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Transformation to Nanocrystallites in Amorphous Alloys

Induced by Resonant Electropulsing

Ting Hao*!, Hisanori Tanimoto and Hiroshi Mizubayashi*?

Institute of Materials Science, University of Tsukuba, Tsukuba 305-8573, Japan

The electropulsing-induced low temperature crystallization (e-LTC) of marginal amorphous (a-) alloys, a-CusoTisp and a-PdgSiz, and a
bulk amorphous alloy, a-ZrgCuszpAljg, was investigated by electropulsing at room temperature (R7) and in liquid nitrogen (LN,).
Electropulsing was made by means of discharge of a condenser which is characterized by the initial current density, iq, and the decay time, t,
where the frequency of the principal constituent Fourier component of the electropulsing is 1/277. The range of igy was between 10® and 10'°
A/m? and that of T was between 0.1 and 20 ms. For all the amorphous alloys, the e-LTC took place during single electropulsing with igy beyond
the threshold current density, ig, Where igo was a function of 7. The maximum specimen temperature during the e-LTC was, e.g., 200K for
electropulsing in LN, indicating that the e-LTC is associated with an athermal process, the resonant collective motion of the relatively high
density region here. The dependence of iqo on 7 found for electropulsing in LN, showed good agreement with that observed at R7', indicating
that the density fluctuation responsible for the e-LTC was that frozen at the glass transition temperature. The transmission electron microscopy
observation revealed that crystallites formed by the e-LTC showed crystallographic alignment with each other, suggesting that the
transformation of the relatively high density regions to a crystalline phase took place. The underlying mechanism of the e-LTC was discussed.
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1. Introduction

After finding of acceleration of thermal crystallization in
amorphous alloys by an electric current,"” many works have
been done to get insight into the underlying mechanism.?
For amorphous (a-) CusoTisg, a-CusoZrsy and a-(Zry-
Cuszg)92.5Al7 5, an electric direct-current of 107 A/m2 caused
a decrease in the crystallization temperature, Ty, by 10 to
20K and the enhancement of the homogeneous nucleation
process was observed.*” Since the effective charge number
to explain such enhancement of atomic diffusion by the
electromigration force induced at an electric direct-current of
107 A/m2 was the order of 10°, the concentration of the
electromigration force through a collective motion of many
atoms was claimed to enhance atomic diffusion.*” For Fe—
Si—B amorphous alloys, repetition of electric square pulses of
10° A/m? with about 0.1 ms duration for one hour, a total of a
few seconds for passing current, brought about a decrease in
the crystallization temperature by 150 to 170K, where
enhancement of atomic diffusion by the stochastic resonance
was claimed to take place.&g) That is, the concentration of the
electromigration force through a collective motion of many
atoms is claimed too. These findings stimulated theoretical
works on the influence of an electric current'®!) or an
electric field'” on the phase transformation in the light of
thermodynamics. However, the underlying mechanism for
the enhancement of atomic diffusion or atomic motion, i.e.,
the relationship between the characteristic effects of passing
electric current and the probable collective motion of many
atoms in amorphous alloys is not known yet.

Meanwhile, in order to get insight into a collective motion
of many atoms in amorphous alloys, the dynamic Young’s
modulus was investigated as a function of measurement
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frequencies for a-PdgpSiy, a-CusgTisg, a-CusoZrsy and
a-ZrgoCuzgAl;o.'>'® In the frequency range between 10°
and 10* Hz studied, the dynamic Young’s modulus measured
with the strain amplitude of 10~® showed much lower values
than the static Young’s modulus measured by tensile tests,
indicating that a resonant anelastic process was excited. It
was further found that the dynamic Young’s modulus at
around 10% Hz increased beyond the static Young’s modu-
lus'® when the strain amplitude was increased from 107 to
1073,

