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Crystallization under electropulsing suggesting a resonant collective motion of many atoms
and modification of thermodynamic parameters in amorphous alloys
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For melt-spun amorphousi{) CusTisg anda-PdySing, Crystallization under electropulsing was studied by
means of the discharge of a condenser with initial current dengijtyf the order of 18 A/m? and decay time
7in between 2 and 0.1 ms, where a specimen was sandwiched by AIN/BN substrates to minimize an effect of
joule heating. The crystallization proceeds during electropulsing vifyeis higher than the thresholdo, .
Hereigo. is a function ofr and shows a minimum value of 2x4.0° A/m? at 7~2 ms for a-CusgTiso and
2.6x 10° A/m? at 7~ 0.9 ms fora-PdsSi,, Where the maximum increase in temperature during electropulsing
is about 120 K fora-Cus,Tisg and 50 K for a-PdseSiyg, respectively. One-half of the specimen volume
crystallizes after a few repetitions of electropulsing wigg beyondiyo. for a-Cug,Tiso and after several
repetitions fora-Pd;Si,e. 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 migra-
tional motions of atoms in the low-density matrix around it. BePd;Siy, 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 fa-CusgTisy and a- PdySiyg that for electropulsing with higlhy,, the elec-
trical 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.
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I. INTRODUCTION Young'’s modulus is found in the frequency range between 10
and 16 Hz for a-PdsSing. 1° It is found that Young’s modu-
The recent review for effects of an electric current on thelus observed in vibrating reed measurements at a strain am-
solid-state phase transformation in metals reports that varplitude of 10 ° reveals a deviatory decrease from that ob-
ous significant effects depending on subjects have beeserved in quasistatic tensile tests showing a minimum at
found in both crystalline and amorphous metalor amor-  around 18Hz. On the other hand, it is known that Young’s
phous alloys, a dc electric current of 7&m? causes a de- modulus observed in quasistatic tensile tests is lower by
crease in the crystallization temperature by 10—20 K for vari20%—-40% for amorphous alloys than for the corresponding
ous melt-spun amorphouga) alloys?~’ Repetition of crystalline counterparts, ?’indicating that the fractional ra-
electropulsing with a duration of 60—1Q& and a peak cur- tio of constituent anelastic strain to the total strain is much
rent density of 18A/m? brings about a decrease in the crys-larger in amorphous alloys than in the crystalline counter-
tallization temperature by 150-170 K foa-Fe-Si-B  parts. The fractional ratio of constituent anelastic strain is
alloys®12 Both the effects of a dc electric current and rep-expected to decrease with increasing frequency except when
etition of electropulsing may be similar to each other aftera resonant anelastic process is excited and increases the an-
taking into account difference in the current density and theelastic strain. Since a decrease in Young’s modulus indicates
total time for passing current. The effects are much greatean increase in the fractional ratio of constituent anelastic
than can be explained by simple electromigration theory andtrain, the peculiar frequency dependence of Young’s modu-
suggest the enhancement of an electromigration effedtis found fora-PdySiy, suggests that a certain resonant an-
through a collective motion of many atoris? Recent the-  elastic process is excited in the frequency range between 10
oretical works on the thermodynamic effect of an electricand 16 Hz, mainly at around Hz. The decrease in
current on the phase transformation in amorphous alloys revoung’s modulus found at around 4Bz is as large as
port that metastable phases can manifest under influence 20%—30%:° suggesting that a considerable fraction of atoms
an electric curreftt!* or nanocrystalline growth may be a in a specimen are associated with the resonant anelastic pro-
function of the current densify. However, present experi- cess. These results may suggest that collective motion of
mental knowledge is very poor for examination of the theo-many atoms can be excited as resonant motion as a whole.
retical works. On the other hand, the probable enhancement Further, the characteristic strain amplitude dependence of
of atomic migration associated with a collective motion of Young’s modulus is observed at around 2Hx for
many atoms is not taken into account in the theoreticah-PdSiy. It is found that Young’s modulus observed in
works. vibrating reed measurements at around H® shows a
Meanwhile, the peculiar frequency dependence ofstrong increase with increasing strain amplitude, suggesting
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that a displacement amplitude of a probable resonant collec- (a) spring clamps

tive motion of many atoms tends to show saturation with

increasing strain amplitud€ The characteristic strain ampli- A

tude dependence of Young’s modulus found at arourfdH0 X\n \ 1 \
I I

S T

is commonly observed fas- CusgTisg (Refs. 21 and 2Rand
a-CuspZrsq (Ref. 23. Then one can suppose the density fluc- # #
tuations existing in amorphous alloys where the high-density 7
regions are embedded in the low-density matrix and that mi- I, V, v, L
grational motions of atoms in the low-density matrix can be
induced when the high-density region undergoes a collective () 100 mm >
motion as a whole. For such a case, one can expect that A —>||<‘— L mm |
enhancement of atomic migration under passing electric cur- / Y
rent in amorphous alloys is increased when resonant collec- 5 mm ) ///
tive motion of many atoms can be excited. ¥ o~ 7~

