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The grain growth kinetics of a Zr,Cu crystalline phase in a supercooled liquid region of
ZrgsCuyr5Al; 5 and ZrgsCuss metallic glasses was examined at different temperatures. Since
no significant changes in the constitution and strain in Zr,Cu phase were seen for the
annealed samples, the grain size calculated from a half value width of the X-ray diffraction
peak by Scherrer’s formula was used. The grain growth is controlled by a single kinetics
with a thermal activation process of Arrhenius type, which is described by

Q
D?® - D3 = ko ty exp(— RTa)'

The activation energy for the grain growth of Zr,Cu is 165 + 10 kJ mol~" for ZrgsCua75Al7 5
and 440430 kJ mol~" for ZrgsCuss. The lower activation energy in the ternary glass is
attributed to the mechanism of which the crystallization and grain growth are dominated by
redistribution of only Al, while the much higher activation energy might reflect the difficulty
of the diffusion of Zr with larger atomic size in the binary glass. It is concluded that the
difference in the grain growth mechanism is an important factor of stabilizing the glassy
state. © 2000 Kluwer Academic Publishers

1. Introduction at the initial crystallization stage, in addition to a main
It has recently been found that new metallic glasse®.c.t. Zp(Cu, Al) phase [14]. The lattice spacing and
in a number of metal-metal systems such as Mg-TM-grain size of the ZiCu phase change significantly by
Ln [1], Ln-TM-AI [2] and Zr-TM-(Al) [3, 4] (TM = the disappearance of ZrAl, implying that Al has an im-
transition metal, Lr= lanthanide metal) have awide su- portant role in the growth reaction of ZLu. Moreover,
percooled liquid region before crystallization. Among the grain growth behavior was also examined for the
these metallic glasses, the Zr-TM-Al alloys are partic-ZrgsClp7s5Al 7.5 and ZgsCugs metallic glasses [15]. It
ularly interesting because of their extremely wide su-is clarified that the growth rate of theXu phase in the
percooled liquid region exceeding 100 K [5, 6]. In the isothermal heat treatment between two metallic glasses
Zr-based ternary alloy system, the temperature interhas a significant difference. While the,Bu in the bi-

val of the supercooled liquid region shows a maximumnary glass starts to grow at the annealing temperature
value of about 90 K for the Z6Cw,75Al75 alloy [7].  just above glass transition temperatufgand the size

It has already been reported structural analysis [8]increases rapidly with further increasing temperature,
thermal stability [9] and crystallization kinetics [10— the growth rate in the ternary glass is quite slow even at
12] in supercooled liquid and amorphous states of théhe temperature just below crystallization temperature,
ZresClp75Al 7 5 metallic glass. Inouet al. has pointed  Tx. These results indicate that the grain growth in the
out that the appearance of the wide supercooled liquidernary glass is dominated by the redistribution of Al
region has been attributed to the difficulty of precipita-deconvoluted from the ZrAl primary phase, which is an
tion of crystalline phases resulting from the large solid-important factor of the stabilization of supercooled lig-
liquid interfacial energy and the suppression of growthuid and the degradation of grain growth reaction. This
resulting from the necessity of long-range redistribu-study is intended to investigate the grain growth kinet-
tion of Al at the solid-liquid interface [13]. The authors ics of the ZpCu phase during crystallization from the
have reported that a metastable ZrAl phase is observeslipercooled liquid region for the gCuw75Al75 and
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ZrgsCugs metallic glasses and clarify the effect of Al ship between the grain growth of ZZu and the decon-
on the precipitation and grain growth of the crystallinevolution of ZrAl phase [14]. The grain growth analysis
phase and the reason for the high stability of the supemas made under the condition of mixed obZu and

cooled liquid against crystallization. ZrAl phases for ZgCuw7s5Al75. On the other hand,
the ZissCugs crystallizes through a single ZLu phase.
2. Experimental procedure As shown in Fig. 1, the intensity of the X-ray diffrac-

Ternary ZsClo7sAl7s and binary ZesClas alloys tion _peaK of ZECq phase iqcrease; with increa_sing an-
were examined in the present study. The prealloyeél1eal|ngl time, Wh,:.le t?ﬁ \;V'tﬂth of !lne-b:,\?tid?nl:ng dle-
ingots were prepared by arc-melting a mixture of purecr_easetsh, slt_Jggebs 'n% atthe gram gt[od b a:hes pface.
metals in a purified Ar atmosphere. The compositionstsmcef € line-broa enl?_? IS ¢ om(;natq yt firee fac-
are nominally expressed in atomic percent. The amor0rS Of grain size, conslituent and sftrain, 1t 1S neces-

phous alloy ribbon was prepared by a single roller meltSary that the contribution of constituent and strain of