It is known that the static Young’s modulus in amorphous
alloys is lower by 20 to 40% than that in the corresponding
crystalline alloys, where a localized shear deformation in the
relatively lower density region is responsible for the decrease
in the Young’s modulus.!>!® It is further reported that the
localized shear deformation shows saturation with increasing
applied strain as the bond switching is completed.!” Then
one may elucidate that at a low strain amplitude, a resonant
collective motion of many atoms causes the localized shear
deformation of surrounding atoms which brings about the
decrease in the dynamic Young’s modulus. On the other
hand, at a high strain amplitude, the dynamic Young’s
modulus shows an increase because of saturation of the
localized shear deformation of surrounding atoms. After the
consideration, one may expect that the dynamic Young’s
modulus at a low strain amplitude shows an increase by an
electric current instead of an increase in the strain amplitude
because an electric direct-current may induce the internal
stress due to the concentration of electromigration force
associated with a collective motion of many atoms. Exper-
imentally, it was observed for a-CusyTis,>'® a-CusoZrsg,”'®
a-PdsoSizo."Y a-(Zr70Cusp)oz.5Al7 5" and a-ZrgyCusgAljo'”
that the dynamic Young’s modulus at the strain amplitude of
107 and around 10?> Hz showed an increase by passing an
electric direct-current of 10’ A/m?. We assumed that the
increase in the dynamic Young’s modulus by the electric
direct-current is caused by the internal stress due to the
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concentration of electromigration force associated with a
collective motion of many atoms. The effective charge
number, Z*, to explain the concentration of electromigration
force was the order of 10° for various amorphous al-
loys.®71819 1t is noted that for the electromigration effect, the
value of Z* is larger by four to five digits than the effective
charge number, z*, of a single atom in a concentrated alloy.”
A model to explain the effect of passing electric current on
the dynamic Young’s modulus is as follows: The concen-
tration of the electromigration force associated with a
collective motion of many atoms causes a decrease in the
motional amplitude of its resonant motion excited by elastic
vibrations because of saturation of the localized shear
deformation of surrounding atoms. If it is the case, one can
expect that a resonant collective motion of many atoms can
be excited by resonant electropulsing.

Such resonant electropulsing can be made by means of
discharge of a condenser. During electropulsing, the current
density, ig, decays with increasing elapsed time, #, as,

iq = igo exp(—1/71), (D

where iq is the initial value of iy and 7 is the decay time of
discharge. It is noted that the frequency of the principal
Fourier constituent of (1) is 1/2n7, i.e., 1 /27T may be tuned
to excite a resonant collective motion by adjusting .
Experimentally, it was found for a-CusoTisy and a-PdgySisg
that the crystallization took place during single electropuls-
ing with t of about 1 ms below 400 K when i4, was higher
than the threshold value.?) That is, electropulsing induces the
low-temperature crystallization (e-LTC, hereafter).

On the other hand, it was reported for several bulk metallic
glasses that ultrasound induced the rapid crystallization
around the glass transition temperature, T,, where enhance-
ment of atomic diffusion by the stochastic resonance was
claimed to take place.”> As already mentioned, the
decrease in the crystallization temperature by repetition of
electric square pulses for one hour was also claimed to be
associated with the stochastic enhancement of atomic
diffusion.®” In contrast, a distinguishing characteristics of
the e-LTC due to electropulsing is the crystallization for 1 ms
below 400 K2 which may not be explained by the stochastic
enhancement of atomic diffusion because rapid cool-down
and enhancement of atomic diffusion for 1 ms correspond to
quenching into the amorphous state. In order to clarify this
issue further, electropulsing was carried out for a-Zrg-
CuspAljp in a liquid nitrogen (LN,) bath to minimize an
effect of thermal agitation for atomic diffusion. It is noted
that a-ZrgoCuszpAljg is known as a bulk amorphous alloy
showing (Tx—T,) of about 80K at a heating rate of 0.4 K/s.>
For marginal amorphous alloys, electropulsing was also
carried out for a-CusoTiso and a-PdgySiy in a liquid nitrogen
(LN,) bath. The transmission electron microscope (TEM)
observations were made to investigate the microstructures
after the e-LTC.

2. Experiment
Thin tapes of a-Cus¢Tisg, and a-PdgySiyy and a-Zre-

CuspAl;y were prepared by melt spinning in a high-purity Ar
gas atmosphere. Both surfaces of a tape specimen were
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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 um and
0.8 mm for a-CusyTiso specimens, about 25 um and 0.9 mm
for a-Pdg(Siyy specimens and about 30 um and 0.9 mm for a-
ZrgoCusgAlyo specimens, respectively. The specimen setup
for electropulsing was similar to that reported in the previous
work.?? A specimen was sandwiched by two aluminum
nitride (AIN)/boron nitride (BN)-composite substrates with
the thermal conductivity of 90 W-K~!-m~! to minimize an
effect of joule heating during electropulsing, where 7, igy and
the electric energy of single electropulsing given to the unit
volume of a specimen, P4, were estimated as follows. A
condenser with the capacitance C was charged to the terminal
voltage, Vy, and then discharge for electropulsing was made,
where the circuit resistivity, Reircuit, Was composed of the
resistivity of wiring, Ryiring, and that of a specimen between
current-terminals, Rgpecimen- T, igo and Pyq were estimated as
CRcircuit’ (VO/Rcircuit)/Ss and (CV§/2) X (Rspecimen/Rcircuil)/Us,
respectively, where vs and Ss denote the specimen volume
between the current-terminals and the section area of a
specimen, respectively. The electric resistivity of a specimen,
R, was measured before and after each electropulsing to
monitor the e-LTC. Electropulsing experiments were carried
out at RT and in a LN, bath. The X-ray diffraction (XRD)
measurements were made by the 6-26 scan using the Cu-K,
radiation, where reflections from Si powder put on a
specimen surface were used as reference. The microstructure
of a specimen was investigated by the TEM, JEOL 2010,
operated at 200kV. Thinning of a specimen was made by
electrochemical polishing for a-CusoTisy or by focused ion
beam thinning for a-PdggSiyy and a-ZrgyCuszgAlyg, respec-
tively.

