Crystallization under electropulsing
suggesting a resonant collective motion of
many atoms and modification of thermodynamic
parameters in amorphous alloys
著者別名
journal or
publication title
volume
number
page range
year
権利
URL

水林 博
Physical review B
64
5
054201
2001‑07
(C)2001 The American Physical Society
http://hdl.handle.net/2241/88603
doi: 10.1103/PhysRevB.64.054201

PHYSICAL REVIEW B, VOLUME 64, 054201

Crystallization under electropulsing suggesting a resonant collective motion of many atoms
and modification of thermodynamic parameters in amorphous alloys
Hiroshi Mizubayashi,* Natsuki Kameyama, Ting Hao, and Hisanori Tanimoto
Institute of Materials Science, University of Tsukuba, Tsukuba, Ibaraki 305-8573, Japan
共Received 19 March 2001; published 11 July 2001兲
For melt-spun amorphous (a-)Cu50Ti50 and a-Pd80Si20, crystallization under electropulsing was studied by
means of the discharge of a condenser with initial current density i d0 of the order of 109 A/m2 and decay time
 in between 2 and 0.1 ms, where a specimen was sandwiched by AlN/BN substrates to minimize an effect of
joule heating. The crystallization proceeds during electropulsing when i d0 is higher than the threshold i d0,c .
Here i d0,c is a function of  and shows a minimum value of 1.4⫻109 A/m2 at  ⬃2 ms for a-Cu50Ti50 and
2.6⫻109 A/m2 at  ⬃0.9 ms for a-Pd80Si20, where the maximum increase in temperature during electropulsing
is about 120 K for a-Cu50Ti50 and 50 K for a-Pd80Si20, respectively. One-half of the specimen volume
crystallizes after a few repetitions of electropulsing with i d0 beyond i d0,c for a-Cu50Ti50 and after several
repetitions for a-Pd80Si20. We surmise that for the density fluctuations existing in amorphous alloys, under
electropulsing a high-density region undergoes a resonant collective motion as a whole, which induces migrational motions of atoms in the low-density matrix around it. For a-Pd80Si20, it is observed that an unknown
phase was formed in the early stage of the crystallization under electropulsing and disappeared after further
electropulsing. It is also found for a-Cu50Ti50 and a-Pd80Si20 that for electropulsing with high i d0 , the electrical resistivity of a specimen decreased at the early stage of the crystallization and then turned to increase for
further electropulsing. These phenomena may be associated with changes in the thermodynamic free energy of
phases under an electric current predicted by the theoretical works. We surmise that present electropulsing
excites a resonant collective motion of many atoms and modifies the thermodynamic free energy of phases too.
DOI: 10.1103/PhysRevB.64.054201

PACS number共s兲: 61.43.⫺j, 66.30.Qa

I. INTRODUCTION

The recent review for effects of an electric current on the
solid-state phase transformation in metals reports that various significant effects depending on subjects have been
found in both crystalline and amorphous metals.1 For amorphous alloys, a dc electric current of 107 A/m2 causes a decrease in the crystallization temperature by 10–20 K for various melt-spun amorphous 共a兲 alloys.2–7 Repetition of
electropulsing with a duration of 60–100 s and a peak current density of 109 A/m2 brings about a decrease in the crystallization temperature by 150–170 K for a-Fe-Si-B
alloys.8 –12 Both the effects of a dc electric current and repetition of electropulsing may be similar to each other after
taking into account difference in the current density and the
total time for passing current. The effects are much greater
than can be explained by simple electromigration theory and
suggest the enhancement of an electromigration effect
through a collective motion of many atoms.1–12 Recent theoretical works on the thermodynamic effect of an electric
current on the phase transformation in amorphous alloys report that metastable phases can manifest under influence of
an electric current13,14 or nanocrystalline growth may be a
function of the current density.15 However, present experimental knowledge is very poor for examination of the theoretical works. On the other hand, the probable enhancement
of atomic migration associated with a collective motion of
many atoms is not taken into account in the theoretical
works.
Meanwhile, the peculiar frequency dependence of
0163-1829/2001/64共5兲/054201共10兲/$20.00