In this case, how to excite such a resonant collective mo- AIN/BN substrate  embedded Cu electrodes
tion of many atoms intensively may be important to pursue ()
experimentally the underlying mechanism for the crystalliza- Bl\\ \
tion of amorphous alloys under the influence of an electric |
current. After these considerations, we carried out the pre- AIN/BN substrate
liminary works*2® for the crystallization ofa-PdsSi,, due @ TP S e——
to electropulsing by means of the discharge of a condenser. junction head
The current densityy during electropulsing decays with in- Bz oSt
creasing elapsed tinteas

id:idoexq_t/’i'), (1)

whereiyo denotedy at the start of electropulsing andthe
decay time of discharge. On the other hand, it is known that 5 1 schematic drawings fde) the specimen setugh) the

a Debye peak shows a maximum at®’' =1, where7’ is upper substraté with embedded copper electrodés) the lower

the relaxation time of a relaxation process dralmeasure-  gypstrateB1, and(d) the lower substrat®2 with embedded ther-
ment frequency. As a first attempt, we tried electropulsingnocouple wires.

with 7 of the order of 1 ms foa-Pd;Si,,, Where we sup-

posed that the value afto excite a resonant collective mo- hitride (AIN)/boron nitride (BN) composite substrates and
tion suggested after the peculiar frequency dependence dfey are fastened as a whole by three spring clamps. It is
Young’s modulus is the order of 1/¢& ) with f being the noted that the thermal conductivity, 90 W/K/m, of the
order of 1¢Hz. In preliminary works, we found that the AIN/BN substrates is as high as 83.5 W/K/m of iron. Figure

crystallization ofa-PdsSiy, due to electropulsing takes place 1(b) is a schematic drawing of the AIN/BN upper substrate
wheni 4, is the order of 18A/m?, and a maximum tempera- A, Where four copper electrodes are embedded in the bottom
ture attained during electropulsing appears to be much lowegide. The gauge length between current electrégdesd| ;
than the crystallization temperature observed during the corgnd that between potential electrodésandV, are 50 and
ventional heating measurement. In order to pursue furthe5 mm for most cases, respectively. Figure) shows the
experimental knowledge, we investigated the crystallizatiofower AIN/BN substrateéB1, which is used for measurements
of a-PdySiy, under electropulsing as well as crystallization 0f changes in the resistivitR due to electropulsing. Figure
under electropulsing ia-CusgTis, for which effects of a dc  1(d) shows the lower AIN/BN substrat2, which is used for
electric current on the crystallization were alreadytemperature measurements during electropulsing, where
reportec? > Almel and Chromel thermocouple wires 28n in diameter
are embedded in the thin channel on the top side. It is noted
Il. EXPERIMENT that the junction head of the thermocouple directly contacts
the specimen surface during temperature measurements. In
Amorphous &-)CugTisg and a-PdSiyy were prepared order to ensure good thermal contact between the specimen
as thin tapes by melt spinning in a high-purity Ar gas atmo-and AIN/BN substrates, the bottom surface of the upper sub-
sphere. Specimens were cut out from the amorphous allogtrate A and the top surfaces of the lower substrBtesand
thin tapes. Both surfaces of a specimen were smoothed 82 are smoothed by polishing mechanically.
polishing mechanically using fine emery paper in water Figure 2 shows the measurement setup for electropulsing
avoiding heat-up during polishing. The thickness and widthwhich can be made by discharge of a condenser. The decay
of specimens after polishing were about 20 and 0.8 mm  time 7 used in the present work was in between 0.1 and 2.5
for a-CusgTisg specimens and about 26m and 0.9 mm for  ms. The resistivity measurements were conducted by a four-
a-Pd;Siyg specimens, respectively. probe method after every electropulsing, where an interval
Figure Xa) shows schematic drawing for the specimenbetween electropulsings was several minutes. It is noted that
setup, where a specimen is sandwiched by two aluminurthe resistivity measurements were made by passing a dc elec-

10 mm

0.3 mm
AIN/BN substrate
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FIG. 2. The measurement setup for electropulsing. FIG. 3. ResistivityR changes observed fa-CusgTisy speci-

] ) 5 ] mens during constant rate heating in vacuum, wiigyés R at 300
tric current with 16 A/m? where no influences on the crys- K in the as-quenched state.

tallization were expectetf.® Separately, measurements of the
specimen temperature during electropulsing were carried OUk otion. T
where the thermoelectric power was measured by using 808 K}s
preamplifier and a high-speed analog-to-digital converter. t Wit ted fora-CleTio (Ref. 2
As already mentioned,, and 7 in Eq. (1) may be key good agreement Wil reported fora- CugTiso (Ref. 27

L . after taking into account the difference in the heating rate.
parameters for the crystallization under electropulsing. Wer o qecrease iR at 300 K observed after crystallization
measured changes Rat 300 K after electropulsing, where (AR/Ry),, is —0.8 '

X .8.

igo Was increased stepwise. TRER, vsiyo data were com- Figure 4a) shows an example of thB/R, vs Py plot

piled for various, whereR, denotesR at 300 K in the — pqoneq for ama-CusgTigy specimen after electropulsing
as-quenched state. On the other hand, since the electric ez, - 5 ms, whereR/R, decreases to about 0.84 in one
ergy of a pulse given to the unit volume of a specimeg,

is indicative of joule heating, thB/R, vs P4 plots are also
shown after theR/Ry vs iy data.