3. Results

3.1 a-Cll5()Ti50

Figure 1(a) shows an example of resistivity changes in an
a-CusgTisy specimen observed after electropulsing with
7= 1.0ms in LN,, where the resistivity was measured at
78 K in LN,. In Fig. 1(a), the normalized resistivity, R/Ry, is
plotted against P4 (the bottom horizontal axis) and also
against iy (the upper horizontal axis), where R, denotes the
resistivity of a virgin specimen. It is noted that each data
point was observed after single electropulsing. The e-LTC
started when iy increased beyond the threshold value, igo . It
is noted that virgin electropulsing can induce the e-LTC
when iqp is higher than igo.. In the present work, izo was
increased sequentially from a low value in order to find igo .
In Fig. 1(a) for T = 1.0ms, ig was 1.7 x 10° A/m? which
corresponded to Py of 2.6J/mm?>.

Figure 1(b) shows examples of the specimen temperature,
T, vs. elapsed time, ¢, data observed for electropulsing with
T = 1.0 ms, where the theoretical T vs. t curve for Pq of 2.6J/
mm?® is also shown. The theoretical T vs. t curve was
estimated for a 20 um thick specimen sandwiched by two
AIN/BN-composite substrates, where the thermal conduc-
tivity used was 90 W-K~!-m~! for the AIN/BN-composite
substrate and 1 W-K~'-m~! for a-CusTiso. It is reportedzﬁ)
that the thermal conductivity of a-Zrs5CuzyAl;gNis at 80 K is
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Fig. 1 (a) Changes in R at 78 K observed for an a-Cus,Tisy specimen after

resonant-electropulsing with 7 = 1.0ms in LN,. (b) Changes in T
observed during resonant-electropulsing with 7=1.0ms and Py =
2.6J/mm? or Py = 1.0J/mm?. The solid curve denotes the theoretical
time evolution of T for Pq = 2.6J/mm® (see text for details). (c) The
ATmax vs. Py data observed for resonant-electropulsing with = 1.0 ms in
LN, (see text for ATpax). The dashed line is drawn to guide eyes.

estimated to be 2W-K~'-m~!. The assumptions of good
thermal contact between the AIN/BN-composite substrate
and an a-CusoTisg specimen and the thermal conductivity of
a-CusoTisy to be 2W-K~'.m~! give an increase in the
specimen temperature being much lower than that observed.
Then we assumed that the effective thermal conductivity of
a-CusoTisy decreases to one half of 2W-K~!-m~! because of
not perfect thermal contact between the AIN/BN-composite
substrate and an a-CusoTisyp specimen. In Fig. 1(b), the
theoretical temperature of the middle of the specimen
thickness is compared with the temperature observed at the
specimen surface. It is noted that for the specimen setup
oriented for the temperature measurements,?" the specimen
surface around the contact point to the thin thermocouple
faces to resin but not to AIN/BN composite substrate.
Therefore the observed temperature is expected to be higher
than the maximum temperature attained in a specimen in the
specimen setup without a thermocouple. After the start of
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Fig. 2 (a) Examples of the R/Ry vs. igo plot observed for electropulsing
with various 7 at RT, where the data for T ~ 2ms, ~ 1 ms and ~ 0.2 ms
reported*" are shown together. (b) Examples of the R/Ry vs. igo plot
observed for electropulsing in LN,.

electropulsing, the theoretical 7 vs. t curve shows a steep
increase because of nearly adiabatic heating at first which is
followed by the maximum and subsequent gradual decrease
due to thermal flow to the AIN/BN composite substrate. On
the other hand, the observed temperature increased to the
maximum temperature, Ty, in a few milliseconds and then
decreased in a few ten milliseconds. Such delayed responses
were associated with the specimen setup oriented for the
temperature measurements mentioned above.

