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Abstract: Commercial pure copper sheets were severely deformed after primary annealing to a strain magnitude of 2.32 through constrained
groove pressing. After induction of an electrical current, the sheets were heated for 0.5, 1, 2, or 3 s up to maximum temperatures of 150, 200,
250, or 300°C. To compare the annealing process in the current-carrying system with that in the current-free system, four other samples were
heated to 300°C at holding times of 60, 90, 120, or 150 s in a salt bath. The microstructural evolution and hardness values of the samples
were then investigated. The results generally indicated that induction of an electrical current could accelerate the recrystallization process by
decreasing the thermodynamic barriers for nucleation. In other words, the current effect, in addition to the thermal effect, enhanced the diffu-
sion rate and dislocation climb velocity. During the primary stages of recrystallization, the grown nuclei of electrically annealed samples
showed greater numbers and a more homogeneous distribution than those of the samples annealed in the salt bath. In the fully recrystallized
condition, the grain size of electrically annealed samples was smaller than that of conventionally annealed samples. The hardness values and
metallographic images obtained indicate that, unlike the conventional annealing process, which promotes restoration phenomena with in-
creasing heating time, the electrical annealing process does not necessarily promote these phenomena. This difference is hypothesized to

stem from conflicts between thermal and athermal effects during recrystallization.
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1. Introduction

Rapid annealing can decrease the effect of recovery be-
fore recrystallization [1-2]. As recovery decreases, nuclea-
tion rates increase, the final microstructure can be refined,
and the mechanical properties of the product are improved.
Rapid annealing is believed to allow good microstructure
control [3]. As well, if optimized conditions for annealing
are applied, significant energy savings are obtained. Rapid
annealing processes are carried out through salt baths, ap-
plication of an electrical current, and laser exposure [4].

Rapid annealing by application of an electrical current,
also called electropulsing treatment, is a novel method in
which an electrical current is passed through metal; the
electrical resistivity of the metal produces heat and leads to
microstructural evolution [5]. In this process, a large amount
of energy is imposed on the metal over a very short period
of time, existing dislocations in hard-worked metal are re-
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moved, and a stable energy situation is finally achieved [6].
Electropulsing treatment has attracted significant attention
in the industry because of its efficiency and has been applied
to various fields such as electroplasticity, powder densifica-
tion, recrystallization, crack and damage healing, and medi-
cal science, among others [6—7].

Many studies concerning the effects of an electrical cur-
rent on microstructural evolution have been conducted, and
these works generally report that electron flows exert a di-
rect influence on the diffusion process and dislocation mo-
bility of a metal [7-10]. When an electrical current is passed
through a metal, the electron momentum is changed from
the equilibrium value K, to the peak value Kyj,,. These
findings support the concept of momentum change causing
a contact force to be transmitted to atoms. Momentum
change is expressed as [6,11]:

AK=R-K,=| Far )
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where K is the electron momentum vector, K, is the equi-
librium electron momentum vector, F' is a contact force and
t is the duration of current induction. Eq. (1) indicates that,
when the value of momentum change is held constant, a
high contact force is maintained because of the short appli-
cation of pulses during electrical annealing. This high contact
force, in addition to atomic vibration, results from the heating
effect, which increases the kinetic energy of atoms [6,11].
Several experiments on microstructural evolution have
been carried out based on different rapid annealing methods.
However, very few studies on the rapid annealing of severe
plastic-deformed metal, especially through the electropuls-
ing method, have been reported. In previous investigations,
while the influences of frequency, current density, and tem-
perature were extensively explored, the time effect was not
taken into account as an independent variable during an-
nealing. Therefore, the present study aims to obtain a better
understanding of the microstructural evolutions in severely
plastic-deformed copper during rapid annealing.

2. Experimental
2.1. Sheets material

In this research, commercial pure copper sheets (99.8%)

(@) o

cut into dimensions of 8 mm x 55 mm x 3 mm were used
as samples. These sheets were annealed at 750°C for3hina
furnace.