S : : the ZrLCu phase must be considered to evaluate a true
spinning technigue in an Ar atmosphere. TigandT, . . . ;
of as-quenched samples are determinegnato be ?-346 rain size. The chang_es in the I_attlce spacing ofar
and 731 K, respectively for ZsClp7sAl75 and 624 K (103) with anneallngtlmeaatvarloustemperatures for
and 678 K, respectively for Z&Cuss by the differen- ZresCliz75Al 7.5 and ZgsCles are shown in Fig. 2. The
tial scanning calorimeter analysis at a heating rate o ttice spacing of ZICu for ZiesClyrsAl7s is larger
0.67 K s'1. The amorphous ribbon was annealed at han that for ZgsCuss because of the dissolution of Al
heating rate of 0.67 K3 for various times in a temper- Into ZroCu. I_\lo S|_gn|f|cant change in th‘? lattice spacing
ature range of 700 K to 730 K for ZCup7sAl75 and with annealing time and temperature is seen for these
640 K t0 660 K for ZgsCuis and the groth% 013"21 crys- metallic glasses, indicating that the Al content ofCu
talline phase from a supercooled liquid region was exPhase in ZgClz75Al7,5 remains unchanged under the
amined. The annealed samples were examined by X_m&nneallng g:ondmons. In order to evaluate f[he strain fac-
diffractometry with Cu K, radiation at 40 kV-30 mA or_fort'he Ilne-proadenlng, Hall's formula is used [17],
at a scanning speed of 008! to determine a crys- which is described by
talline phase and line-broadening. The grain size for the

.94\ .
isothermal annealed samples was measured by X-ray B costg = + 2¢ sinBg, (1)
line-broadening using Scherrer’s formula [16]. t
2.460 . . T .
3. Results and discussion E ZrgsCuyy sAly 5
Fig. 1 shows the change inthe X-ray diffraction patterns o, 2455 | Cu (103 =
of the ZrsCuy75Al 7 5 alloy with annealing timed,, at 3 ZrpCu (103)
700 K. A ZrAl phase is seen in addition to the,2u ~ 2450 | O o n -
phase. The authors have pointed out the strong relation = 0Q0a amB o
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Figure 1 X-ray diffraction patterns of the annealed samples with various Figure 2 Change in the lattice spacing of8u (103) with annealing
times at 700 K for the ZsCuw,y75Al 7.5 metallic glass. time, t5 for the ZisCwp75Al 75 and ZgsCugs metallic glasses.
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Figure 3 Bcosdg versus sig with various annealing timeg, for

ZresClirsAl7 5 annealed at 715 K and @Cuss annealed at 645 K. Figure 4 Change in the grain size of AZLu with grain growth timetgy

at various temperatures for thegZ€u,75Al75 and ZisCugs metallic
glasses.
where B is the line-broadening width obtained from

half-value width of ZsCu peakfg is Bragg angular. e grain size increases monotonously with increasing

is wavelength of X-ray, is plastic strain an@; is true "The grain sizes obtained by transmission electron
grain size. Thé; is obtained by eliminating the second ;e q5copy are in agreement with those calculated by
strain term in Equation 1 and by extrapolating the Curveg o arers formula [15]. Fig. 5 shows the relationship

of B COSflg Versus sirgg {0 05 =0 [18]. Examples of = pepyeen grain growth timeg and cube of grain size

. . , Svhich has the same dimension as the volume of crys-
line-broadening data were obtained fosgl75Al75  a(line particles in the ZsCu75Al75 glass. A good

annealed at 715 K for 120 s to 240 s and fogsliss  jinear relation is seen between two parameters, i.e. the
annealed at 645 K for 540 s to 720 s. All these curves,; me of crystalline particle increases linearly with
yield a linear relation with a slope of approximately 0, ¢\ th time. These data allow us to conclude that the
indicating that the strain term can be ignored. There, .. growth for the present samples obeys a thermal
fore, the grain size calculated from the Iine-brqade_nin ctivation process of Arrhenius type, which implies the
of (103) plane can be regarded as a true grain size Q§»in growth process by the movement of individual

Zr2Cu. Fig. 4 shows the change in th? gra"? size of they oy Considering the grain growth behavior as shown
ZrgsCl75Al 75 and ZgsCugs glasses with grain growth i, i 4. a growth law can be described by [19, 20]
time, ty defined as follows:

