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a b s t r a c t

The release of excess volume upon recrystallization of ultrafine-grained Ni deformed by high-pressure
torsion was measured with a high-precision difference-dilatometer employing constant heating rates in
the range from 0.3 to 10 K min−1. The kinetics of the recrystallization process was analyzed according to
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the Johnson–Mehl–Avrami–Kolmogorov theory adapted to the case of constant heating rates. An effective
Avrami exponent of 2 and a value of 1.20 eV for the activation energy of recrystallization was determined.
Analysis by the Kissinger method yielded the same result for the activation energy.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

A high concentration of free volume is one of the characteristics
f ultrafine-grained (UFG) and nanocrystalline materials and which
nfluence their physical properties decisively. In most cases, free
olume in these materials is characterized using indirect experi-
ental methods such as differential scanning calorimetry (DSC) to

etermine the stored energy or by measuring the residual electrical
esistivity. Only in a few, special cases the free volume associated
ith lattice defects has been studied directly and on an atom-

stic level, e.g., by transmission electron microscopy (TEM) [1]. The
pplication of positron annihilation, which is also a specific and
irect experimental technique to obtain information on free vol-
me concentrations, is at the upper limit of its sensitivity range

n the case of UFG materials due to saturation trapping of the
ositrons [2]. High-resolution difference dilatometry, however, is
ble to determine directly and specifically the absolute concentra-
ion of non-equilibrium excess volume even in high concentrations
y measuring the irreversible macroscopic length change upon
nnealing [3,4]. Analyzing the time dependence of the equilibration

rocess during defect annealing fundamental studies of the free
olume kinetics are possible. In the following we report in detail
n results of one characteristic process, the recrystallization and
ts kinetics in UFG-Ni.

∗ Corresponding author. Tel.: +43 316873 8686.
E-mail address: w.sprengel@tugraz.at (W. Sprengel).
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The kinetics of recrystallization is often analyzed according
to the Johnson–Mehl–Avrami–Kolmogorov theory (JMAK) [5–7],
which was developed for the temperature dependence of isother-
mal transformation processes in solids. Later this theory was also
adapted to the case of a non-isothermal annealing treatment, i.e.,
linear heating by Henderson [8]. In the present paper this adap-
tion was used to model the release of free volume in UFG-Ni during
recrystallization upon linear heating with different heating rates.
Additionally, the more frequently used and straightforward analy-
sis according to Kissinger [9] was applied for the assessment of the
activation energy of recrystallization.

2. Experimental

Billets of high purity nickel (99.99+%) with a diameter of 30 mm and a height of
10 mm were severely plastically deformed in a high-pressure torsion (HPT) experi-
ment by five revolutions applying a pressure of 2.2 GPa [10]. From these deformed
disks prism-shaped specimens with dimensions of 3 mm × 3 mm × 7 mm were cut at
a distance of about 12 mm from the center corresponding to a von Mises equivalent
strain of ε ≈ 30.

For dilatometry a high-precision vertical differential dilatometer (Linseis
L75VD500LT) was used equipped with two push rods allowing for two independent
and simultaneous length change measurements. Each UFG-Ni specimen was mea-
sured together with a well annealed and recrystallized Ni-specimen. The difference
curve between the two relative length change curves shows an irreversible shrink-
age of the UFG sample due to its release of free volume. The respective difference

curves for different heating rates are the master curves for further analysis.

The specimens were heated with constant heating rates in the temperature
range from 273 to 673 K employing heating rates in the range 0.3–10 K min−1. All
measurements were performed under Ar gas flow. A variable temperature lag inher-
ent to the experimental setup upon varying heating rates has been corrected after
calibration using the heating rate-independent Curie temperature TC of the ferro-
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Fig. 1. Relative length changes �l/l as determined by dilatometry on HPT deformed
Ni with a constant heating rate of 6 K min−1 (solid line). The insert shows recrystal-
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heating rate � applying the following equation:

�

T2
max

= A · exp
(

− Q

kBTmax

)
(6)
ization processes for all curves in detail measured applying heating rates of 0.3, 1.5,
, 6 and 10 K min−1 (from left to right). The origin of the recrystallization process
s a thermally activated process is manifested in the shift of the curves to higher
emperatures for increasing heating rates.

o paramagnetic phase transition of a high-purity Ni specimen. For details see [3].
The microstructure and the grain size distribution at characteristic temperatures

ere determined at room temperature using scanning electron microscopy (SEM)
n order to identify the recrystallization process.

. Results

Fig. 1 shows the irreversible annealing of free volume in a dif-
erence curve of relative length changes for the whole temperature
ange investigated. The length change curve determined at a heat-
ng rate of 6 K min−1 shows two main processes. One broad, first
rocess ranging from about 350 to 470 K and one sharp process
round 500 K. The first low temperature process is due to annealing
f vacancies and is described in detail elsewhere [4].

Here we want to concentrate on the second process which is
ntirely due to recrystallization as observed and confirmed by scan-
ing electron microscopy on specimens taken at different stages
uring the annealing. For the sake of clarity the insert in Fig. 1 shows
nly the recrystallization part of the other annealing curves with
arying heating rates.