Young’s modulus is found in the frequency range between 10
and 103 Hz for a-Pd80Si20. 16 It is found that Young’s modulus observed in vibrating reed measurements at a strain amplitude of 10⫺6 reveals a deviatory decrease from that observed in quasistatic tensile tests showing a minimum at
around 102 Hz. On the other hand, it is known that Young’s
modulus observed in quasistatic tensile tests is lower by
20%– 40% for amorphous alloys than for the corresponding
crystalline counterparts,17–20 indicating that the fractional ratio of constituent anelastic strain to the total strain is much
larger in amorphous alloys than in the crystalline counterparts. The fractional ratio of constituent anelastic strain is
expected to decrease with increasing frequency except when
a resonant anelastic process is excited and increases the anelastic strain. Since a decrease in Young’s modulus indicates
an increase in the fractional ratio of constituent anelastic
strain, the peculiar frequency dependence of Young’s modulus found for a-Pd80Si20 suggests that a certain resonant anelastic process is excited in the frequency range between 10
and 103 Hz, mainly at around 102 Hz. The decrease in
Young’s modulus found at around 102 Hz is as large as
10%–30%,16 suggesting that a considerable fraction of atoms
in a specimen are associated with the resonant anelastic process. These results may suggest that collective motion of
many atoms can be excited as resonant motion as a whole.
Further, the characteristic strain amplitude dependence of
Young’s modulus is observed at around 102 Hz for
a-Pd80Si20. It is found that Young’s modulus observed in
vibrating reed measurements at around 102 Hz shows a
strong increase with increasing strain amplitude, suggesting
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that a displacement amplitude of a probable resonant collective motion of many atoms tends to show saturation with
increasing strain amplitude.16 The characteristic strain amplitude dependence of Young’s modulus found at around 102 Hz
is commonly observed for a-Cu50Ti50 共Refs. 21 and 22兲 and
a-Cu50Zr50 共Ref. 23兲. Then one can suppose the density fluctuations existing in amorphous alloys where the high-density
regions are embedded in the low-density matrix and that migrational motions of atoms in the low-density matrix can be
induced when the high-density region undergoes a collective
motion as a whole. For such a case, one can expect that
enhancement of atomic migration under passing electric current in amorphous alloys is increased when resonant collective motion of many atoms can be excited.
In this case, how to excite such a resonant collective motion of many atoms intensively may be important to pursue
experimentally the underlying mechanism for the crystallization of amorphous alloys under the influence of an electric
current. After these considerations, we carried out the preliminary works24,25 for the crystallization of a-Pd80Si20 due
to electropulsing by means of the discharge of a condenser.
The current density i d during electropulsing decays with increasing elapsed time t as
i d ⫽i d0 exp共 ⫺t/  兲 ,

共1兲

where i d0 denotes i d at the start of electropulsing and  the
decay time of discharge. On the other hand, it is known that
a Debye peak shows a maximum at 2  f  ⬘ ⫽1, where  ⬘ is
the relaxation time of a relaxation process and f a measurement frequency. As a first attempt, we tried electropulsing
with  of the order of 1 ms for a-Pd80Si20, where we supposed that the value of  to excite a resonant collective motion suggested after the peculiar frequency dependence of
Young’s modulus is the order of 1/(2  f ) with f being the
order of 102 Hz. In preliminary works, we found that the
crystallization of a-Pd80Si20 due to electropulsing takes place
when i d0 is the order of 109 A/m2, and a maximum temperature attained during electropulsing appears to be much lower
than the crystallization temperature observed during the conventional heating measurement. In order to pursue further
experimental knowledge, we investigated the crystallization
of a-Pd80Si20 under electropulsing as well as crystallization
under electropulsing in a-Cu50Ti50 for which effects of a dc
electric current on the crystallization were already
reported.2–5
II. EXPERIMENT

Amorphous (a-)Cu50Ti50 and a-Pd80Si20 were prepared
as thin tapes by melt spinning in a high-purity Ar gas atmosphere. Specimens were cut out from the amorphous alloy
thin tapes. Both surfaces of a specimen were smoothed by
polishing mechanically using fine emery paper in water
avoiding heat-up during polishing. The thickness and width
of specimens after polishing were about 20 m and 0.8 mm
for a-Cu50Ti50 specimens and about 25 m and 0.9 mm for
a-Pd80Si20 specimens, respectively.
Figure 1共a兲 shows schematic drawing for the specimen
setup, where a specimen is sandwiched by two aluminum

FIG. 1. Schematic drawings for 共a兲 the specimen setup, 共b兲 the
upper substrate A with embedded copper electrodes, 共c兲 the lower
substrate B1, and 共d兲 the lower substrate B2 with embedded thermocouple wires.

nitride 共AlN兲/boron nitride 共BN兲 composite substrates and
they are fastened as a whole by three spring clamps. It is
noted that the thermal conductivity, 90 W/K/m, of the
AlN/BN substrates is as high as 83.5 W/K/m of iron. Figure
1共b兲 is a schematic drawing of the AlN/BN upper substrate
A, where four copper electrodes are embedded in the bottom
side. The gauge length between current electrodes I 1 and I 2
and that between potential electrodes V 1 and V 2 are 50 and
25 mm for most cases, respectively. Figure 1共c兲 shows the
lower AlN/BN substrate B1, which is used for measurements
of changes in the resistivity R due to electropulsing. Figure
1共d兲 shows the lower AlN/BN substrate B2, which is used for
temperature measurements during electropulsing, where
Almel and Chromel thermocouple wires 25 m in diameter
are embedded in the thin channel on the top side. It is noted
that the junction head of the thermocouple directly contacts
the specimen surface during temperature measurements. In
order to ensure good thermal contact between the specimen
and AlN/BN substrates, the bottom surface of the upper substrate A and the top surfaces of the lower substrates B1 and
B2 are smoothed by polishing mechanically.
Figure 2 shows the measurement setup for electropulsing
which can be made by discharge of a condenser. The decay
time  used in the present work was in between 0.1 and 2.5
ms. The resistivity measurements were conducted by a fourprobe method after every electropulsing, where an interval
between electropulsings was several minutes. It is noted that
the resistivity measurements were made by passing a dc elec-
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FIG. 2. The measurement setup for electropulsing.