_ /4N
ty = ta—to, ) D =k ®3)
wherety is the time identified from the peak firstin the or
X-ray diffraction pattern during isothermal annealing. DN = Ktg, (4)
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~ O 645K
. . =14
wherek or K’ are the growth constants,is the time 3 CA) o .
exponent which is connected té by the relation of ) O sox |
N =n—1. By differentiating Equation 4 with respectto & 9)
time, ty, one obtains <
g N
5 01F O 1
dD k kS ]
<— = TRN_T’ (%) & n & |
dty NDN- g B 1
= I ]
which is led to the following equation by taking the % o.02
logarithm of Equation 5, > 10 60

dD K Grain size of ZryCu, D / nm
Inf— ) =In{—=)—-(N—-21)InD. (6)

dtg N Figure 6 Logarithm of growth rate versus grain size for the
ZresClp75Al 7.5 and ZgsCugs metallic glasses as a function of annealing

Therefore, the plot of the logarithm of Qi dty) against ~ temperature to obtain the kinetic order, N.

Ege_l?lg_a};lthm of> should give a slope of (N —1) or wherekg is the frequency termR is the gas constant,

Q is the activation energy for grain growth afigis

ﬂ'le absolute temperature of annealing. The grain size
exponent of 3 indicates that the grain growth occurs in
three dimensions [21, 22]. From the Equation 8, the rate
constantk is given by;

The logarithm of grain growth rate, @/ dtg) taken
as the tangent on the respective curves shown in Fig.
is then plotted against the logarithm of grain size for
ZrgsClp75Al75 and ZgsCugs in Fig. 6. All the curves
yield straight lines, suggesting that the grain growth
is controlled by the same kinetics. The slopes of these (D® - D})
straightlines are shown in Fig. 7. The straightlines have k= —
almost identical slope 0f2+ 0.1 for ZrgsCulp75Al 7 5 9
and—24 0.2 for ZrssCugs, respectively, revealing that indicating thatk is obtained by the experimental data
the grain growth in this temperature range is controllecof D, D, andtg for various annealing temperatures.
by a single kinetic. From Fig. 7, the kinetics equationMoreover, it is described from the Equations 8 and 9;
can be obtained as follows:

(D%~ DS)} Q
dD\ k In[i —Inky = ——, (11)
In(d—tg> = In<:—3) —2InD. @) ty RT,

(10)

Therefore, the activation energy for grain growth
can be calculated from the slope of the plot of
(D% - DJ)/ty against ¥ T, Fig. 8 shows Arrhenius
D3 — D3 = kt,. (8) plots of (D — D3)/tq versus ¥ Ta for ZresCup75Al 75
and ZgsCugs, where a straight line can be drawn
Here, Dy is the crystallite size a; =0 and the rate through the data points and the slope of the curve gives
constantk depends on temperature in the Arrhenius—Q/2.3Rsothatthe activation energy for grain growth

By integrating the above Equation 7 with respect to
time, ty, one obtains

relation, so that it is written as can be calculated to be
Q Q =165+10 kJmoTl for Zr65Cu27,5AI 7.5,
k = koexp| — , %) 1
RT, Q = 440+ 30kJmol ™ for ZrgsCugs.
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Figure 7 Change in the slope of Fig. 6 for the g€€uy75Al75 and
ZresCugs metallic glasses.

Table | summarizes the values B§, tg, k andko,
from which the average values of frequency terkgg,
can be deduced to be

koav = (3.2 1.0) x 1083 nm?s !
for ZrgsClp75Al 75,
koav = (4.0 £ 0.9) x 10> nm®s™  for ZrgsCugs.

The experimental error df and kg is approximately

e 1 T T
'U}
. ZrgsCuy7 5Aly 5
g
E 100 3
=
O
!
N
S
S 10¢f E
—.1 2 3
“jw Activation energy
i 0=165 +10kJ-mol-1
f’? 1 1 i 1
S8 135 138 140 142 145

Reciprocal of temperature, Ta'1 / X103 K-1

S
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4
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o
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| Activation energy
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Reciprocal of temperature, Ta‘1 / x10-3 K1

Figure 8 Arrhenius plots of D® — DJ)/tg(=k) against 1T, for
ZrgsCup75Al7s5 and ZgsCugs. The slope gives the activation en-
ergy for grain growth as 16510 kJmot? for ZresCup7sAl75 and
4404 30 kImot ! for ZrgsCuss.

growth in ZsCuy75Al 7 s is lower than that in ZgsCugs.