In Fig. I(c), the maximum increase in the specimen
temperature, AT, observed for the specimen shown in
Fig. 1(b) is plotted against Py, where AT, increased
linearly with P4. The observed results shown in Figs. 1(a) to
(c) indicate that the e-LTC in LN took place below 200 K for
a few milliseconds where a considerable volume fraction of
the specimen was crystallized. It is not shown here but the
nose temperature found in the time-temperature-transforma-
tion (TTT) diagram for a-CusyTisy2" is 855 K at the elapsed
time of 0.26 s and the T vs. ¢ data plotted on the TTT diagram
indicates that no thermal crystallization was expected during
the present electropulsing.

Figures 2(a) and (b) show examples of resistivity changes
in a-CusoTiso specimens observed after electropulsing with
various T at RT and those in LN,, respectively. As seen in
Figs. 2(a) and (b), iqo for the e-LTC showed a decrease with
increasing t, which might be associated with the increase in
the effective charge number, Z*, for the collective motion
under passing electric current (not shown here). The
maximum decrease of R/R associated with the e-LTC due
to single electropulsing at RT was 0.5 in |AR/Rol../
|AR/Ry|,, where the decrease in R at RT observed after the
thermal crystallization at elevated temperatures, (AR/Ry),,
was —0.8 for a-CusTis.2"

The crystalline phase observed after the thermal crystal-
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(a) The TEM image and (b) grain size distribution observed for the a-Cus(Tisy specimen which showed AR/Ry of —0.32 due to

electropulsing with r = 6.3 ms in LN, [see Fig. 2(b)]. (¢) The XRD Laue pattern observed for the a-CusyTisy specimen which showed
AR/Ry of —0.38 due to single electropulsing with T = 0.6 ms at RT [see Fig. 2(a)]. The white area seen in (c) are of extrinsic origin due

to the imaging plate used.

lization and that found after the e-LTC were always
crystalline (c-) CuTi for electropulsing at RT and electro-
pulsing in LN, (not shown here). Figure 3(a) is a TEM image
observed for the a-CusyTiso specimen which showed AR/R
of —0.32 after the e-LTC in LN, [see Fig. 2(b)], where two
crystallites with the grain size of about 20 and 70 nm can be
seen. The inset is the selected area diffraction (SAD) pattern
of the area shown in Fig. 3(a), indicating that crystallo-
graphic directions of crystallites showed good alignment.
Figure 3(b) is the grain size distribution observed for the a-
Cus(Tiso specimen, where the grain size was about 10 nm for
most crystallites and a crystallite with the grain size of about
70nm was found too. Figure 3(c) shows the XRD Laue
pattern observed for the a-CusTiso specimen which showed
AR/R, of —0.38 due to single electropulsing with 7 = 0.6 ms
at RT [see Fig. 2(a)]. In Fig. 3(c), Debye rings and several
fine XRD spots can be seen. Since Debye rings were broad,
the most crystallites were very fine. The width of Debye rings

is a function of the direction of electric current, i.e., the width
of the upper and lower parts is wider than that of the right and
left parts.

In Fig. 4(a), igo. was plotted against t. The igo. vs. T data
observed for electropulsing in LN, showed good agreement
with those observed at RT. It is seen in Fig. 4(a) that igo.
showed a tendency of decrease with increasing 7 accom-
panied with shallow local minima depicted as the curves 1 to
3. Figure 4(b) shows the dynamic Young’s modulus, Eq4, as a
function of 1/2nf and the static Young’s modulus, Es, as
reference, where E4 was observed at RT with the strain
amplitude of 10~% without electric current, f was the
vibration frequency of a specimen and Es was observed in
the tensile test at R7. In the 1/27f range between 0.05 and
10 ms, Eq was considerably lower than Eg, where the curve 4
was fitted to the E4 vs. f data. The curves 1 to 4 will be
mentioned later.
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Fig. 5 (a) Examples of the R/Ry vs. igo plot observed for electropulsing
with various t at RT, where the data for T ~ 1.4ms, ~ 0.5 and ~ 0.2ms
reportedz” are shown together. (b) Example of the R/Rg vs. igo plot
observed for electropulsing in LN,.

3.2 a-Pds()Sizo

Figures 5(a) and (b) are similar to Figs. 2(a) and (b),
respectively, but here the data observed for a-PdgySiyy are
shown. Tiax observed for electropulsing with igo in LN, was
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Fig. 6 (a) A TEM image and (b) grain size distribution observed for
a-PdgySiyy specimen which showed AR/Ry of —0.035 due to single
electropulsing with 7 = 0.4 ms in LN, [see Fig. 5(b)].