We also carried out resistivity measurements during heat-
ing at a constant rate in vacuum by using an electric furnace
(furnace heating, hereafierThin gold wires were spot-
welded 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 1 2
evacuated to 10" Pa, where AIN/BN substrates were not Py (J/mm’)
used and electropulsing was not made. &dPdsSiyg, prob- 150F" I I I (b)-

able effects of rapid heating, magnetic field, and tensile = Y — T
stress on the crystallization process were studied too. The ¥, 100} - —
measurement setup for the rapid heating was similar to that & : *,
. . . = 50l e |
of the furnace heating except that light exposure heating was < : v
made instead of furnace heating. The measurement setup for 0_1-' | | “l'""""’-':
furnace heating under tensile stress was similar to that of 0 3 10 15 20
furnace heating except that a specimen was tensed by a t (ms)
spring through a thin stainless steel wire. The effect of a . '
magnetic field was studied for crystallization under electro- S
pulsing, where the measurement setup was similar to Fig. & P
1(a) except that the AIN/BN substratésand B1 were fur- < 100F e 7
% O
g

«» found in Fig. 3 is 626 K at the heating rate of
and 646 K at 0.3 K/s, respectively, which show

. @

[=3

| |
(ARRIARR,

ther sandwiched by permanent magnets.
X-ray diffraction (XRD) measurements were made by the -8

6-26 scan using CIK « radiation, where reflections from Si o1 2

powder put on a specimen surface were used as reference. P, (J/mm’)

FIG. 4. (a) Changes irR at 300 K observed for an-CusyTisg
IIl. RESULTS AND DISCUSSION specimen after electropulsing with= 1.2 ms, wherd®y denotes the
A. a-CusgTis, electric energy of a pulsg given to the unit volume of a spepimen.
) (b) Changes in the specimen temperatuxd,,, observed during
Figure 3 shows examples of changesRrobserved for  glectropulsing withr=1.1 ms andPy=3.4 J/mm. (c) The maxi-
a-CugTiso specimens during furnace heating. It is knownmum increase in the specimen temperature, idy;, Vs Pg,
that a- Cug,Tisg crystallizes to crystalline CuTiRef. 26 in  where the symbols denote the data observed for three specimens.
one step as seen in Fig. 3. The onset temperature of crystathe dashed line is drawn to guide the eyes.
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FIG. 6. XRD spectra observed for varioasCusgTisy Speci-
i (10°A/m?) mens: I=as quenched, 2after a 25% decrease R/R, due to
electropulsing, 3=after annealing at 700 K following a 19% de-
FIG. 5. Changes iR at 300 K observed foa-CusgTisg Speci-  crease irR/R, due to electropulsing, and=dafter annealing at 700
mens after electropulsing with variousare plotted agains®y (80 K without electropulsing. The solid symbols denote the XRD spec-
andig (b), respectively. Increased errors for tRéR, data ob-  tra expected for crystalline CuTRef. 26. “(Si)” indicated for 3
served for the specimens with~0.2ms are due to a decreased and 4 is the reflection from Si powder used as reference.
gauge length for th&® measurements used.

i4oc and their magnitude is a function eflt is noted that an
|jgcrease iR following a decrease iR due to electropulsing
is’found at highi 4o beyond 7< 10° A/m? for electropulsing

step after electropulsing witlPy=3.4J/mni. Figure 4b)
shows an example of changes in the specimen temperatu

AT,,, observed during electropulsing witt=1.1ms and ) )
P.~3.4J/mm. After the start of electropulsinghT,, in-  With 7 of about 0.2 ms. As already mentioned, recent theo-
. . ep

creased rapidly, showing a maximum at about 2.5 (ms retical work on cr.ystallizat.io'n under electropulsing sugge.sts
maxAT,,, hereafter and then decreased steeply. Thethat nanocrystalllne precipitates fprmeq by electropulsing
max-AT,, found is about 150 K foP,=3.4J/mr4, i.e., the cCan §hr|nk when the current density is increased beyond a
maximum Specimen temperature attained is about 450 mertaln threshold Valuﬁs. The increase IIR/RO observed at
Figure 4c) shows examples of the maXfe, vs Py data, high iy can possibly be explained by the predicted reverse
where maxAT,, increases linearly witfPy . effect of electropulsing at a high current density.