With increasing heating rate, the recrystallization process is
hifted to higher temperatures as shown in the insert of Fig. 1. This
hift is typical of a thermally activated process and along with the
hape of the curve it can be used for the analysis of the recrys-
allization kinetics. The classical isothermal approach according to
ohnson and Mehl [5], Avrami [6], Kolmogorov [7] can be written
s:

A(t) = 1 − exp
[
−(Kt)n

]
(1)

here fA(t) is the fraction of recrystallized material at the time t and
he temperature T and with n and K = K(T) the Avrami exponent and
he temperature dependent rate constant, respectively. The time
erivative of Eq. (1) is given by:

dfA
dt

= n(1 − fA)[− ln(1 − fA)](n−1)/nK(T) (2)

or the temperature dependence of the rate constant K(T) an
rrhenius-type behavior is assumed:(

Q
)

(T) = K0 exp −
kBT

(3)

ith a pre-exponential factor K0, an activation energy Q and the
oltzmann constant kB. In the general case the temperature T
an be a function of time, e.g., linear heating with a heating rate
Fig. 2. Heating rate dependent shifts of the recrystallization stages (· · ·) and non-
isothermal JMAK kinetics based modeling by least-square fit (—). Heating rates from
the left to the right are: 0.3, 1.5, 3, 6 and 10 K min−1.

� = dT/dt, and Eq. (2) can directly be integrated [8] yielding the
non-isothermal solution [11]:

fA(t) = 1 − exp

[
−
(

K0Q

kB�

∫ ∞

x

exp(−x)
x2

dx

)n]
(4)

with x = Q

kBT(t)
(5)

This expression was used in the present study for modeling the
recrystallization stage in HPT-Ni.

Five length change curves measured with different heating rates
were fitted to the same parameter set applying the method of least
squares with the activation energy Q, the frequency factor K0 and
the Avrami exponent n as fitting parameters. As a result values
of Q = 1.20 eV, K0 = 1.92 × 1010 s−1 and an overall Avrami expo-
nent n = 2.17 were determined for the recrystallization process in
UFG-Ni. The results are given in Fig. 2 where the normalized exper-
imental recrystallization data are shown as dotted lines together
with the fitted curves as solid lines.

According to Kissinger [9] thermally activated reactions as func-
tion of linear heating can also be analyzed from the variation of
the temperature of the maximum transformation rate Tmax and the
Fig. 3. Kissinger analysis of the temperatures Tmax of the maximum length change
rate applying the heating rates �.
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Table 1
The activation energy, Q, and the Avrami exponent, n, for recrystallization of pure Ni processed by high-pressure torsion (HPT) or cold working analyzed with different
experimental methods according to the Johnson–Mehl–Avrami–Kolmogorov (JMAK) theory or according to Kissinger. JMAK analysis based on fA(t) = 1 − exp[ − (Kt)n] is
marked by 1 and results based on fA(t) = 1 − exp( − Ktn) is marked by 2.

Processing Exp. method Analysis Q [eV] n Reference

HPT Dilatometry JMAK1 1.20 2.17 Present work
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[
[
[

(2007) 204–213.
HPT Dilatometry Kissinger
HPT DSC Kissinger
Cold worked TEM JMAK2

Cold rolled Hardness, SEM JMAK2

or the present case, Tmax is the temperature where the length
hange rate d(�l/l0)/dt, i.e., the derivative of the length change
urve, shows an extremum. Then Q gives the activation energy
f the process and A is a pre-exponential factor, which is corre-
ated to the pre-exponential factor K0 of Eq. (3) by the expression
= (kB · K0)/Q. Fig. 3 represents the data for the recrystallization
rocess in UFG-Ni investigated in the so-called Kissinger-plot. The
ata are well described by the Kissinger analysis and a value of
= 1.20 ± 0.04 eV for the activation energy is determined. From

he pre-exponential factor A a value of K0 = (2.4 ± 0.7) × 1010 was
erived. Both values are in excellent agreement with the values
erived from the non-isothermal JMAK analyis.

. Discussion

The present results of the recrystallization kinetics of UFG-
i are now compared to data of the literature of cold worked
r HPT deformed Ni. The data are summarized in Table 1. It
hould be noted that for the JMAK analysis the rate constant K
s either defined according to fA(t) = 1 − exp( − Ktn) or according to
A(t) = 1 − exp[ − (Kt)n]. The results presented in Table 1 have been

arked accordingly. The different definitions have to be taken into
ccount when comparing the activation energy derived from the
emperature dependence of K(T).

Fitting the recrystallization in HPT nickel with the non-
sothermal JMAK-theory based formula revealed a value for the
ctivation energy of 1.20 eV which is in good accordance with the
alue determined by the Kissinger analysis of the present work.
omparing this result to literature data, the value for the activation
nergy is somewhat higher than that obtained from DSC for HPT-Ni
f 0.95 eV [12] and that derived for the cold worked Ni [13] taking
nto account the definition of K(T). The present data may also be
ompared to available data on UFG-Cu prepared by severe plastic
eformation. Scaling the value of the activation energy for Ni with
he melting temperature the value corresponds to 0.92 eV in the
ase of Cu. This value is in fair agreement with recent recrystalliza-

ion studies on UFG-Cu studied by TEM [15], X-ray diffraction and
EM [16] and DSC [12].

The Avrami exponent, n, of around 2 is lower than the JMAK
odel predicts for nucleation and homogeneous growth (n = 4) or

omogeneous growth of pre-existing nuclei without a nucleation

[

[

1.20 Present work
0.95 Setman et al. [12]
1.22–1.30 1.38 Detert and Dressler [13]

1.3–2.1 Liao et al. [14]

process (n = 3). However, lower values of n seem to be typical of
metals after cold working or severe plastic deformation [14,15,17].

5. Conclusion

Recrystallization of ultrafine-grained Ni deformed by high-
pressure torsion has been analyzed with a high-precision difference
dilatometer by measuring the irreversible release of excess volume.
The kinetics of the recrystallization process was modeled accord-
ing to the Johnson–Mehl–Avrami–Kolmogorov theory adapted to
the case of constant heating rates. An effective Avrami exponent
of around 2 and a value of 1.20 eV for the activation energy of
recrystallization was determined.
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