considerably lower than RT (not shown here). See Ref. 21)
for Thyax observed for electropulsing at RT and the TTT
diagram for a-PdgySipo. The maximum decrease in R/Ry
associated with the e-LTC during single electropulsing was
0.35 in |AR/Ryl.../|AR/Ry|, as seen in Fig. 5(a), where
(AR/Ry), was —0.6 for a-Pdg,Siyg.2" It is not shown here but
the XRD spectra observed after the e-LTC in LN, are very
similar to those observed after the e-LTC at RT.2"

Figure 6(a) is a TEM image observed for the a-PdgSisg
specimen which showed (AR/Ry),.. of —0.035 due to single
electropulsing in LN, [see Fig. 5(b)]. The SAD pattern
indicates that crystallographic directions of the most crystal-
lites showed good alignment among the crystallites.
Figure 6(b) is the grain size distribution observed for the
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Fig. 7 (a) The igo vs. T data observed for electropulsing at RT" and those
observed for electropulsing in LN, where the data at RT reported for
7 shorter than 3 ms?) are shown too. (b) The E4 vs. f data reported for
a-PdgSiyg at RT3 The dashed line denotes E;. See text for the curves 1
to 3.

a-PdgSi,y specimen, where the grain size was 2 to 5 nm for
most of crystallites and crystallites with grain size beyond
10nm were a few. The outline of the XRD Laue pattern
observed for the a-PdgySiy after the e-LTC were similar to
that mentioned in Fig. 3(c) except that no visible XRD spots
were observed (not shown here).

Figures 7(a) and (b) are similar to Fig. 4(a) and (b),
respectively, but here the data observed for a-PdgSiyo are
shown. In Fig. 7(a), ig. showed the trendency of decrease
with increasing T accompanied with the shallow minima
depicted as the curves 1 and 2. The dependence of igo. on T
observed for electropulsing in LN, was very similar to that
for electropulsing at RT. The curves 1 to 3 will be mentioned
later.

33 a-Zr60Cu30A110

Figures 8(a) and (b) are similar to Figs. 2(a) and (b),
respectively, but here the data observed for a-ZrgyCuszpAl;g
are shown. T, observed for electropulsing with igy. in LN,
was considerably lower than RT (not shown here). See
Ref. 27) for Tyhax observed for electropulsing at RT and the
TTT diagram for a-ZrgyCuszpAl;o. The maximum decrease in
|AR/Ry|,../|AR/Ry|, after the e-LTC due to single electro-
pulsing was 0.05 as seen in Figs. 8(a) and (b) where
(AR/Ryp), is —0.5 for a-ZregyCuszpAlyp at RT. The sign of
changes in R were a function of 7, where R showed an
increase for T between 2ms and 6 ms and a decrease for
7> 6ms and t < 2 ms. The relationship between (AR/Ry),.c
vs. igo and that between (AR/Ry),.. vs. T found for electro-
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Fig. 8 (a) An example of the R/Ry vs. igo plot observed for electropulsing
with various 7 at RT, where the data for 7 < 2ms reported*® are shown
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|
a-Zr60Cu30Al 10

@®: Zr,Cu
A 7rsAl
H: AlCu

5: heating up
to 1070K

:-0.055 (LN,
7~6.2 ms

3: +0.02 (RT)
T~2ms

intensity

2:-0.017 (RT)
7~0.8ms

: as-quenched

20

Fig. 9 XRD spectra observed in a-ZrgCuzpAljp specimens. 1: as
quenched, 2: AR/Ry = —0.017 due to electropulsing with 7 ~ 0.8 ms at
RT, 3: AR/Ry = +0.02 due to electropulsing with t ~ 2ms at RT, 4:
AR/Ry = —0.055 due to electropulsing with 7~ 6.2ms in LN,, 5:
annealed at 1070K without electropulsing. The data 1, 2 and 5 were
reported in Ref. 27).

pulsing in LN, were similar to those observed for electro-
pulsing at RT.

Figure 9 shows the XRD spectra observed in a-Zrg-
CuspAljp specimens. The XRD spectrum observed after
annealing at 1070K is similar to that reported for a-Zrg-
CujpAljy after annealing at elevated temperature, where
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Fig. 10 (a) TEM image and (b) grain size distribution observed for the
a-ZrgnCuspAljp specimen which showed AR/R; of —0.01 due to
electropulsing at RT [see TEM-1 in Fig. 8(a)].