tric current with 106 A/m2 where no influences on the crystallization were expected.3– 6 Separately, measurements of the
specimen temperature during electropulsing were carried out,
where the thermoelectric power was measured by using a
preamplifier and a high-speed analog-to-digital converter.
As already mentioned, i d0 and  in Eq. 共1兲 may be key
parameters for the crystallization under electropulsing. We
measured changes in R at 300 K after electropulsing, where
i d0 was increased stepwise. The R/R 0 vs i d0 data were compiled for various , where R 0 denotes R at 300 K in the
as-quenched state. On the other hand, since the electric energy of a pulse given to the unit volume of a specimen, P d ,
is indicative of joule heating, the R/R 0 vs P d plots are also
shown after the R/R 0 vs i d0 data.
We also carried out resistivity measurements during heating at a constant rate in vacuum by using an electric furnace
共furnace heating, hereafter兲. Thin gold wires were spotwelded to a specimen as current and potential lead wires, and
then the specimens with lead wires and thin thermocouple
wires were put into a quartz glass tube as a whole. During
the furnace heating measurements, the quartz glass tube was
evacuated to 10⫺4 Pa, where AlN/BN substrates were not
used and electropulsing was not made. For a-Pd80Si20, probable effects of rapid heating, magnetic field, and tensile
stress on the crystallization process were studied too. The
measurement setup for the rapid heating was similar to that
of the furnace heating except that light exposure heating was
made instead of furnace heating. The measurement setup for
furnace heating under tensile stress was similar to that of
furnace heating except that a specimen was tensed by a
spring through a thin stainless steel wire. The effect of a
magnetic field was studied for crystallization under electropulsing, where the measurement setup was similar to Fig.
1共a兲 except that the AlN/BN substrates A and B1 were further sandwiched by permanent magnets.
X-ray diffraction 共XRD兲 measurements were made by the
-2 scan using Cu K ␣ radiation, where reflections from Si
powder put on a specimen surface were used as reference.
III. RESULTS AND DISCUSSION
A. a-Cu50Ti50

Figure 3 shows examples of changes in R observed for
a-Cu50Ti50 specimens during furnace heating. It is known
that a-Cu50Ti50 crystallizes to crystalline CuTi 共Ref. 26兲 in
one step as seen in Fig. 3. The onset temperature of crystal-

FIG. 3. Resistivity R changes observed for a-Cu50Ti50 specimens during constant rate heating in vacuum, where R 0 is R at 300
K in the as-quenched state.

lization, T x , found in Fig. 3 is 626 K at the heating rate of
0.08 K/s and 646 K at 0.3 K/s, respectively, which show
good agreement with T x reported for a-Cu50Ti50 共Ref. 27兲
after taking into account the difference in the heating rate.
The decrease in R at 300 K observed after crystallization,
(⌬R/R 0 ) x , is ⫺0.8.
Figure 4共a兲 shows an example of the R/R 0 vs P d plot
observed for an a-Cu50Ti50 specimen after electropulsing
with  ⫽1.2 ms, where R/R 0 decreases to about 0.84 in one

FIG. 4. 共a兲 Changes in R at 300 K observed for an a-Cu50Ti50
specimen after electropulsing with  ⫽1.2 ms, where P d denotes the
electric energy of a pulse given to the unit volume of a specimen.
共b兲 Changes in the specimen temperature, ⌬T e p , observed during
electropulsing with  ⫽1.1 ms and P d ⫽3.4 J/mm3. 共c兲 The maximum increase in the specimen temperature, max-⌬Tep , vs P d ,
where the symbols denote the data observed for three specimens.
The dashed line is drawn to guide the eyes.
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FIG. 5. Changes in R at 300 K observed for a-Cu50Ti50 specimens after electropulsing with various  are plotted against P d 共a兲
and i d,0 共b兲, respectively. Increased errors for the R/R 0 data observed for the specimens with  ⬃0.2 ms are due to a decreased
gauge length for the R measurements used.

step after electropulsing with P d ⫽3.4 J/mm3. Figure 4共b兲
shows an example of changes in the specimen temperature,
⌬T ep , observed during electropulsing with  ⫽1.1 ms and
P d ⫽3.4 J/mm3. After the start of electropulsing, ⌬T ep increased rapidly, showing a maximum at about 2.5 ms 共
max-⌬Tep , hereafter兲 and then decreased steeply. The
max-⌬Tep found is about 150 K for P d ⫽3.4 J/mm3, i.e., the
maximum specimen temperature attained is about 450 K.
Figure 4共c兲 shows examples of the max-⌬Tep vs P d data,
where max-⌬Tep increases linearly with P d .
Figure 5共a兲 is similar to Fig. 4共a兲, but here the R/R 0 vs P d
data observed for various  are shown. The threshold value
of P d , P d,c , at where R/R 0 starts to show a strong decrease
reveals a minimum value of about 2.9 J/mm3 at  ⬃1 ms in
the present range between 0.2 and 2 ms, indicating that joule
heating plays a minor role for the crystallization under electropulsing. It is noted that the max-⌬Tep of about 120 K at P d
of 2.9 J/mm3 may be found from the max-⌬Tep vs P d plot
shown in Fig. 4共c兲; i.e., the maximum specimen temperature
attained is about 420 K at P d of 2.9 J/mm3. Figure 5共b兲 is a
redrawing of Fig. 5共a兲, but here R/R 0 is plotted against i d0 .
The threshold value of i d0 ,i d0,c , at where R/R 0 starts to
show a strong decrease appears to show a minimum value of
about 1.4⫻109 A/m2 at  in between 1 and 2 ms, indicating
that the decay time of electropulsing plays an important role
in crystallization under electropulsing. For a-Cu50Ti50 specimens, the maximum decrease in (⌬R/R 0 )/ 兩 ⌬R/R 0 兩 x attained
is about ⫺0.5. Such a strong decrease in (⌬R/R 0 )/ 兩 ⌬R/R 0 兩 x
took place in a few repetitions of electropulsing with  of
about 1–2 ms or in several repetitions of electropulsing with
 of about 0.2 ms. It is suggested that intensive atomic migration takes place during electropulsing with i d0 beyond