Figure Fa) is similar to Fig. 4a), but here th&R/R, vs P4 Figure 6 shows the XRD spectra observed for various
data observed for variousare shown. The threshold value a-CusTisg specimens. The XRD spectrum 1 observed for
of Py, Py, at whereR/R, starts to show a strong decreasethe as-quenched state shows a broad XRD peak. The XRD
reveals a minimum value of about 2.9 J/fhat 7~1ms in  spectrum 4 observed after the furnace heating to 700 K
the present range between 0.2 and 2 ms, indicating that joukhows good agreement with that expected for crystalline
heating plays a minor role for the crystallization under elec-CuTi.?® The XRD spectrum 2 was observed for the specimen
tropulsing. It is noted that the maXT,, of about 120 KaPy  which showed a decrease by 25% inR/R, due to elec-
of 2.9 J/mni may be found from the maaTe, vs Py plot  tropulsing. The XRD spectrum 3 was observed for the speci-
shown in Fig. 4c); i.e., the maximum specimen temperaturemen which was first subjected to electropulsing with a de-
attained is about 420 K &, of 2.9 J/mni. Figure §b) isa  crease inR by 19% inR/R, and then to the furnace heating
redrawing of Fig. %), but hereR/R, is plotted againstyg. to 700 K. The XRD spectrum 2 is composed of the crystal-
The threshold value ofyg,igoc, at whereR/R,y starts to line CuTi XRD peaks and the broad XRD peak from
show a strong decrease appears to show a minimum value af CusgTis, indicating that the decrease due to electro-
about 1.4 10° A/m? at 7 in between 1 and 2 ms, indicating pulsing is associated with crystallization. The XRD spectrum
that the decay time of electropulsing plays an important role3 is very similar to the XRD spectrum 4 except that the XRD
in crystallization under electropulsing. FarCusgTisy speci-  peaks at abound 41.2° and 42.2° ia@ &e broader by about
mens, the maximum decrease WR/R,)/|AR/Ry| attained  20% than those seen in the XRD spectrum 4. This result
is about—0.5. Such a strong decrease iR/R,)/|AR/Ry|,  indicates that the mean grain size is smaller in the specimen
took place in a few repetitions of electropulsing withof ~ subjected to electropulsing first than in the specimen sub-
about 1-2 ms or in several repetitions of electropulsing withjected to furnace heating alone. In other words, the homoge-
7 of about 0.2 ms. It is suggested that intensive atomic mineous nucleation process can be accelerated under electro-

gration takes place during electropulsing with beyond  pulsing.
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In order to compare the crystallization under electropuls- 1t T T 1 T T
ing and the thermally activated crystallization, the time- l200k T e ——
temperature-transformatioff TT) diagranf®=°will be vis-
ited below. The Johnson-Mehl-Avrami equattbf? gives the 1000 MT-curve -
volume fractionX of crystallization products agor the case = i \,/” T
of small X) ¢ ’ crystalline

800} . i
= ~ o /2' )
X~ (ml3)1 ut?, 2 [ R ]
(m3)1Ug @ 600 *‘BG&.O;
where |, denotes the nucleation rate amng the crystal | ]
g}r/cz)gvztg rate. The homogeneous nucleation rate may be given 400 ; 1 amorphous i

I,=N,vexp —Q), 3

whereN,, is the number of single molecules per unit volume

andQ is given by

Q=al(TIATD). (4)

In Eq. (4), T, is the reduced temperature given B4T ,, and
AT, the reduced undercooling denoted by.,.(T)/T,,,
whereT,, denotes the melting temperature. measures the
free energyAG* of forming the critical nucleus, e.gg
=1.024, when one takeAG* =50kT at AT,=0.2282%|n
Eq. (3), the frequency factor is given by

(5

wherea, is the mean atomic or ionic diameter for the diffu-
sive jump and the viscosityy may be given by the Fulcher-
type equatioft

v= kT/(SWag 7),

n=AexgB/(T—Ty)], (6)

whereA, B, andT, are constants. In E@2), u. may be given

by28’29

Uc=(¢Dglag)[1—exp(—AT,AH¢,/KT)], (7)

where D is a diffusion coefficient for atomic motion re-
quired for crystal growthAH;,,, the latent heat of fusion, and

103 102 10! 10° 10" 10* 10® 10°
t (s)

FIG. 7. The TTT diagram foa-CusgTiso. Curve 1 is a redraw-
ing of theT vst data shown in Fig. é). The open circles 2 denote
the incubation time, for crystallization found in isothermal anneal-
ing (Ref. 6 and the solid triangles’2denoteT, found in the con-
stant heating rat€y) measurements under the assumptiont,of
=20K/y. The horizontal dashed line denofEg. See text for the
TTT curve.

kJ/mol reported fora-CusgTisy (Ref. 35 is assumed to be
AH;,, in Eq. (7). Here B in Eq. (8) is estimated to be about
1600 K/s after the DTA data fa-CusgTisg (Ref. 27) and the
relationship betweegs, and (T,—T,) reported® whereT,

is the glass transition temperatur®.and B in Eq. (6) are
assumed to be the same #=3.8x10 *Pas andB
=1975K observed foa-Pdy,Si;s.>" Here ¢Dy in Eq. (7) is
assumed to be 110" % exp(~Hy/kT)[m?s™ '], whereH, is

the activation enthalpy for diffusion. The TTT curve shown
in Fig. 7 is found to explain the, and T, data and3.. after
assumingAG* =72kT at AT,=0.2 for Eq.(4), T;=470K

in Eg. (6), andHy=1.32eV, which may be not unreason-
able. After the TTT curve and tievst data observed during
electropulsing, one can say that crystallization under electro-
pulsing cannot be explained by the thermal excitation pro-
cess alone. This issue will be discussed later on.

¢ the fraction of sites at the interface where atoms can pref- Figure 8 shows an example of tievs T data observed
erentially be added. The critical cooling rate for glass formafor ana-Pd;Si,g specimen during furnace heating, whate
tion, B., approximated for the linear cooling curve requiredfound is about 680 K for a heating rate of 0.2 K/s and
to avoid the nose of the TTT curve for crystallization may be(AR/R), at 300 K is—0.6. TheRvs T data are very similar

given by**

B~ (Ty—T)/ty, (8)

whereT,, andt, are the temperature and time corresponding

to the nose of the TTT curve, respectively.