2.2. Deformation process

The annealed sheets subjected to two cycles of con-
strained groove pressing (CGP) at room temperature to
achieve an equivalent strain magnitude of 2.32. Figs.
1(a)-1(d) illustrates the four steps of the CGP process
forming one cycle of deformation. In the first step, the sheet
was placed between two grooved surfaces of an asymmetric
die and pressed in a plane-strain state; as a result, some re-
gions of the sheet were inclined and subjected to an equiva-
lent strain of 0.58, while other regions did not show any de-
formation (Fig. 1(a)). In the second step, the grooved sheet
was flattened using a die and an equivalent strain of 0.58
was imposed on deformed regions once more (Fig. 1(b)). At
the end of this step, a flat sheet consisting of two regions
with equivalent strain of 1.16 and without strain was
produced. In the third step, the sheet was vertically ro-
tated 180° relative to the sheet plane, and the first and
second steps were repeated (Figs. 1(c)-1(d)). Finally, a
complete sheet with an equivalent strain of 1.16 was
produced [12].

(b)

Fig. 1. Schematic of the steps of the constrained groove pressing process representing one cycle of deformation.

2.3. Annealing process

After two cycles of CGP, the sheets were separately an-
nealed using an electrical annealing system or in a salt bath
to investigate the effect of rapid heating on the microstruc-
tural evolution and hardness of severely deformed copper.
2.3.1. Rapid annealing with an electrical current

An ultra-rapid annealing (URA) setup was designed
based on “Resistance Heating” [13]. A high heating rate was
provided by a high current transformer controlled by a

digital control unit [13]. The temperature was measured using
an attached thermocouple from the center of the sample [13]
and read at a rate of 3000 samples per second using a da-
ta-logger [13]. These data were concurrently transferred and
saved to a computer, and a temperature-time diagram was
plotted during URA [13]. After reaching the peak tempera-
ture, the specimen was cooled immediately by a high-speed
spray of water and air [13]. Figs. 2 and 3 respectively illu-
strate the electrical/rapid annealing system and a tempera-
ture versus time graph of a rapidly annealed sample.
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Fig. 2. Schematic of
this work.

i

the electrical annealing system used in

350

300

Temperature / °C
—_ — NS N
[ w (=] wn
(= (=] (=] [

o
(=}

0 2 4 6 8 10 12 14
Time /s

Fig. 3. Schematic of the heating process in an electrical an-
nealing system at temperatures up to 300°C.

In this research, rapid annealing with an electrical current
was performed at maximum temperatures of 150, 200, 250,
or (300 + 15)°C for heating times (i.e., the time required to
reach the maximum temperature) of 0.5, 1, 2, or (3 = 0.1) s.
All of the experiments were performed at a constant voltage
(5 V) and frequency (50 Hz).

2.3.2. Annealing in salt bath

To compare the results of electrically annealed samples
with those of conventionally annealed samples, another set
of samples was annealed in a salt bath. Annealing was per-
formed in an AS140 salt bath at a constant temperature of
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300°C for holding times of 60, 90, 120, or 150 s, after which
the samples were cooled in water. Fig. 4 shows a schematic
of the heating process in a salt bath.
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Fig. 4. Schematic of the heating process in a salt bath at a
constant temperature of 300°C.

2.4. Microstructure and hardness investigations

Metallographic examinations were carried out using an
optical microscope after surface preparation and etching in a
mixture of 25 mL of H,O, 25 mL of NH,OH, and 5 mL of
H202.

To investigate the mechanical properties of the samples,
a Vickers hardness test was conducted at the center of each
sample. The hardness measurements were carried out with a
force of 200 N. Five tests were performed and the average
of these tests was considered the final hardness value.