FIG. 6. XRD spectra observed for various a-Cu50Ti50 specimens: 1⫽as quenched, 2⫽after a 25% decrease in R/R 0 due to
electropulsing, 3⫽after annealing at 700 K following a 19% decrease in R/R 0 due to electropulsing, and 4⫽after annealing at 700
K without electropulsing. The solid symbols denote the XRD spectra expected for crystalline CuTi 共Ref. 26兲. ‘‘共Si兲’’ indicated for 3
and 4 is the reflection from Si powder used as reference.

i d0,c and their magnitude is a function of . It is noted that an
increase in R following a decrease in R due to electropulsing
is found at high i d0 beyond 7⫻109 A/m2 for electropulsing
with  of about 0.2 ms. As already mentioned, recent theoretical work on crystallization under electropulsing suggests
that nanocrystalline precipitates formed by electropulsing
can shrink when the current density is increased beyond a
certain threshold value.15 The increase in R/R 0 observed at
high i d0 can possibly be explained by the predicted reverse
effect of electropulsing at a high current density.
Figure 6 shows the XRD spectra observed for various
a-Cu50Ti50 specimens. The XRD spectrum 1 observed for
the as-quenched state shows a broad XRD peak. The XRD
spectrum 4 observed after the furnace heating to 700 K
shows good agreement with that expected for crystalline
CuTi.26 The XRD spectrum 2 was observed for the specimen
which showed a decrease in R by 25% in R/R 0 due to electropulsing. The XRD spectrum 3 was observed for the specimen which was first subjected to electropulsing with a decrease in R by 19% in R/R 0 and then to the furnace heating
to 700 K. The XRD spectrum 2 is composed of the crystalline CuTi XRD peaks and the broad XRD peak from
a-Cu50Ti50, indicating that the decrease in R due to electropulsing is associated with crystallization. The XRD spectrum
3 is very similar to the XRD spectrum 4 except that the XRD
peaks at abound 41.2° and 42.2° in 2 are broader by about
20% than those seen in the XRD spectrum 4. This result
indicates that the mean grain size is smaller in the specimen
subjected to electropulsing first than in the specimen subjected to furnace heating alone. In other words, the homogeneous nucleation process can be accelerated under electropulsing.
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In order to compare the crystallization under electropulsing and the thermally activated crystallization, the timetemperature-transformation 共TTT兲 diagram28 –30 will be visited below. The Johnson-Mehl-Avrami equation31,32 gives the
volume fraction X of crystallization products as 共for the case
of small X兲
X⬇ 共  /3兲 I  u 3c t 4 ,

共2兲

where I  denotes the nucleation rate and u c the crystal
growth rate. The homogeneous nucleation rate may be given
by28,29
I  ⫽N   exp共 ⫺Q 兲 ,

共3兲

where N  is the number of single molecules per unit volume
and Q is given by
Q⫽ ␣ / 共 T r3 ⌬T r2 兲 .

共4兲

In Eq. 共4兲, T r is the reduced temperature given by T/T m and
⌬T r the reduced undercooling denoted by (T m ⬃T)/T m ,
where T m denotes the melting temperature. ␣ measures the
free energy ⌬G * of forming the critical nucleus, e.g., ␣
⫽1.024, when one takes ⌬G * ⫽50kT at ⌬T r ⫽0.2.28,29 In
Eq. 共3兲, the frequency factor  is given by

 ⫽kT/ 共 3  a 30  兲 ,

共5兲

where a 0 is the mean atomic or ionic diameter for the diffusive jump and the viscosity  may be given by the Fulchertype equation33

 ⫽A exp关 B/ 共 T⫺T 0 兲兴 ,

共6兲

where A, B, and T 0 are constants. In Eq. 共2兲, u c may be given
by28,29
u c ⫽ 共  D g /a 0 兲关 1⫺exp共 ⫺⌬T r ⌬H f m /kT 兲兴 ,

共7兲

where D g is a diffusion coefficient for atomic motion required for crystal growth, ⌬H f m the latent heat of fusion, and
 the fraction of sites at the interface where atoms can preferentially be added. The critical cooling rate for glass formation, ␤ c , approximated for the linear cooling curve required
to avoid the nose of the TTT curve for crystallization may be
given by34

␤ c ⬇ 共 T m ⫺T n 兲 /t n ,

FIG. 7. The TTT diagram for a-Cu50Ti50. Curve 1 is a redrawing of the T vs t data shown in Fig. 4共b兲. The open circles 2 denote
the incubation time t x for crystallization found in isothermal annealing 共Ref. 6兲 and the solid triangles 2 ⬘ denote T x found in the constant heating rate 共␥兲 measurements under the assumption of t x
⫽20 K/ ␥ . The horizontal dashed line denotes T m . See text for the
TTT curve.