Figure 7 shows the TTT diagram far-CugyTis, where
plotted are the incubation tintg for the crystallization found
in isothermal annealiffgand T, found during heating at a
constant ratey under the assumption that 20K¢orresponds
to t, in isothermal annealing &t, . In Fig. 7, a redrawing of
the T vs t data observed during electropulsing wikby
=3.4J/mni [see Fig. 4b)] is shown too. The TTT curve has

to that reportetf after taking into a account the difference in

1.0} E

g 0.8 —
0.6} E
= daoSz0 |
04k 7 .a-l: 8? ZC: _
300 400 500 600 700 800
T K)

FIG. 8. Resistivity changes observed fora d;,Si,g Specimen

been estimated as follows. The heat of crystallization of 17.2uring the furnace heating with the heating rate of about 0.2 K/s.

054201-5



MIZUBAYASHI, KAMEYAMA, HAO, AND TANIMOTO

PHYSICAL REVIEW B 64 054201

|
(@) 10 g 1.0fes (a) o y
—-0.1
20 & 0.9 =
Ry J-013 § 402 4
g 0.90 . § 0-8Ta-PdsoSig 103
~ a'Pdgoslzo AN 1 ~14ms 4-04
=0.4 ms - -0.23 = 07 ? T ~g§ ms 4
0.85¢ . ' ' L L O 1 ~01ms 1% =
0 0.5 1 1.5 2 2.5 0.6l n I ] L 1 ) ] --0.6
Py (J/mm3) 0 1 2 3 4 3
3
o T T T T T T T T Py (J/mm’)
60 (b) I i ! | 1 1
o B =0.4 ms 1.0 =0
= 40 ..-'..,_\ Prd=2.2 Tim? é (b) ol f
5 » e g 0.9k =
q 20 —. « wbwﬁ‘y"v‘; >3 - '02 <_]
Ok T 0.8 7103 E
0 10 15 404 5
t (ms 0.7
% . I ( .) ' J05<
g @ 0o
* ol [ gt —
= I 00 1 iy (10" A/m°)
< 40F L‘,I«”O/O -
?lé - el O T FIG. 10. (a) and (b) are similar to Figs. & and 3b), respec-
g 20_‘ ,/D 7] tively, but hereR at 300 K observed foa-Pd;Siy, specimens is
0 -7 ] N l \ shown. Increased errors for ti¥R, data observed for the speci-
0 1 2 3 mens with7~0.1 ms are due to a decreased gauge lengtrRfor
P, (J/mm3) measurements used.

FIG. 9. (a) Changes irR at 300 K observed for aa-Pd;;Siyg . 5
specimen after electropulsing with=0.4 ms. (b) Changes in the ~Minimum value of about 2%810° A/m? at 7 between 0.5 and

specimen temperature during electropulsing wRf=2.2 J/mni 1.4 ms indicating that the decay time of electropulsing plays
and 7=0.4ms. (c) The maxAT,, vs P, data, where the symbols &n important role on the crystallization under electropulsing.
denote the data observed for two specimens. The dashed line '€ maximum decrease i R/Ro)/|AR/R| attained after
drawn to guide the eyes. electropulsing is about0.6 for a-PdSiyg Specimens. Such
a strong decrease iMR/Ry)/|AR/Ry|, takes place in sev-

the heating rate. Figure(® shows an example of thie/R,  eral repetitions of electropulsing, suggesting that intensive
vs Py plot observed ara-PdsSiyy specimen after electro- atomic migration takes place during electropulsing with
pulsing with 7=0.4ms. Figure @) shows an example of beyondiy. In Fig. 10b), it can also be seen that tRR,
changes in the specimen temperatifg,, observed during vsiy, data observed for electropulsing with-0.1 ms show
electropulsing withr=0.4 ms andPy=2.2 J/mni. After the  an increase irR/R, for iy, above about & 10° A/m2 The
start of electropulsingAT,,, increased rapidly, showing a increase inR/R, observed at highy, can possibly be ex-
maximum at about 1.5 ms and then decreased steeply. Thgained by the predicted reverse effect of electropulsing at a
max-ATe, found is about 50 K forPy=2.2 J/mni, i.e., the high current density®
maximum specimen temperature attained is about 350 K at Figure 11 is similar to Fig. 6, but here the XRD spectra
Py of 2.2 Jmni. Figure 9c) shows examples for the observed fora-PdySi,, specimens are shown. The XRD
maxATe, vs Py data, where maxT,, increases linearly spectrum 1 was observed for the specimen after furnace heat-
with Py in the present experimental range. ing to 800 K. The XRD spectrum 2 was found for the speci-