The lower activation energy for &Cuw75Al75 com-
pared with that for ZgCugs is also confirmed by
Arrhenius plots of calculated growth ratetgi=1 s
against a reciprocal of annealing temperature [15]. The
difference in the activation energies is reflected the
mechanism for grain growth. In the gCuw75Al75

+20%. It is found that the activation energy for grain glass, the grain growth seems to depend on the diffusion

TABLE | Values ofDy, to, the rate constank, frequency termko and the average of frequency terrkgsy in Equation 9 at various annealing

temperaturesT, for ZresCup75Al 7.5 and ZgsCugs

Metallic glass Temperatur@,/K Do/nm tols k/inm? - s71 ko/nmd.s1 Koay/nm?® - 571
ZrssClp75Al 75 700 7.7 270 16 Bx 1018 (382+1.0)x 1018
705 6.6 180 13 2 x 1013
710 8.9 90 24 Bx 1018
715 6.8 60 20 Bx 1013
720 11.1 60 45 2 x 1013
730 7.0 1 49 Bx 1018
ZresClgs 640 8.2 720 38 A x10%7
645 12.1 480 110 Bx10%7 (4.0+£0.9) x 1037
650 8.8 240 200 B x 1037
655 95 120 360 4 x 1037
660 125 60 530 Bx 10%7
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or rearrangement of Al, considering the growth rate inphase by diffusing many atoms at the same time take
this study and the change in structure during crystallizaplace with increasing annealing time.
tion in previous works [14, 15]. The lower activation  Therefore, Al seems to play a role in the suppres-
energy of grain growth or crystallization correspondssion of the precipitation and growth of ZLu phase in
to the rearrangement of only Al [23]. In contrast, as thethe ZsCu,75Al 7 5 glass. This investigation is also sup-
crystallization depends on the rearrangement of botiported from the formation of ZrAl phase at the initial
Zr and Cu, the higher activation energy is necessargtage. The formation of ZrAl retards the precipitation
for the crystallization and grain growth in thegZ€uss  and growth of ZsCu phase resulting from restraining
glass. Especially, the higher activation energy mighthe diffusion of Cu and/or consuming the Zr with which
be consumed for the diffusion of large Zr atoms inZr,Cu should be formed. Thus, the reason for the for-
the glass [24, 25]. Moreover, the order of magnitude asnation of ZrAl at the initial crystallization stage is pre-
those for diffusion in the metallic glass during crystal- sumed to result from the difference in the heat of mixing
lization indicates the good correspondence to the activaamong the constitutional elements discussed in previ-
tion energy. Itis reported that the long-range rearrangeeus work [14].
ment does not take place through the initial stage of Finally, to verify the single kinetic law described by
crystallization by the addition of Al into Zr-Cu metallic Equation 8, the grain growth data are rearranged in the
glass [8, 12]. Therefore, the magnitude for diffusion atrelation between I — D3) and Infy exp(— Q/RTo)]
the initial stage of crystallization in the gCu75Al75 by substituting the activation energy, grain size and an-
glass is quite less than that in the;gCuss glass where  nealing temperature in Fig. 9 for gCuw7sAl75 and
the rapid precipitation and growth of the crystalline ZrgsCugs. It is clearly seen that a single straight line
with a slope of 1 can be drawn through the data points
for both metallic glasses. This fact verifies that the sin-

105 F T T T T gle kinetic law prevails over data points obtained in the
: ZrgsCuyy sAly 5 temperature ranges.
B 7,=700 K .
n O 705K 4. Conclusions
= 4 £ |O 70K . The grain growth kinetics in crystallization from a su-
E 10 A 715K ] percooled liquid region of the ZCuw7sAl7s and
. O 720K ZrgsCugs metallic glasses has been studied from isoth-
Qc’ ¢ 70K ] ermal annealing combined with X-ray line-broadening
e analysis. The results obtained are summarized as fol-
SEET<N3 E lows:
(1) The line-broadening of X-ray diffraction peak is
attributed to only the change of grain size, resulting
102 1 ! from the unchanged lattice spacing during the isother-
mal annealing and Hall's analysis for various diffraction
10-1 100 10! 102 peaks.
11 (2) The graingrowthis controlled by a single kinetics
tg -exp(-Q/RTy) [ X 10" "s with a thermal activation process of Arrhenius type,
which is described by
106 A
M 7,=640K ] D® — D§ = kotg exp(—%).
O 645K Slope=1 | a
"’E L O The averagé for all the temperatures is calculated
S F | A .
= 10 as follows:
~ O
= Koav = (3.2 1.0) x 108 nmP s
"’Ql 4 F for ZresClp75Al 75,
10 Koay = (4.0£0.9) x 103 nmP s~ for ZrgsCugs.
This kinetics shows that the crystalline grain grows
Y B R in three dimensions at the initial crystallization stage.
103 (3) The activation energy for the grain growth of
101 100 101 102 Zr,Cu is 165+ 10 kJ mot? in ZresCup7sAl75 and
440+ 30 kJ mot?! in ZrgsCuss. The lower activation
tg -exp(-0/RTy) / X 10-34 energy in the ternary glass is attributed to the mecha-