kJ/mol reported for a-Cu50Ti50 共Ref. 35兲 is assumed to be
⌬H f m in Eq. 共7兲. Here ␤ c in Eq. 共8兲 is estimated to be about
1600 K/s after the DTA data for a-Cu50Ti50 共Ref. 27兲 and the
relationship between ␤ c and (T x ⫺T g ) reported,36 where T g
is the glass transition temperature. A and B in Eq. 共6兲 are
assumed to be the same to A⫽3.8⫻10⫺4 Pa s and B
⫽1975 K observed for a-Pd84Si16. 37 Here  D g in Eq. 共7兲 is
assumed to be 1⫻10⫺4 exp(⫺Hg /kT)关m2 s⫺1 兴 , where H g is
the activation enthalpy for diffusion. The TTT curve shown
in Fig. 7 is found to explain the t x and T x data and ␤ c after
assuming ⌬G * ⫽72kT at ⌬T r ⫽0.2 for Eq. 共4兲, T 0 ⫽470 K
in Eq. 共6兲, and H g ⫽1.32 eV, which may be not unreasonable. After the TTT curve and the T vs t data observed during
electropulsing, one can say that crystallization under electropulsing cannot be explained by the thermal excitation process alone. This issue will be discussed later on.
B. a-Pd80Si20

Figure 8 shows an example of the R vs T data observed
for an a-Pd80Si20 specimen during furnace heating, where T x
found is about 680 K for a heating rate of 0.2 K/s and
(⌬R/R 0 ) x at 300 K is ⫺0.6. The R vs T data are very similar
to that reported38 after taking into a account the difference in

共8兲

where T n and t n are the temperature and time corresponding
to the nose of the TTT curve, respectively.
Figure 7 shows the TTT diagram for a-Cu50Ti50, where
plotted are the incubation time t x for the crystallization found
in isothermal annealing6 and T x found during heating at a
constant rate ␥ under the assumption that 20 K/␥ corresponds
to t x in isothermal annealing at T x . In Fig. 7, a redrawing of
the T vs t data observed during electropulsing with P d
⫽3.4 J/mm3 关see Fig. 4共b兲兴 is shown too. The TTT curve has
been estimated as follows. The heat of crystallization of 17.2

FIG. 8. Resistivity changes observed for an a-Pd80Si20 specimen
during the furnace heating with the heating rate of about 0.2 K/s.
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FIG. 10. 共a兲 and 共b兲 are similar to Figs. 5共a兲 and 5共b兲, respectively, but here R at 300 K observed for a-Pd80Si20 specimens is
shown. Increased errors for the R/R 0 data observed for the specimens with  ⬃0.1 ms are due to a decreased gauge length for R
measurements used.
FIG. 9. 共a兲 Changes in R at 300 K observed for an a-Pd80Si20
specimen after electropulsing with  ⫽0.4 ms. 共b兲 Changes in the
specimen temperature during electropulsing with P d ⫽2.2 J/mm3
and  ⫽0.4 ms. 共c兲 The max-⌬Tep vs P d data, where the symbols
denote the data observed for two specimens. The dashed line is
drawn to guide the eyes.

the heating rate. Figure 9共a兲 shows an example of the R/R 0
vs P d plot observed an a-Pd80Si20 specimen after electropulsing with  ⫽0.4 ms. Figure 9共b兲 shows an example of
changes in the specimen temperature ⌬T ep observed during
electropulsing with  ⫽0.4 ms and P d ⫽2.2 J/mm3. After the
start of electropulsing, ⌬T ep increased rapidly, showing a
maximum at about 1.5 ms and then decreased steeply. The
max-⌬Tep found is about 50 K for P d ⫽2.2 J/mm3, i.e., the
maximum specimen temperature attained is about 350 K at
P d of 2.2 J/mm3. Figure 9共c兲 shows examples for the
max-⌬Tep vs P d data, where max-⌬Tep increases linearly
with P d in the present experimental range.
Figures 10共a兲 and 10共b兲 are similar to Figs. 5共a兲 and 5共b兲,
but here the R/R 0 vs P d plot and the R/R 0 vs i d0 data observed for various  observed for a-Pd80Si20 are shown, respectively. P d,c shows a minimum value of about 2.0 J/mm3
at  ⬃0.5 ms in the present  range between 0.1 and 1.4 ms,
indicating that joule heating plays a minor role for crystallization under electropulsing. It is noted that the max-⌬Tep of
about 50 K at P d of 2.0 J/mm3 may be found from the
max-⌬Tep vs P d plot shown in Fig. 9共c兲; i.e., the maximum
specimen temperature attained is about 350 K at P d of 2.0
J/mm3. Here i d0,c is a function of  and appears to show a

minimum value of about 2.6⫻109 A/m2 at  between 0.5 and
1.4 ms indicating that the decay time of electropulsing plays
an important role on the crystallization under electropulsing.
The maximum decrease in (⌬R/R 0 )/ 兩 ⌬R/R 0 兩 x attained after
electropulsing is about ⫺0.6 for a-Pd80Si20 specimens. Such
a strong decrease in (⌬R/R 0 )/ 兩 ⌬R/R 0 兩 x takes place in several repetitions of electropulsing, suggesting that intensive
atomic migration takes place during electropulsing with i d0
beyond i d0,c . In Fig. 10共b兲, it can also be seen that the R/R 0
vs i d0 data observed for electropulsing with  ⬃0.1 ms show
an increase in R/R 0 for i d0 above about 9⫻109 A/m2. The
increase in R/R 0 observed at high i d0 can possibly be explained by the predicted reverse effect of electropulsing at a
high current density.15
Figure 11 is similar to Fig. 6, but here the XRD spectra
observed for a-Pd80Si20 specimens are shown. The XRD
spectrum 1 was observed for the specimen after furnace heating to 800 K. The XRD spectrum 2 was found for the specimen which showed a decrease in R by 6.2% in R/R 0 after
electropulsing. The XRD spectra 3–7 were observed for the
specimens which were first subjected to electropulsing to
various extents for decreases in R and then to furnace heating
to 800 K. The XRD spectrum 1 is very similar to that
reported.38 – 42 The XRD spectrum 2 is composed of the broad
XRD peak from an amorphous phase, the XRD peaks being
similar to those seen in the XRD spectrum 1 and the unknown XRD peak at about 41° in 2  indicated by the vertical arrow in Fig. 11 共the 41° XRD peak兲. The XRD peaks
in the XRD spectrum 2 are much broader than the corre-
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FIG. 12. Similar to Fig. 11. 1⫽redrawing of 1 in Fig. 11, 8
⫽after rapid heating to about 800 K with a heating rate of 130 K/s,
5⫽redrawing of 5 in Fig. 11, and 9⫽after furnace heating to 800 K
following electropulsing under a magnetic field of about 0.5 T.