3. Results

3.1. Microstructure

Fig. 5(a) shows the microstructure of a primary annealed
sample. Equiaxed grains may be observed. Fig. 5(b) shows
the microstructure of a sample after two cycles of CGP. In
this sample, the grain size is significantly decreased in
comparison with that of the primary annealed sample, and a
small quantity of twins may be observed.

groove pressing (b).
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Fig. 6 shows the microstructure of the samples electri-
cally annealed at a maximum temperature of 150°C for var-
ious heating times. Under these conditions, heating rates are
in the range of 50 to 300°C/s. Samples heated for 0.5 s show
a large number of grown nuclei resulting from recrystalliza-
tion. Consequently, the microstructures of CGP samples
change from the elongated state to the equiaxial state. In ad-
dition, annealing twins are observed. When the heating time
is 1 s (Fig. 6(b)), recrystallized grains are not observed, but
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elongated grains are clearly found. Heating times longer
than 0.5 s result in unusual behavior after annealing. In Fig.
6(c), the samples heated for 2 s show a deformed micro-
structure, although recrystallized grains may also be ob-
served in some regions. Moreover, as shown in Fig. 6(d),
samples heated for 3 s reveal a large number of equiaxed
grains (recrystallized grains). These grains are larger than
those in samples heated for 0.5 s, but the distribution of re-
crystallized grains is fairly homogenous in both samples.

Fig. 6. Microstructures of the samples electrically annealed at a maximum temperature of 150°C for different heating times: (a) 0.5 s;

(b)1s;(c)2s;(d)3s.

Fig. 7 demonstrates the microstructures of samples an-
nealed at a maximum temperature of 200°C for various
heating times. The heating rates for these samples are in the
range of 65 to 400°C/s. The microstructure of the samples
heated for 0.5 s (Fig. 7(a)) reveals a large number of
equiaxed grains; increasing the heating time to 1 s (Fig. 7(b))
causes elongated grains to form and recrystallized grains to
disappear. Increasing the heating time to 2 and 3 s (Figs. 7(c)
and 7(d), respectively) causes the microstructures of the
corresponding samples to develop equiaxed grains, indicat-
ing that the recrystallization process is well underway. Here,
the grain sizes obtained are nearly uniform and abnormal
grain growth (or secondary recrystallization) does not ap-
pear to occur.

Fig. 8 illustrates the microstructures of the samples elec-
trically annealed at a maximum temperature of 300°C for

various heating times. The heating rates in this case are in
the range of 100 to 600°C/s. Sample recrystallization ap-
pears to be well in progress and uniformly distributed
equiaxed grains may be observed. The grain sizes are
nearly uniform and abnormal grain growth does not take
place.

Fig. 9 depicts the microstructures of the samples an-
nealed in a salt bath at 300°C for holding times ranging
from 60 to 150 s. When the CGP sample is heated in a salt
bath for 60 s (Fig. 9(a)), some small recrystallized grains
are formed. In this sample, grains eclongated in the de-
formation direction are observed. When the holding time
is increased to 90 s (Fig. 9(b)), the number of recrystal-
lized grains increases and the trace of elongated grains is
no longer visible. In contrast to electrically annealed
samples, salt-bath annealed samples show abnormal
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grain growth. As the holding time is increased to 120 coarse-grain structure is achieved. Some fine grains may
and 150 s, the recrystallized grains expand and a also be observed.

Fig. 7. Microstructures of the samples electrically annealed at a maximum temperature of 200°C for different heating times: (a) 0.5 s;
(b)1s;(c)2s;(d)3s.

' €)

Fig. 8. Microstructures of the samples electrically annealed at a maximum temperature of 300 °C for different heating times: (a) 0.5 s;
(b)15s;(c)2s;(d)3s.
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Fig.9. Microstructures of the samples annealed in a salt bath at 300°C for different heating times: (a) 60 s; (b) 90 s; (c) 120 s; (d) 150 s.