c-Zr,Cu is a major crystalline phase.”® In the specimens
which showed a decrease in R by electropulsing at RT or in
LN,, the major crystalline phase was c-Zr,Cu. In contrast, the
major crystalline phase was c-ZrsAl; for the spec
imens which showed an increase in R by electropulsing.
Figure 10(a) shows a TEM image observed for the a-
ZrgoCuspAljg specimen which showed a decrease in R by
electropulsing at RT. The inset is the SAD pattern of the
whole area shown in Fig. 10(a), indicating that crystallo-
graphic directions of most crystallites (c-Zr,Cu) showed
good alignment among the crystallites. Figure 10(b) is the
grain size distribution seen in Fig. 10(a), where the grain size
was less than 8 nm. Figure 11(a) shows a TEM image and the
SAD pattern observed for the a-ZrgCuzpAljy specimen
which showed an increase in R by electropulsing at RT,
indicating that crystallographic directions of most crystallites
(c-ZrsAl3) showed good alignment among the crystallites.
Figure 11(b) is the grain size distribution seen in Fig. 11(a),
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Fig. 11 (a) TEM image and (b) grain size distribution observed for the
a-ZrepCuspAljp specimen which showed AR/R; of +0.01 due to
electropulsing at RT [see TEM-2 in Fig. 8(a)].

where the grain size was less than 10 nm. The outline of the
XRD Laue pattern observed for the a-ZrgoCuszpAl;g after the
e-LTC were similar to that mentioned in Fig. 3(c) except that
no visible XRD spots were observed (not shown here).

Figures 12(a) and (b) are similar to Fig. 4(a) and (b),
respectively, but here the data observed for a-ZrgCusgAljg
are shown. In Fig. 12(a), the i4o data 1 and 3 were found in
the specimens which showed a decrease in R for 7 > 6 ms
and 7 < 1.5ms and the ig0. data 2 were observed for the
specimens which showed an increase in R for t between 1.5
and 6 ms, respectively. In the present t range between 0.05
and 20ms, ig. showed the tendency of decrease with
increasing t accompanied with the shallow minima depicted
as the curves 1, 2 and 3. The dependence of ig. on t
observed for electropulsing in LN, was very similar to that
for electropulsing at RT. Figure 12(b) shows Ej as a function
of 1/2nf. Eq was considerably lower than Eg. The curves 1 to
4 will be mentioned later.
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Fig. 12 (a) The igo. vs. T data observed for electropulsing at RT and those
observed for electropulsing in LN;, where the data at RT reported for t
shorter than 3 ms®” are shown too. The data 1 and 3 for AR < 0 and the
data 2 for AR > 0. (b) The Eq vs. f data reported for a-ZrgyCuspAljo at
RT.' The dashed line denotes Ej. See text for the curves 1 to 4.

4. Discussion

Nanocrystallization of amorphous alloys at ambient
temperatures has been found for the deformation-induced
crystallization t00.>*3? For the deformation-induced crystal-
lization, no alignment of crystallographic directions of
crystallites has been reported and it has been claimed that
plastic-deformation-assisted atomic transport is responsible
for the precipitation of nanocrystallites. A computer simu-
lation work on plastic deformation of metallic glass'® has
shown that the amorphous structure is composed of the
relatively lower dense region and the relatively higher dense
region and the enhancement of diffusional mobility takes
place in inside of deforming shear bands associated with
relatively low density region. The deformation-induced
crystallization®®?® may be understood as one kind of the
thermal-crystallization.

In the present work, it was commonly found for marginal
amorphous alloys, a-CusgTisg and a-PdgySiz, and a bulk
amorphous alloy, a-Zrg CuspAl;g, that single electropulsing
in LN, induced the crystallization of a considerable frac-
tional volume of the specimen when iy, was increased
beyond i4p.. The combination of the specimen temperature
versus elapsed time data observed during electropulsing in
LN, or that at RT and the TTT diagrams>"-?” indicates that no
detectable thermal-crystallization is expected during the
present single electropulsing. On the other hand, a collective
motion of the relatively high density region may possibly
bring about diffusional motions in the relatively low density
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region around the relatively high density region, resulting in
the thermal-crystallization in the relatively low density
region. In this model, no alignment of crystallographic
directions of crystallites is expected as mentioned for the
deformation-induced crystallization. In this model, however,
no detectable thermal-crystallization is expected because of a
very short elapsed time. Then one can say that the e-LTC is
associated with the crystallization of the relatively high
density region due to an athermal process.

In a melt spun amorphous alloy, the density fluctuation
may be composed of that quenched at 7, and the additional
density fluctuation expected at ambient temperature in the
a-solid. Therefore, the latter is expected to be much smaller
than the density fluctuation quenched in T,. The present
result supports this point of view, because the igo. vs. T data
observed for electropulsing in LN, showed good agreement
with those observed for electropulsing at RT.