FIG. 11. Similar to Fig. 6, but here the XRD spectra observed in
a-Pd80Si20 specimens are shown. 1⫽after 800 K heat-up without
electropulsing. 2⫽after a 6.2% decrease in R/R 0 due to electropulsing. 3 – 7⫽after 800 K heat-up without electropulsing following a
6.2%, 13.8%, 26%, 29%, and 36% decrease in R/R 0 due to electropulsing. 䊉⫽Pd3Si 共Refs. 38 – 40兲. 䊐⫽fcc-Pd共Si兲 共Refs. 38 and
39兲. 䉱⫽Pd9Si2 共Refs. 41 and 42兲. 䊊⫽bct-Pd共Si兲 共Ref. 39兲. 䉭
⫽Si共220兲 from Si powder as reference.

sponding XRD peaks in the XRD spectrum 1, indicating that
the size of crystallites is much smaller for crystallization due
to electropulsing than for crystallization attained during furnace heating to 800 K. For the XRD spectrum 3 which was
observed after furnace heating to 800 K following the XRD
spectrum 2, the XRD peaks became to be sharper than those
found in the XRD spectrum 2, but were broader than those
observed in the XRD spectrum 1, suggesting that the homogeneous nucleation process is enhanced by electropulsing.
The 41° XRD peak became stronger in the XRD spectrum 3
than in the XRD spectrum 2, suggesting that the unknown
phase responsible for the 41° XRD peak is stable below 800
K. On the other hand, the XRD spectra 4 –7 indicate that the
unknown phase formed in the early stage of crystallization
due to electropulsing disappears after further electropulsing.
In a-Pd80Si20, the unknown phase found in the early stage
of crystallization due to electropulsing may be a probe to
study probable effects of rapid heating and magnetic field by
which electropulsing is accompanied. In Fig. 12, the XRD
spectra 1 and 5 are redrawings of the XRD spectra 1 and 5 in
Fig. 11, respectively. The XRD spectrum 8 was observed for
the specimen subjected to rapid heating to about 800 K with
a heating rate of 130 K/s by means of light exposure, where
electropulsing was not made. The specimen for the XRD
spectrum 9 was first subjected to electropulsing in a magnetic field of about 0.5 T, where R decreased by 26% after

electropulsing, and then to furnace heating to 800 K. The
XRD spectrum 8 is very similar to the XRD spectrum T
except that the XRD peaks are broader in the XRD spectrum
8 than in the XRD spectrum 1, suggesting that the mean
grain size of crystallites is smaller after rapid heating than
after furnace heating. The 41° XRD peak was not detected
for the XRD spectrum 8. The XRD spectrum 9 is very similar to the XRD spectrum 5 suggesting that the magnetic field
associated with electropulsing is not responsible for the
manifestation of the unknown phase formed in the early
stage of crystallization due to electropulsing.
Recently, it has been found that an electric current may
induce internal stress in amorphous alloys.6,43,44 On the other
hand, it is reported that the incubation time for crystallization
of a-Pd80Si20 to the metastable solid solution 共SS兲 becomes
shorter under a tensile stress of about 400 MPa, where isothermal annealing has been made in the temperature range
between 520 and 400 K.45,46 However, no reports are found
for a probable effect of tensile stress on the crystallization of
a-Pd80Si20 to the stable phases 共see Figs. 8 and 11兲, which
may be accelerated by electropulsing. Then we carried out
furnace heating measurements under tensile stress, where
electropulsing was not made. Figure 13 shows changes in R
observed for the a-Pd80Si20 specimens during furnace heating with a heating rate of 0.4 K/s under various tensile
stresses below 522 MPa. All specimens showed an increase
in R due to creep deformation and failed at around 650 K.
Since the specimen was tensed by a spring, one-half of the
specimen was pulled out from the furnace region immediately after its failure. No crystallization was detected by the
XRD measurement of the pulled-out specimen 共not shown
here兲, indicating that the lower bound of the crystallization
of a-Pd80Si20 to stable phases under a tensile stress of 522
MPa is about 650 K for a heating rate of 0.4 K/s.
Figure 14 shows the TTT diagram of a-Pd80Si20
reported.38,39,45,46 In Fig. 14, the symbols 2 denote T x found
in the present constant heating rate 共␥兲 measurements, where
we assume that 20 K/␥ corresponds to t x for isothermal an-
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FIG. 15. The threshold current density i d0,c found for a-Pd80Si20
and a-Cu50Ti50 specimens is plotted against the decay time  for
electropulsing.
FIG. 13. Changes in R observed for a-Pd80Si20 specimens under
various tensile stresses during furnace heating with heating rate of
0.4 K/s, where no electropulsing was given.