Figures 10a) and 1@b) are similar to Figs. &) and 8b),  men which showed a decreaseRnby 6.2% inR/R, after
but here theR/Rq vs Py plot and theR/R,y vs iy data ob-  electropulsing. The XRD spectra 3—7 were observed for the
served for various observed fora-PdSiyg are shown, re-  specimens which were first subjected to electropulsing to
spectively.P4 . shows a minimum value of about 2.0 J/fim various extents for decreasesRrand then to furnace heating
at 7~0.5ms in the presentrange between 0.1 and 1.4 ms, to 800 K. The XRD spectrum 1 is very similar to that
indicating that joule heating plays a minor role for crystalli- reported®~#2The XRD spectrum 2 is composed of the broad
zation under electropulsing. It is noted that the midbg;, of ~ XRD peak from an amorphous phase, the XRD peaks being
about 50 K atP4 of 2.0 J/mni may be found from the similar to those seen in the XRD spectrum 1 and the un-
maxATe, vs Py plot shown in Fig. €); i.e., the maximum known XRD peak at about 41° in & indicated by the ver-
specimen temperature attained is about 350 Rabf 2.0 tical arrow in Fig. 11(the 41° XRD peak The XRD peaks
Jimn. Hereigo. is a function ofr and appears to show a in the XRD spectrum 2 are much broader than the corre-
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FIG. 12. Similar to Fig. 11. ¥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, and9after furnace heating to 800 K
following electropulsing under a magnetic field of about 0.5 T.

7:36% +
800K-ann.

(81

[ ] o @ o o [ 2K J [ J
a a
A AAAAOM O“ A
35- L -4'0- W S electropulsing, and then to furnace heating to 800 K. The
20 d45 50 35 XRD spectrum 8 is very similar to the XRD spectrum
(degree) except that the XRD peaks are broader in the XRD spectrum

FIG. 11. Similar to Fig. 6, but here the XRD spectra observed in8 than in the XRD spectrum 1, suggesting that the mean

a-Pds,Sir, Specimens are shown =lafter 800 K heat-up without grain size of cryst.allites is smaller after rapid heating than
electropulsing. 2 after a 6.2% decrease R R, due to electropuls- after furnace heating. The 41° XRD peak was not detected

ing. 3—7=after 800 K heat-up without electropulsing following a fOr the XRD spectrum 8. The XRD spectrum 9 is very simi-
6.2%, 13.8%, 26%, 29%, and 36% decreas®iR, due to elec- lar to the XRD spectrum 5 suggesting that the magnetic field
tropulsing. ® = Pd;Si (Refs. 38—4R [1=fcc-PdSi) (Refs. 38 and ~ associated with electropulsing is not responsible for the
39). A=PdSi, (Refs. 41 and 42 O=bct-PdSi) (Ref. 39. A manifestation of the unknown phase formed in the early
=Si(220) from Si powder as reference. stage of crystallization due to electropulsing.
Recently, it has been found that an electric current may

sponding XRD peaks in the XRD spectrum 1, indicating thatinduce internal stress in amorphous all8y$:**On the other
the size of crystallites is much smaller for crystallization duehand, it is reported that the incubation time for crystallization
to electropulsing than for crystallization attained during fur-of a-Pd;Siyo to the metastable solid solutid®S becomes
nace heating to 800 K. For the XRD spectrum 3 which wasshorter under a tensile stress of about 400 MPa, where iso-
observed after furnace heating to 800 K following the XRDthermal annealing has been made in the temperature range
spectrum 2, the XRD peaks became to be sharper than thobetween 520 and 400 #:*° However, no reports are found
found in the XRD spectrum 2, but were broader than thosdor a probable effect of tensile stress on the crystallization of
observed in the XRD spectrum 1, suggesting that the homa-PdSiy, to the stable phasesee Figs. 8 and 31which
geneous nucleation process is enhanced by electropulsingnay be accelerated by electropulsing. Then we carried out
The 41° XRD peak became stronger in the XRD spectrum 3urnace heating measurements under tensile stress, where
than in the XRD spectrum 2, suggesting that the unknowrelectropulsing was not made. Figure 13 shows chang&s in
phase responsible for the 41° XRD peak is stable below 800bserved for the-PdSi,o specimens during furnace heat-
K. On the other hand, the XRD spectra 4—7 indicate that théng with a heating rate of 0.4 K/s under various tensile
unknown phase formed in the early stage of crystallizatiorstresses below 522 MPa. All specimens showed an increase
due to electropulsing disappears after further electropulsingn R due to creep deformation and failed at around 650 K.

In a-PdsSiye, the unknown phase found in the early stageSince the specimen was tensed by a spring, one-half of the
of crystallization due to electropulsing may be a probe tospecimen was pulled out from the furnace region immedi-
study probable effects of rapid heating and magnetic field byately after its failure. No crystallization was detected by the
which electropulsing is accompanied. In Fig. 12, the XRDXRD measurement of the pulled-out specim@ot shown
spectra 1 and 5 are redrawings of the XRD spectra 1 and 5 iherg, indicating that the lower bound of the crystallization
Fig. 11, respectively. The XRD spectrum 8 was observed fopf a-PdSiyg to stable phases under a tensile stress of 522
the specimen subjected to rapid heating to about 800 K wittMPa is about 650 K for a heating rate of 0.4 K/s.
a heating rate of 130 K/s by means of light exposure, where Figure 14 shows the TTT diagram o&-PdsSiy
electropulsing was not made. The specimen for the XRDreported®®2%4546|n Fig. 14, the symbols 2 denof, found
spectrum 9 was first subjected to electropulsing in a magi the present constant heating r&j¢ measurements, where
netic field of about 0.5 T, wherR decreased by 26% after we assume that 20 K/corresponds te, for isothermal an-
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10 141 MPa ] FIG. 15. The threshold current density . found fora-PdsSiyg
: A 1 ) ] . ] . and a-CusgTisg specimens is plotted against the decay timfor
T (K)