nism of which the crystallization and grain growth are
Figure 9 Relationship between Iif® — D3) and Infgexp-Q/RT)]  dominated by redistribution of only Al. However, the
for ZresCup7.5Al 75 and ZgsCugs. higher activation energy in the binary glass might be
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consumed for the diffusion of the large Zr atom. It is 12

concluded that the difference in the grain growth mech-33-
anisms is due to the strong chemical affinity between
Al and Zr, which is an important factor of stabilizing

the glassy state.

References

1.

2.

10.

11.

A. INOUE, K. OHTERA, K. KITA andT. MASUMOTO,
Jpn. J. Appl. Phy27 (1988) L2248.

A. INOUE, H. YAMAGUCHI, T. ZHANG and T.
MASUMOTO, Mater. Trans. JIM31 (1990) 104.

. W. L. JOHNSON MRS Bulletin24(1999) 42.
.A. INOUE, T. ZHANG andT. MASUMOTO, Mater. Trans.

JIM. 31(1990) 177.

.T. ZHANG,A. INOUE andT. MASUMOTO, ibid. 32 (1991)

1005.

. U. KOSTERandl. MEINHARDT,Mater. Sci. EngA178(1994)

271.

. A. INOUE, T. ZHANG andT. MASUMOTO, J. Non-Cryst.

Solids150(1992) 396.

. H. SCHUMACHER, U. HERR, D. OELGESCHLAEGER

A. TRAVERSE andK. SAMWER, J. Appl. Phys82 (1997)
155.

. R. RAMBOUSKY, M. MOSKE andK. SAMWER, Z. Phys.

B99(1996) 387.

D. KAWASE,A. P. TSAI,A. INOUE andT. MASUMOTO,
Appl. Phys. Lett62 (1993) 137.

A. P. TSAI,D. KAWASE,A. INOUE andT. MASUMOTO,

14

15

16

17.
18.

19.

20.

21.

22.

23.

24.

25.

.L. Q. XING andP. OCHIN, Acta Metall.45(1997) 3765.

A. INOUE, D. KAWASE, A. P. TSAI, T. ZHANG and

T. MASUMOTO, Mater. Sci. EngA178(1994) 255.

.J. SAIDA,M. MATSUSHITA,K. YAOITA andA. INOUE,
Mater. Trans. JIM40(1999) 1117.

.J. SAIDA,M. MATSUSHITA,C. LI andA. INOUE, J. Mater.
Sci.in press.

.B. D. CULLITY, “Elements of X-ray Diffraction,” 2nd Ed. (Ad-
dison Wesley Pub. Co., Mass., 1978) p. 84.

W. H. HALL,J. Inst. Met.75(1950) 1127.

K. ISONISHI andK. OKAZAKI, J. Mater. Sci.28 (1993)
3829.

D. A. PORTERandK. E. EASTERLING, “Phase Transfor-
mations in Metals and Alloys” (Van Nostrand Reinhold, New York,
1981) p. 139.

C. ROCK andK. OKAZAKI , NanoStructured Mateb (1995)
657.

F. N. RHINES andK. R. CRAIG, Met. Trans.5A (1974)

413.

H. V. ATKINSON, Acta Metall.36 (1988) 469.

E. MATSUBARA,T. TAMURA,Y. WASEDA,A. INOUE,

T. ZHANG andT. MASUMOTO, Mater. Trans. JIM33(1992)

873.

U. KOSTER J. MEINHARDT, S.
LIEBERTZ, Appl. Phys. Lett69 (1996) 179.

J. HORVATH, “Diffusion in Solid Metals and Alloys,” edited by
H. Mehrer (Springer, Berlin, 1990) p. 437.

ROOS and H.

in Proceedings of the 6th Topical Meeting on Crystal Growth Mech- Received 3 June 1999
and accepted 8 March 2000

anism, Awara, January 1992, p. 421.

4149