nealing at T x after the isothermal annealing data reported.
The dashed line 2 ⬘ denotes the lower bound of the crystallization of a-Pd80Si20 to stable phases under a tensile stress of
about 500 MPa, where t x ⫽20 K/ ␥ is assumed. The T vs t
data 1 are a redrawing of Fig. 9共b兲. The TTT curve has been
estimated as follows: The heat of crystallization of 467 J/mol
reported for a-Pd84Si16 共Ref. 37兲 is assumed to be ⌬H f m in
Eq. 共7兲. Here ␤ c in Eq. 共8兲 is assumed to be 2500 K/s reported for a-Pd84Si16. 47 A and B in Eq. 共6兲 are assumed to be
the same to A⫽3.8⫻10⫺4 Pa s and B⫽1975 K observed for
a-Pd84Si16. 37 Here  D g in Eq. 共7兲 is assumed to be 1
⫻10⫺4 exp(⫺Hg /kT) 关m2 s⫺1]. The TTT curve shown in Fig.
14 is found to explain the t x and T x data and ␤ c after assuming ⌬G * ⫽25kT at ⌬T r ⫽0.2 for Eq. 共4兲, T 0 ⫽551 K in Eq.

FIG. 14. The temperature-time-transformation diagram of
a-Pd80Si20 reported 共Refs. 38, 39, 45, and 46兲. SS: a metastable
solid solution with fcc structure. MS-I: the appearance of crystallites with fcc structure in the amorphous structure. MS-II: the formation of a complex ordered metastable phase in the amorphous
matrix with dispersed MS-I phase. The dashed curve: the onset
temperature for SS under tensile stress of about 400 MPa. The T vs
t curve 1, the solid triangles 2, the dashed line 2, and the TTT curve
are the present data. See text for details.

共6兲, and H g ⫽1.84 eV. After the TTT curve and the T vs t
data observed during electropulsing, one can say that crystallization under electropulsing cannot be explained by the
thermal excitation process alone as well as that in
a-Cu50Ti50.
C. Crystallization under electropulsing

The R/R 0 vs P d data shown in Figs. 5共a兲 and 10共a兲 indicate that P d,c is function of , suggesting that joule heating
plays a minor role on crystallization under electropulsing.
The max-⌬Tep vs t data shown in Figs. 4共c兲 and 9共c兲 indicate
that the maximum temperature attained during electropulsing
with  of the order of 1 ms at the onset of crystallization is
about 420 K for a-Cu50Ti50 and about 350 K for a-Pd80Si20,
respectively. It is suggested that crystallization under electropulsing cannot be explained by the thermal activation process alone for both a-Cu50Ti50 and a-Pd80Si20.
After the (R/R 0 ) 300 K vs i d0 data shown in Figs. 5共b兲 and
10共b兲, we defined the threshold i d0,c for crystallization under
electropulsing as i d0 found at (R/R 0 ) 300 K⫽0.95. In Fig. 15,
i d0,c is plotted against . As already mentioned, i d0,c is a
function of , where i d0,c appears to show a minimum value
of 1.4⫻109 A/m2 at  ⬃2 ms for a-Cu50Ti50 and 2.6
⫻109 A/m2, at  ⬃0.9 ms for a-Pd80Si20, respectively. This
result may support the idea of density fluctuations existing in
amorphous alloys mentioned above: i.e., under electropulsing, a high, density region undergoes a resonant collective
motion as a whole which induces migrational motions of
atoms in the low-density matrix around it. The assumption
that the resonant frequency f ⬘ of collective motion is the
order of 1/共2兲 may give f ⬘ of the order of 102 Hz for 
⬃2 ms for a-Cu50Ti50 and  ⬃0.9 ms for a-Pd80Si20. It is
noted that f ⬘ of the order of 102 Hz shows good agreement
with the measurement frequency f of the order of 102 Hz at
where resonant collective motion of many atoms may be
excited by means of elastic vibrations.16
On the other hand, Lai et al.8,12 report that repetition of
electropulsing with a peak current density of 109 A/m2
causes the lowering of T x by 150–170 K and nanocrystallization of a-Fe-Si-B alloys. The effects of electropulsing on
crystallization found by them are, qualitatively, very similar
to the present results. As already mentioned, however, the
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enhancement of crystallization found by Lai et al. may fall in
the range which can be found after extrapolation from the
enhancement of crystallization observed under a passing dc
electric current of 107 A/m2. 3– 6 On the other hand, the crystallization under the present electropulsing appears to be out
of this range. Such a different effect found between the electropulsing employed by Lai et al.8,12 and the present electropulsing may be associated with the effective frequency of
electropulsing. The effective frequency f ⬘ of electropulsing
employed by Lai et al. is between 5 and 8 kHz,48 which
corresponds to  of 0.02–0.03 ms in the present electropulsing after assuming the relationship of f ⬘ ⫽1/(2   ). The extrapolation of the i d0,c vs  data shown in Fig. 15 gives
i d0,c ⬃1011 A/m2 at  of 0.02–0.03 ms, which is two decades
larger than the peak current density of 109 A/m2 of electropulsing employed by Lai et al.8,12
As mentioned for Figs. 5共a兲 and 10共a兲, the decrease in
(⌬R/R 0 )/ 兩 ⌬R/R 0 兩 x attained after electropulsing is as large
as ⫺0.5 and ⫺0.6 for a-Cu50Ti50 and a-Pd80Si20 specimens,
respectively, suggesting that both the nucleation and growth
processes are enhanced under present electropulsing. In other
words, atomic migration intensively proceeds during electropulsing for  of the order of 1 ms below 420 K in a-Cu50Ti50
and below 350 K in a-Pd80Si20. On the other hand, for the
nature of the inhomogeneities existing in a computer-built
model amorphous metal, it is reported that the geometrical
coordination numbers extend over several atomic distances
and the spatial fluctuations of the shear modulus and atomic
volume are quite variable.49 After a shear deformation, the
displacement map of atoms shows significant displacements
of most atoms in localized regions 共the free-volume-rich regions, hereafter兲 and no displacements in the remaining regions 共the free-volume-poor regions, hereafter兲.49 We speculate that the present electropulsing excites a collective
motion of the free-volume-poor regions as a whole, which
brings about migrational motions of most atoms in the freevolume-rich regions. In this case, nucleation and growth are
expected to proceed in the free-volume-rich regions. The influence of electric current on the elastic properties found for
amorphous alloys suggests that the number of atoms involved in the collective motion of one free-volume-poor region is 103 – 104 . 6,43 On the other hand, the number of atoms
for one free-volume-poor region in the model amorphous
metal49 is 102 – 103 , which may not be so different from the
value mentioned above after taking in account that the number of atoms for the model calculation is very limited. On the
other hand, the excitation of intensive migrational motions of
atoms in the free-volume-rich region may correspond to an
increase in local temperature in the free-volume-rich region.
However, the TTT diagrams shown in Figs. 7 and 14 indicate
that no crystallization is expected for  ⬃1 ms in a-Cu50Ti50
or for  ⬃0.5 ms in a-Pd80Si20, suggesting that a further unknown dynamic process is involved for crystallization under
electropulsing.
For a-Pd80Si20, an unknown phase is formed in the early
stage of crystallization due to electropulsing and it disappears in the later stage 共see Fig. 11兲. On the other hand, no
new phases are observed after crystallization of a-Cu50Ti50
under electropulsing 共see Fig. 6兲. As already mentioned, re-