(6), andHy=1.84eV. After the TTT curve and thé vst

ata observed during electropulsing, one can say that crys-
llization under electropulsing cannot be explained by the

thermal excitation process alone as well as that in

FIG. 13. Changes iR observed foa-Pd;Siy, Sspecimens under
various tensile stresses during furnace heating with heating rate Q
0.4 K/s, where no electropulsing was given.

nealing atT, after the isothermal annealing data reported.a'CUSoT'50'

The dashed line 2denotes the lower bound of the crystalli- o _

zation ofa-PdySiy, to stable phases under a tensile stress of C. Crystallization under electropulsing

about 500 MPa, wherg=20K/y is assumed. Th& vs t The R/R, vs P4 data shown in Figs.(8) and 1@a) indi-

data 1 are a redrawing of Fig(t9. The TTT curve has been cate thatP, . is function of 7, suggesting that joule heating
estimated as follows: The heat of crystallization of 467 J/molplays a minor role on crystallization under electropulsing.

reported fora-Pd;,Si;¢ (Ref. 37 is assumed to bAH;, in
Eq. (7). Here B. in Eq. (8) is assumed to be 2500 K/s re-
ported fora-Pds,Si;e.*’ AandB in Eq. (6) are assumed to be
the same tA=3.8x10 % Pas andB=1975K observed for
a-Pdy,Siie.” Here ¢D, in Eq. (7) is assumed to be 1
X 10" % exp(~Hy/kT) [mgsfl]. The TTT curve shown in Fig.
14 is found to explain thg, and T, data andB, after assum-
ing AG* =25kT at AT,=0.2 for Eq.(4), T,=551K in Eq.

12007 | N B B R — ]
TTT-curve
10001 \/ - _
/
\
~ N\
800 S
~ ~
H ~
600}
L o
400} %
" amorphous Y,

M 1 | 1 1 1 | ]
102 102 10" 10° 10' 10* 10° 10* 10°
t (s)

FIG. 14. The temperature-time-transformation diagram of
a-PdsSiy reported(Refs. 38, 39, 45, and 46SS: a metastable
solid solution with fcc structure. MS-I:  the appearance of crystal-
lites with fcc structure in the amorphous structure. MS-II:  the for-

The maxAT,, vst data shown in Figs.(4) and 9c) indicate
that the maximum temperature attained during electropulsing
with 7 of the order of 1 ms at the onset of crystallization is
about 420 K fora-CusgTisg and about 350 K foa-Pd;Siy,
respectively. It is suggested that crystallization under electro-
pulsing cannot be explained by the thermal activation pro-
cess alone for both- CusgTisg and a- PdspSing.

After the (R/Rg)300k VS i4o data shown in Figs.(6) and
10(b), we defined the threshoidy for crystallization under
electropulsing asy, found at R/Rg) 300 k=0.95. In Fig. 15,
igoc is plotted against. As already mentioned,yo. is a
function of 7, wherei 4o appears to show a minimum value
of 1.4X10°A/m? at 7~2ms for a-CugTisy and 2.6
X 10° A/m?, at 7~0.9ms fora-PdySky, respectively. This
result may support the idea of density fluctuations existing in
amorphous alloys mentioned above: i.e., under electropuls-
ing, 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 frequendy of collective motion is the
order of 1(2w7) may givef’ of the order of 18Hz for 7
~2ms fora-CusgTisg and 7~0.9 ms fora-PdySipo. It is
noted thatf’ of the order of 18Hz shows good agreement
with the measurement frequentypf the order of 16Hz at
where resonant collective motion of many atoms may be
excited by means of elastic vibratiotfs.

On the other hand, Laét al®'? report that repetition of

mation of a complex ordered metastable phase in the amorphof@ectropulsing with a peak current density of °20m?

matrix with dispersed MS-I phase. The dashed curve:
temperature for SS under tensile stress of about 400 MPaT Tike

the onsdtauses the lowering of, by 150-170 K and nanocrystalli-

zation of a-Fe-Si-B alloys. The effects of electropulsing on

t curve 1, the solid triangles 2, the dashed line 2, and the TTT curverystallization found by them are, qualitatively, very similar

are the present data. See text for details.