A possible mechanism for the aligned crystallization is a
transformation of the relatively high density region to a
crystalline phase. Since the synchronized cooperative motion
of all atoms in the relatively high density region does not
modify the local atomic configuration in the relatively high
density region, such cooperative motion cannot induce the
structural transformation of the amorphous structure into the
crystalline structure. It is known that for the electromigration
effect, the effective charge number, z*, of a single atom is a
function of atomic species’” as well as the atomic mass.
Thus, it is expected that the amplitude of displacement during
the collective motion is a function of atomic species,
resulting in the modification of the local atomic configuration
in the relatively high density region. When the modified local
atomic structure and chemical composition in the relatively
high density region are inside in the permissible ranges for
the crystalline phase formed, the transformation of the
relatively high density region to the crystalline phase may be
expected. In this model, the size of the crystallites formed
during the e-LTC is governed not only by the size of the
relatively high density region but also by the chemical
composition of the relatively high density region.

For a-Cus(Tisp, the maximum change of R/R associated
with the e-LTC due to single electropulsing at RT was 0.5 in
|[AR/Rol./|AR/Ry|, and the size of crystallites formed
during the e-LTC was about 10 nm for most crystallites and
several tensnm as a maximum after the e-LTC with t of
6.3 ms. The visible XRD Laue spots suggest that whether
they reflect the maximum size of an aligned crystallized
region or the size of a crystallite. These results suggest that
the modified atomic structure and chemical composition of
the relatively high density region during the e-LTC was
inside in the permissible range of c-CuTi as the most case.
The observation of Debye rings and the correlation of the
width of the Debye rings with the direction of electric current
suggest that the direction of aligned crystallization is a
function of both the direction of electric current and the
internal stress.

For a-PdgSiy, crystalline phases formed by the e-LTC?"
were c-Pd;Si, c-PdgSi, and fcc-Pd(Si) which were observed
after the thermal crystallization®" and the unknown crystal-
line phase. The maximum decrease in R/R associated with
the e-LTC during single electropulsing was 0.35 in |AR/
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Rolo/|AR/Ry|, and the size of crystallites formed during the
e-LTC was 2 to Snm for most crystallites. These results
suggest that the relatively high density regions in a-PdgySiyg
are mainly composed of those with the amorphous structure
and the chemical composition favorable to c-Pd;Si, c-PdgSi,,
fcc-Pd(Si) and the unknown phase and the size of such
relatively high density regions may be 2 to 5 nm as the most
case.

For a-ZrgyCuspAlyp, the maximum decrease in |AR/
Rolr./IAR/Ry|, after the e-LTC due to single electropulsing
was 0.05, indicating that the amorphous structure and/or the
chemical composition of most of the relatively high density
regions are not near of a probable crystalline phase. For the
remaining relatively high density regions, the e-LTC for
7> 6ms and 7 < 1.5ms caused the decrease in R and the
formation of ¢-Zr,Cu which were observed for the thermal
crystallization at elevated temperature. The size of crystal-
lites was less than 8 nm. On the other hand, the e-LTC for
T between 6 ms and 1.5 ms caused the increase in R, where
the major crystalline phase was c-ZrsAls and the size of most
crystallites was less than 2 nm. These results suggest that in
a-ZrgoCuszgAljg, the relatively high density regions associ-
ated with the e-LTC are composed of the relatively high
density regions with the amorphous structure and the
chemical composition favorable to c-Zr,Cu and those
favorable to c-ZrsAls, where the size of relatively high
density regions may be a function of their chemical
composition.

As mentioned in the section 1, it is suggested that a
resonant collective motion of many atoms can be excited by
elastic vibration resulting in the decrease in the dynamic
Young’s modulus observed. In the present work, such
resonant collective motion of many atoms may be excited
by resonant electropulsing resulting in the e-LTC. If it is the
case, a close correlation between the igo vs. T data observed
for the e-LTC and the E4 vs. f data observed for the dynamic
elastic response will be expected. For the forced vibration of
resonant systems with the mass, m, the dependence of the
displacement amplitude, xy, on the angular frequency, w, can
be given by

Xt = (Fo/m)* /(0 — ) + o tan® ¢], 2)

where F) is the strength of a periodic applied force, w; is the
resonant angular frequency and ¢ is the loss angle.’? For the
resonant collective motion of the relatively high density
region excited by electropulsing, we assume that Fy is
proportional to iqy, w can be replaced by 1/7, and the e-LTC
takes place when xj is increased beyond the threshold value.
Then, one may have the following equation

ig0e = al(1/7% — 1/22) + tan® ¢/ + (igoe)ss (3)

where « is a proportional constant and (i4o ) is a function of
the threshold value of xj. For the elasticity measurement, we
assume that the anelastic strain associated with the resonant
collective motions, &,, is explained by,

£a = B/l(@" — ]) + o] tan” ¢]'2, ©)
and Ey is given by,
Ed - ES[SO/(EO + Ea)]s (5)

T. Hao, H. Tanimoto and H. Mizubayashi

where & is the elastic strain and S is a proportional constant.
For the resonant collective motion of relatively high density
region, tan ¢ may be considerably large because the relatively
high density region is embedded in the relatively low density
region. For such case, both the dependence of ig. on T and
the dependence of ¢, on w are not strongly modified by a
change in tan ¢. In the following, tan” ¢ will be assumed to be
0.5.