cent theoretical works for the effects of an electric current on
the crystallization in amorphous alloys report that metastable
phases can manifest under the influence of an electric
current.13,14 No observation of new phases after crystallization of a-Cu50Ti50 under electropulsing may reflect that
a-Cu50Ti50 always crystallizes to c-CuTi, suggesting that the
thermodynamic free energy of c-CuTi is lower than that of
probable metastable crystalline phases under passing electric
current in the present current densities. In contrast, various
metastable phases have been reported for the crystallization
of a-Pd80Si20, 38,39,42,45,46 suggesting that the difference of the
thermodynamic free energy of metastable phases can be
modified under an electric current in the present current densities.
For both a-Cu50Ti50 关Fig. 5共b兲兴 and a-Pd80Si20 关Fig.
10共b兲兴, an increase in R following a decrease in R due to
electropulsing is observed at high i d0 . As already mentioned,
this phenomenon may also be explained by the thermodynamic effect of an electric current on the crystallization,
where it is suggested that nanocrystalline precipitates formed
by electropulsing can shrink when the current density is increased beyond a certain threshold value.15
IV. CONCLUSION

For a-Cu50Ti50 and a-Pd80Si20, crystallization under electropulsing was studied by means of the discharge of a condenser with  of 2–0.1 ms. Crystallization proceeds during
electropulsing with i d0 beyond the threshold i d0,c , where
i d0,c is a function of  and shows a minimum value of 1.4
⫻109 A/m2 at  ⬃2 ms for a-Cu50Ti50 and 2.6⫻109 A/m2 at
 ⬃0.9 ms for a-Pd80Si20, respectively. The maximum temperature attained during electropulsing is about 420 K for
a-Cu50Ti50 and about 350 K for a-Pd80Si20, respectively,
suggesting that the crystallization under electropulsing cannot be explained by thermal activation process alone. Onehalf of the specimen volume crystallized after a few repetitions of electropulsing with i d0 beyond i d0,c for a-Cu50Ti50
and after several repetitions for a-Pd80Si20, indicating that
intensive atomic migration proceeded during electropulsing
for the order of 1 ms. We surmise that for the density fluctuations existing in amorphous alloys, under electropulsing, a
high-density region undergoes resonant collective motion as
a whole which induces migrational motions of atoms in the
low-density matrix around it. For a-Pd80Si20, the unknown
phase is formed in the early stage of the crystallization due to
electropulsing and it disappears in the later stage. On the
other hand, no new phases are observed after crystallization
of a-Cu50Ti50 under electropulsing. These phenomena may
be explained by a change in the thermodynamic free energy
of phases by an electric current predicted in the recent theoretical works. For a-Cu50Ti50 and a-Pd80Si20, it is also found
that for electropulsing with high i d0 , the electrical resistivity
of the specimen decreases at an early stage of the crystallization and increased for further electropulsing. Observations
of an unknown phase and the reverse effect at high i d0,c may
also be associated with the thermodynamic effects of electropulsing predicted by the theoretical works. We surmise that
present electropulsing excites resonant collective motion of

054201-9

MIZUBAYASHI, KAMEYAMA, HAO, AND TANIMOTO

PHYSICAL REVIEW B 64 054201

the free-volume-poor regions which causes migrational
atomic motions in the free-volume-rich regions around them.
In addition, the thermodynamic effects of an electric current
may also be involved for crystallization under the present
electropulsing.
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