to the present results. As already mentioned, however, the
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enhancement of crystallization found by ledial. may fallin ~ cent theoretical works for the effects of an electric current on
the range which can be found after extrapolation from thethe crystallization in amorphous alloys report that metastable
enhancement of crystallization observed under a passing dihases can manifest under the influence of an electric
electric current of 10A/m2.3-% On the other hand, the crys- current*®* No observation of new phases after crystalliza-
tallization under the present electropulsing appears to be otiion of a-CugTiso under electropulsing may reflect that
of this range. Such a different effect found between the eleca-CusgTisg always crystallizes te-CuTi, suggesting that the
tropulsing employed by Laét al®?and the present electro- thermodynamic free energy afCuTi is lower than that of
pulsing may be associated with the effective frequency oprobable metastable crystalline phases under passing electric
electropulsing. The effective frequenéy of electropulsing current in the present current densities. In contrast, various
employed by Laiet al. is between 5 and 8 kHZ which  metastable phases have been reported for the crystallization
corresponds te of 0.02—0.03 ms in the present electropuls- of a-PdsSiyg, 383%424%4%uggesting that the difference of the
ing after assuming the relationship of=1/(277). The ex- thermodynamic free energy of metastable phases can be
trapolation of theiyo. vs 7 data shown in Fig. 15 gives modified under an electric current in the present current den-
i 4o~ 10 A/m? at 7 of 0.02—0.03 ms, which is two decades sities.
larger than the peak current density of®20m? of electro- For both a-CusgTise [Fig. 5(b)] and a-PdySiy [Fig.
pulsing employed by Lagt al®!? 10(b)], an increase irR following a decrease iR due to

As mentioned for Figs. @) and 1@a), the decrease in electropulsing is observed at highy. As already mentioned,
(AR/Ro)/|AR/R,|, attained after electropulsing is as large this phenomenon may also be explained by the thermody-
as—0.5 and—0.6 fora-Cu,Tis, anda-PdSi,g specimens, hamic effect of an electric current on the crystallization,
respectively, suggesting that both the nucleation and growtihere it is suggested that nanocrystalline precipitates formed
processes are enhanced under present electropulsing. In ottt electropulsing can shrink when the current density is in-
words, atomic migration intensively proceeds during electrocreased beyond a certain threshold vafue.
pulsing for of the order of 1 ms below 420 K ia-CusgTisg
and below 350 K ina-Pd;Si,g. On the other hand, for the IV. CONCLUSION
nature of the inhomogeneities existing in a computer-built
model amorphous metal, it is reported that the geometrical Fora-CusgTisg anda-PdySiyg, crystallization under elec-
coordination numbers extend over several atomic distancdsopulsing was studied by means of the discharge of a con-
and the spatial fluctuations of the shear modulus and atomidenser withr of 2—0.1 ms. Crystallization proceeds during
volume are quite variabl€. After a shear deformation, the electropulsing withiy, beyond the thresholdyo., where
displacement map of atoms shows significant displacementgq is a function ofr and shows a minimum value of 1.4
of most atoms in localized regiorithe free-volume-rich re- X 10° A/m? at 7~2 ms fora-CuggTiso and 2.6< 10° A/m? at
gions, hereaftgrand no displacements in the remaining re- 7~0.9 ms fora-Pd;Siyo, respectively. The maximum tem-
gions (the free-volume-poor regions, hereaftérWe specu- perature attained during electropulsing is about 420 K for
late that the present electropulsing excites a collectivea-CugyTisg and about 350 K fora-PdyoSipg, respectively,
motion of the free-volume-poor regions as a whole, whichsuggesting that the crystallization under electropulsing can-
brings about migrational motions of most atoms in the freenot be explained by thermal activation process alone. One-
volume-rich regions. In this case, nucleation and growth aréalf of the specimen volume crystallized after a few repeti-
expected to proceed in the free-volume-rich regions. The intions of electropulsing with o, beyondi g for a-CusgTisg
fluence of electric current on the elastic properties found foland after several repetitions farPdySiy, indicating that
amorphous alloys suggests that the number of atoms irintensive atomic migration proceeded during electropulsing
volved in the collective motion of one free-volume-poor re-for the order of 1 ms. We surmise that for the density fluc-
gion is 16—10".5*30On the other hand, the number of atoms tuations existing in amorphous alloys, under electropulsing, a
for one free-volume-poor region in the model amorphoushigh-density region undergoes resonant collective motion as
metaf® is 1°—1C°, which may not be so different from the a whole which induces migrational motions of atoms in the
value mentioned above after taking in account that the numlow-density matrix around it. Foa-Pd;;Sio, the unknown
ber of atoms for the model calculation is very limited. On thephase is formed in the early stage of the crystallization due to
other hand, the excitation of intensive migrational motions ofelectropulsing and it disappears in the later stage. On the
atoms in the free-volume-rich region may correspond to armther hand, no new phases are observed after crystallization
increase in local temperature in the free-volume-rich regionof a-CusyTisy under electropulsing. These phenomena may
However, the TTT diagrams shown in Figs. 7 and 14 indicatébe explained by a change in the thermodynamic free energy
that no crystallization is expected fer-1 ms ina-CusgTisg  of phases by an electric current predicted in the recent theo-
or for 7~0.5ms ina-PdSiyo, suggesting that a further un- retical works. Fom-CuggTiso anda-PdsSiy, it is also found
known dynamic process is involved for crystallization underthat for electropulsing with highyy, the electrical resistivity
electropulsing. of the specimen decreases at an early stage of the crystalli-

For a-Pd;Sirg, an unknown phase is formed in the early zation and increased for further electropulsing. Observations
stage of crystallization due to electropulsing and it disap-of an unknown phase and the reverse effect at highmay
pears in the later stagsee Fig. 11 On the other hand, no also be associated with the thermodynamic effects of electro-
new phases are observed after crystallizatiom-@usgTisg  pulsing predicted by the theoretical works. We surmise that
under electropulsingsee Fig. 6. As already mentioned, re- present electropulsing excites resonant collective motion of
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