Considering the microstructural observations, the num-
bers of nuclei in electrically annealed samples appear to be
larger than those of conventionally annealed samples; con-
sequently, more uniform grain sizes can be expected in the
former. Unlike in the samples annealed in a salt bath, ab-
normal grain growth is not observed in electrically annealed
samples. Interestingly, despite the higher temperature and
time required for conventional annealing, the recrystallization
process in this case is completed at lower rate than that in
electrical annealing. This observation indicates a higher nuc-
leation rate in the latter compared with that in the former.

3.2. Hardness test

Fig. 10 demonstrates the hardness test results of the
as-received, primary annealed, and CGP samples. The
hardness of the samples increases from Hv 31 to Hv 118 af-
ter two cycles of CGP.

The hardness test results of the samples electrically an-
nealed under different conditions are presented in Fig. 11.
Here, the hardness of the samples electrically annealed for
0.5 s at 150°C decreases from Hv 118 (in the hard-worked
state) to Hv 80. When the metal is heated for 1 s at 150°C,
the sample’s hardness decreases from Hv 118 to Hv 111.
When the heating time is increased to 2 and 3 s, the hard-
ness of the samples is decreased more extensively than that
of the samples annealed for 1 s. These results reveal an un-
usual trend, i.e., the samples heated for 0.5 s show greater
reductions in hardness than the samples heated for 1 and 2 s.
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Fig. 10. Hardness of the samples at various states before elec-
trical/rapid annealing.
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Fig. 11. Hardness of the samples electrically annealed at dif-
ferent final temperatures and heating times.
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The unusual behavior is also observed for the heated sam-
ples at 200°C. The samples heated for 0.5 s show greater
reduction in hardness than the samples heated for 1 s. When
the heating time is increased to 2 and 3 s, the hardness is
significantly decreased. The samples heated at 250 and
300°C show remarkable reductions in hardness for all heat-
ing times. The hardness values obtained are approximately
equal to the hardness of the primary annealed sample.

Fig. 12 shows the hardness test results of the samples
annealed in the salt bath. Increasing the holding time to 120
s clearly results in a sharp decrease in hardness, but increas-
ing the holding time from 120 to 150 s shows insignificant
hardness changes.
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Fig. 12. Hardness of the samples annealed in a salt bath at
300°C for different holding times.

Overall, the reduction rate of hardness for electrically
annealed samples is higher than that for salt-bath annealed
samples.

4. Discussion
4.1. Microstructure

The most important microstructural changes observed
during electrical annealing are twin formation and rapid
restoration phenomena.

4.1.1. Microstructure twins

In this research, very few numbers of twins were ob-
served in the samples subjected to CGP. Other studies have
reported the formation of deformation twins in copper [14].

The numbers of twins can be explained by the Taylor
dislocation hardening model, which expresses local shear
stress as follows [15]:
r=0/Gb\[p )
where G is the shear modulus, b is the magnitude of the
Burgers vector, p is the dislocation density, and o' is an ex-
perimental constant. This relation reveals that local shear
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stress increases in CGP samples because of the increases in
dislocations. Therefore, the critical shear stress for twin
formation is supplied and the deformation mechanism
changes from slip to twining.

Deformation twins are completely removed after recrys-
tallization and another type of twins, annealing twins, is
formed. A large number of twins were formed during rapid
annealing with an electrical current. These twins were also
observed in the samples annealed at a salt bath, but the
number of twins in the former was markedly greater than
that in the latter.

Many contradictory views on the formation conditions of
annealing twins have been put forward. In general, re-
searchers argue that temperature and heating rate play sub-
stantial roles in twin formation. Some scholars have con-
cluded that low temperatures or heating rates are the main
factors resulting in increased twin formation; however, other
researchers claim that high temperatures or heating rates are
the main factors increasing twins [16]. These two view-
points hint that twin formation can occur during nucleation
or grain growth [16].

A theory explaining twin formation states that the phe-
nomenon occurs during grain growth. In this theory, rapid
growth leads to stacking fault defects and twin formation,
which means a linear correlation exists between annealing
temperatures and the quantity of twins formed (note that in-
creases in annealing temperature mean improvements in
nucleation rate) [16].

