and

the released enthalpy, ∆H, as a function of the
initial grain size, d

0
.

that is observed in electrodeposited nickel [26]. It
was reported that grain growth in electrodeposited
nickel is accompanied by an increase of Σ3 bound-
aries [26] which may be the origin of the higher ther-
mal stability.

4. CONCLUDING REMARKS

The present investigation leads to a determination
of the activation energy for grain growth in ultrafine-
grained nickel processed using ECAP, HPT and a
combination of these procedures. The temperature
associated with the onset of grain growth is gener-
ally displaced to lower temperatures as the grain
size is reduced. Nickel processed by HPT gives
the lowest temperature for the onset of grain growth
and thus the lowest activation energy. This appears
to be related to the highly non-equilibrium state of
the grain boundaries produced by HPT and to the
consequent high boundary mobility.

The activation energy associated with grain
growth in samples processed by ECAP is close to
the value anticipated for grain boundary diffusion in
nickel and therefore it is consistent with earlier data.
The heat release measured by DSC correlates well
with the intercrystalline volume fraction and the
stored dislocation density. The values estimated for
the effective densities of dislocations in these mate-
rials are high, within the range of ~1013 to 1014 m-2

and this is consistent with earlier reports using x-ray
measurements.
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