For a-Cus(Tisg, in Fig. 4(a), the theoretical curves 1 to 3
estimated by using eq. (3) are fitted to the ig. vs. T data,
where 1, assumed is 35, 4 and 0.4 ms for the curves 1, 2 and 3,
respectively. It is noted that with decreasing t, the theoretical
igo.c vs. T curve shows a shallow minimum at 7 = 7, and then
a steep increase. In Fig. 4(b), the theoretical curve 4
estimated by using eqs. (4) and (5) and t, assumed for the
curves 1 to 3 is fitted to the E4 vs. 1/27f data. It is noted that
the theoretical E4 vs. 1/27f curve shows a shallow minimum
at T = 7. The curves 1 to 3 explain the outline of the iy vs. T
data and the curve 4 explains the outline of the E4 vs. 1/2nf
data, respectively. The present result supports the point of
view that the resonant collective motion of the relatively high
density region is responsible for the e-LTC and the softening
of E4. It is also indicated that the size distribution of
relatively high density region in a-CuspTisp was not
continuous but discrete. The observed result that the
maximum change of R/R, due to single electropulsing was
0.5 in |AR/Rol;./IAR/Ry|, indicates that most of the
relatively high density regions in a-CusoTiso have the local
amorphous structures and chemical compositions being
inside in the permissible ranges for c-CuTi.

For a-PdgSiy, in Fig. 7(a), the theoretical curves 1 and 2
are fitted to the igo. vs. T data, where 7, assumed is 25 and
2ms for the curves 1 and 2, respectively. In Fig. 7(b), the
theoretical curve 3 is fitted to the Eq vs. 1/27f data by using
7, assumed for the curves 1 and 2. The curves 1 and 2 explain
the outline of the igy. vs. T data and the curve 3 appears to
explain the Ey vs. 1/2mf data. Since crystalline phases
formed by the e-LTC were c-Pd;Si, c¢-PdgySi,, fcc-Pd(Si) and
the unknown phase, various kinds of relatively high density
regions favorable to these crystalline phases may exist in a-
PdgpSizp. On the other hand, the ig. vs. T data for these
various kinds of relatively high density regions were very
similar to each other, indicating that their size distributions
were similar to each other too.

For a-ZrgCuspAlyg, in Fig. 12(a), the theoretical curves 1
to 3 are fitted to the iy vs. T data, where 7, assumed is 35 ms,
10ms and 3 ms for the curves 1 to 3, respectively. It is noted
that the curves 1 and 3 are fitted to the e-LTC inducing
c-Zr,Cu which is the major crystalline phase observed after
the thermal crystallization and that the curve 2 is fitted to the
e-LTC inducing c-ZrsAls. In Fig. 12(b), the theoretical curve
4 is estimated by using 7, assumed for the curves 1 to 3. Since
the maximum change in |[AR/Ry|,../|AR/Ry|, due to single
electropulsing is 0.05, the fractional volume ratio of the
relatively high density regions favorable to c-Zr,Cu and
c-Zr5Al; may be considerably low. It is indicated that one of
the reasons for the high thermal stability of a bulk amorphous
alloy, a-ZrgyCusoAljg, is the low fractional volume ratio of
the relatively high density regions favorable to crystalline
phases.
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5. Conclusion

The e-LTC was studied for a-CusgTisg, a-PdgoSiry and
a-ZrgCuzgAl;y by means of electropulsing in LN, and that at
RT, indicating that the density fluctuation responsible for the
e-LTC was that frozen at T,. The crystallographic direction
of crystallites formed by the e-LTC showed good alignment
among the crystallites, indicating that the resonant collective
motion of the relatively high density region causes the
transformation from an amorphous structure to a crystalline
structure in the relatively high density region. The maximum
change in |AR/Ry|,../|AR/Ry|, due to single electropulsing
was 05, 0.35 and 0.05 for a-CU50Ti50, a-Pdg()Sigo and
a-ZrgoCuszgAljg, respectively. indicating that the fractional
volume ratio of the relatively high density regions favorable
to crystalline phase(s) decreases in the order of a-CusgTisg,
a-PdgpSipy and a-ZrgoCuspAljp. A probable mechanism
for the e-LTC was discussed.
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