The results of this research support this theory on twin
formation. Specifically, in electrically annealed samples, an
independent factor, i.e., the effect of electrical current (or
the athermal effect), in addition to the heating effect, leads
to acceleration of the recrystallization process. In fact, vast
numbers of nuclei rapidly grow in the early stages of re-
crystallization, leading to increases in stacking fault defects
and, eventually, twin formation.

Previous reports indicate that electrical annealing de-
creases the number of twins formed [11,17]. This phe-
nomenon occurs when the grain boundaries are not sharp,
which means the boundary area per unit volume is large.
The velocity of grain boundary movement increases ac-
cordingly, and twin boundary formation inevitably occurs in
the later stages of the growth process [17]. In the current
study, the microstructure images obtained indicate that the
boundaries are sharp from the early stages of recrystalliza-
tion; thus, the twin boundaries are enhanced.

The results of some investigations demonstrate that more
twins are formed during restoration when the grain sizes are
smaller [18] because annealing twins have lower energies
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than high-angle grain boundaries and twin boundaries can
act as barriers against grain boundary migration at high
temperatures. Therefore, the presence of many twins is
equivalent to a finer grain structure [18]. The presence of
more twins and a finer grain structure in electrically an-
nealed samples in comparison with those in salt-bath an-
nealed samples confirms the preceding explanations.

4.1.2. Recrystallization

The microstructural observations indicate that recrystal-
lization during electrical annealing is rapidly completed
within a few seconds (e.g., the sample annealed at 300°C for
0.55s).

Hypotheses regarding rapid annealing and its effect on
microstructure evolutions vary widely. Some researchers
believe that increasing the heating rate inhibits recovery and
recrystallization because of the short heating time [19]. Oth-
er scientists argue that increases in heating rate accelerate
the recrystallization process. In other words, rapid heating
treatment, instead of stored energy reduction by polygoniza-
tion, can quickly remove statistically stored dislocations [20].

Speculations on electrical annealing are not restricted to
the influence of heating rate. Many other researchers have
concluded that dislocation movement, their reactions, and
the rate of subgrain growth are accelerated as a result of
electrical annealing [8,21-22].

When an electrical current passes through a metal, a flow
of electrons is produced. Collisions between electrons and
the atoms in a crystal lattice transfer energy from the former
to the latter. In fact, creation of positive and negative poles,
in addition to the heating effect, leads to enhancements in
atom vibration during electrical annealing; by contrast, in
conventional annealing, only the heating effect leads to
atom vibration. Increases in atom vibration during electrical
annealing cause the number of atoms crossing the lattice
barrier to increase [9]. Thus, the kinetics of recrystallization
also increases. These findings reveal that the intensity and
rate of recrystallization are directly related to the number of
passed electrons through cross section.
4.1.2.1. Nucleation resulting from an electrical current

The recrystallization process of electrically annealed
samples in this work is noticeably completed within a very
short period of time (e.g., 0.5 s at 300°C). This observation
may be explained in two aspects [20]: (1) formation of a
large number of nuclei and (2) increases in the movement
velocity of grain boundaries.

Comparing the microstructures of the sample electrically
annealed at 300°C for 0.5 s and that of the sample annealed
in salt bath at 300°C for 120 s, recrystallized grains in the
electrically annealed sample appear to be smaller. Thus, ac-

celeration of the recrystallization process during electrical
annealing is related to improvements in nucleation rate. This
acceleration can be explained as follows:

(1) Because of the high heating rate applied in electrical
annealing, recovery does not occur; thus, a larger driving
force is provided to the deformed metal at high temperatures
and the nucleation rate is increased.

(2) Some studies report that, during electrical annealing,
temporary thermal compressive stress (owing to the effect of
concentrated heat on a region in atomic scale) is the
most important factor influencing enhancements in dis-
location mobility directly affecting the increase in nuc-
leation rate [23-26].

(3) Several researchers have observed that the current ef-
fect, besides the heating effect, causes reductions in thermody-
namic barriers and enhancements in atomic diffusion [27-28].
In other words, in deformed metals, nucleation occurs
through subgrain coalescence, which is associated with dis-
location glide and climb. Electrical currents cause atom vi-
brations to increase and leads to acceleration of the climbing
process [11]. As a result, the dislocation mobility is in-
creased and subgrain coalescence (or the nucleation process)
occurs more rapidly.

Based on classical nucleation theory, the recrystallization
nucleation rate in a current-carrying system is expressed as [28]:
=g [%]exp[——“fo "G j ®

A RT

where If is a constant of the recrystallization process, 4 is
the jump distance of atoms, D is an atomic diffusion coeffi-
cient, AG? is the free energy change for recrystallization in
a current-free system, and AG; is the free energy change
for recrystallization in a current-carrying system. Since
AG; is negative [28], the nucleation rate (/,) during elec-
trical annealing is higher than that during conventional an-
nealing.

4.1.2.2. Gibbs free energy changes during the electrical an-
nealing of copper

The extent of reduction of thermodynamic barriers during
recrystallization is related to the metal conductivity of a
sample. Copper shows obvious free energy changes because
of its high electrical conductivity. The change in Gibbs free

energy during electrical annealing (AGPPT) may be con-
sidered as [10,28]:
AGET = AG? + AG® 4)

In this equation, AG,EPT is the change of the total free
energy. If the deformed metal is represented by ¢; and the
recrystallized nucleus is represented by «,, AG; can be
described as [10,28]:
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AG; = 1yg&(0,, .0, ) j*AV (5)
where f, is the magnetic susceptibility in a vacuum, g is a
positive geometrical factor, j is the current density, AV is the
volume of a nucleus, and &(0,, ,0, ) is a term resulting

from the difference between the electrical conductivity of a
deformed metal (¢r;) and that of a recrystallized nucleus

(¢r,) . In Eq. (5), 5(0-04 ,0'%) is given by [10,28]:

(O-ad - O-ar)
(20,,+0,)

E(0p0) = ©)
where o is the electrical conductivity.

AG; < & 2 and the current density () is proportional to
L _v/R_V .

2 2
—0 > jTe< O 7
A 4 47T O @)

where [ is the electrical current, A4 is the area of perpendicu-

lar cross section to the motion direction of electrons, V' is the
voltage, and R is the electrical resistance. Thus, from Egs. (6)
and (7):

(Gad - Gar) 2

AG® < £ = AGE
£ o) "o, +0,)

®)

Eq. (8) indicates that a high metal electrical conductivity
translates to greater changes in Gibbs free energy. This rela-
tionship provides an explanation for the extremely rapid
completion of recrystallization observed in the current
study.
4.1.2.3. Grain growth resulting from an electrical current

Comparison of the metallographic images of electrically
annealed samples with those of samples annealed in the salt
bath (under the condition of a fully recrystallized micro-
structure) reveals that the grain size of the former is smaller
than that of the latter.

The high grain growth of the samples annealed in the salt

bath is the outcome of higher boundary mobility velocities.
The grain growth velocity (¥gg) is described by [29]:
Vow =mp ©
where m is the grain boundary mobility and p is the driving
force for growth that depends on the stored energy in a ma-
terial. According to Eq. (9), driving force and grain boun-
dary mobility are two factors determining the movement
velocity of grain boundaries.

Considering Eq. (9), when an electrical current passes
through a material, its grain growth rate does not increase
because of two main reasons [8,20]: (1) The high nucleation
rate observed in electrical annealing maintains a low driving
force for growth attributable to the low density of remaining
dislocations. Therefore, the growth rate observed during
electrical annealing is limited.
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(2) Since the nucleation rate during electrical annealing is
high, a large number of nuclei are formed. Rapid collision
(contact of boundaries) causes grain mobility to decrease
and grain growth is limited.

4.2. Hardness

In Fig. 10, the hardness of fully annealed sheets subjected
to CGP shows a substantial increase relative to that of pri-
mary annealed sheets. Copper sheet strengthening resulting
from plastic deformation is due to increases in dislocation
density and grain refinement after severe straining, as re-
ported in Ref. [12].

The fact that the hardness values of electrically annealed
samples required only a few seconds to match those of the
samples annealed in the salt bath indicates that recrystalliza-
tion is quickly achieved by electrical annealing. Reductions
in the temperature and time required to complete recrystal-
lization by electrical annealing have been reported pre-
viously [8,22]; this behavior can be attributed to enhance-
ments in nucleation rate.

4.3. Explanation for the unusual recrystallization beha-
vior observed in electrically annealed samples

In the hardness graph (Fig. 11), an unusual behavior con-
sistent with the microstructure images is observed. This un-
usual behavior can be explained by investigating thermal
and athermal effects.

A relationship between changes in Gibbs free energy re-
lated to athermal effects and the square of the current densi-
ty was established in Eq. (5). Therefore, to study athermal
effects, the relationship between the current density and two
independent parameters (time and temperature) was inves-
tigated. The law of conservation of energy without consid-
eration of energy loss by short-term air and system clamps
can be written as
E = E, > R(OI*(1)dt=mC,dT (10)

where E is energy, R is the electrical resistance, m is the
mass, C, is the specific heat capacity, ¢ is the time, and 7 is
the temperature. If, in Eq. (10), instead of AC current, the
root mean square current (/) is substituted, the following
equation is obtained (because the system voltage remains
constant and the current is considered constant (Z,), electrical
resistivity changes are not taken into account):

RI; dt=mC,dT (11)

If Eq. (11) is divided by the square of the cross sectional
area:

medT
- (12)

RiZdt=
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Eq. (12) indicates that ;? oc((ii—: (j? =j§ ). If AGF o< j’

(Eq. (5)), then AG; oci—f. This relationship allows the

simultaneous investigation of the influences of heat and
electrical current on the recrystallization process.

When the heating time is held constant, both thermal and
athermal effects increase as a result of increases in tempera-
ture. Consequently, the fraction of recrystallized grains also
increases. This behavior is similar to observations made
during conventional annealing and consistent with the re-
maining findings of the current research.

When the maximum temperature is held constant, a ne-
gatively linear correlation is observed between thermal and
athermal effects as the heating time is increased. Increases
in heating time increase thermal effects but decrease ather-
mal effects because of the reduction in heating rate and the
relationship obtained in Eq. (12). Therefore, conflict be-
tween thermal and athermal effects determines the recrystal-
lized fraction, and the unusual behavior of the samples elec-
trically annealed at 150 and 200°C may be explained by the
contradictory effects of the time parameter.

5. Conclusions

(1) Electrically annealed samples appear to form more
numbers of twins than conventionally annealed samples.
These twins are formed during grain growth because the
rapid growth of grains leads to stacking fault defects.

(2) The recrystallization process in electrically annealed
samples is completed within a very short period of time (e.g.,
samples electrically annealed at 250 and 300°C for 0.5 s).
Acceleration of the recrystallization process is related to in-
creases in nucleation rate during annealing. In other words,
improvements in atomic diffusion resulted from both ther-
mal and athermal effects lead to enhancements in disloca-
tion climb velocity and subgrain coalescence. The nuclea-
tion rate and kinetics of recrystallization increase accor-
dingly.

(3) Electrical annealing does not accelerate the grain
growth process. In this case, the nucleation rate decreases
the driving force for grain growth and reduces the mobility
of grain boundaries due to rapid collisions among bounda-
ries.

(4) The microstructural observations and hardness results
of the samples electrically annealed up to 150 and 200°C il-
lustrate that, unlike conventional annealing, electrical an-
nealing at a constant temperature with increasing heating
time does not necessarily result in reductions in hardness

because of conflicts between thermal and athermal effects.
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