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Formation of quasicrystals and amorphous-to-quasicrystalline phase transformation kinetics
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The effect of pressure on the formation of quasicrystals and the amorphous-to-quasicrystalline phase trans-
formation kinetics in the supercooled liquid region for g:At; sNi;oCuU; sAg,q metallic glass have been
investigated byn situ high-pressure and high-temperata@isothermahndisothermalx-ray powder diffrac-
tion measurements using synchrotron radiation, respectively. It is found that with increasing pressure, the onset
temperature for the formation of quasicrystals increases with a slope of 9.4 K/GPa while the temperature
interval of the stability and the average grain size of quasicrystals decrease. Atomic mobility is important for
the formation of quasicrystals from the metallic glass whereas the relationship of the crystallization tempera-
ture vs pressure for the transition from the quasicrystalline state to intermetallic compounds may mainly
depend on the thermodynamic potential energy barrier. To study the amorphous-to-quasicrystalline phase
transformation kinetics in the metallic glass, relative volume fractions of the transferred quasicrystalline phase
as a function of annealing time, obtained at 663, 673, 683, and 693 K, have been analyzed in details using 14
nucleation and growth models together with the Johnson-Mehl-Avrami model. The Avrami exponent was found
to be near 1 at all four temperatures, also indicating that atomic diffusion might involve in the amorphous-to-
quasicrystalline phase transformation for thgsZu, sAl; sNijgAg,o metallic glass. It is found that the time-
dependent transient nucleation is essential for the transformation and different nucleation and growth models
have been critically assessed.
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I. INTRODUCTION process is a dominant factor for crystallizatidn?* The
pressure dependence of the crystallization temperature ob-
In a variety of systems it has been demonstrated thaitained in the system might shed light to the nature of the
icosahedral quasicrystals can be synthesized by crystallizamorphous-to-quasicrystal transformation. In this work, we
tion of amorphous alloys. In 1996, Koster al. reported the report the pressure effect on the quasicrystal formation and
formation of icosahedral quasicrystals in a Zr-Al-Ni-Cu the amorphous-to-quasicrystalline phase transformation ki-
amorphous alloy with a wide supercooled liquid regton. netics in the supercooled liquid region for the
Since then, there has been considerable interest in thérgsAl; sNi(Cly sAg o Metallic glass, obtained fronm situ
amorphous-to-quasicrystalline phase transformation in Zrhigh-pressure and high-temperaturenisothermaland iso-
based alloy$; 1" such as Zv (M=Pd and Pt>3 ZrNiM (  thermal x-ray powder diffraction measurements using syn-
M=Pd, Au, Pt and Ti** ZrCuM (Al and Pd}®’ chrotron radiation, respectively.
ZrAICuPd, zrCuNiPd! ZrAINiM (M=Cu, Pd, Au, and

Py, 810 ZIAINICUM (M=Ti, Au, Pt, Pd, and AgT 18 Il EXPERIMENT
and ZrTiCuNiBe,' but the transformation mechanism is not
completely understood. Inoue and his co-work&rs found A ribbon sample of the ZtAl; sNio(Cu; sAg o metallic

that the ability of quasicrystal formation from Zr-based glass with a cross section of 083 mm was prepared by
amorphous alloys can be largely enhanced by adding nobldée melt-spinning technique from a master alloy ingot pre-
elementge.g., Ag and Pdand bulk nanoquasicrystalline Zr- pared by arc melting in an Ar atmosphere. The amorphous
based materials prepared exhibit enhanced strength and dutature of the as-quenched ribbon was confirmed by x-ray
tility as compared with those for the corresponding amorpowder diffraction and transmission electron microscopy.
phous alloys. They suggested a polymorphous reaction forhermal analysis was performed in a differential scanning
the transformation for the Ag-containing alloys, while Lee calorimeterDSC) at a heating rate of 40 K/min under a flow
etall® reported that formation of quasicrystal in the of purified argon. The alloy exhibits an endothermic event
ZrAINiCuAg system may involve in partitioning of solute. It characteristic of the glass transition, followed by two char-
has been demonstrated in many metallic glasses that appliedgteristic exothermic events indicating a two-stage phase
pressure can change crystallization processes, e.g., enhant@nsformation process. It was found that the glass transition
ment of crystallization temperature where atomic diffusiontemperature Ty) and the onset temperatures of the first and
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FIG. 1. In situ energy dispersive x-
ray powder diffraction patterns recorded
for the ZrgAl; NioCu; sAg, Metallic glass at
0 GPa Ed=124.669keVA), 1.64 GPa
(Ed=124.677keVA), and 4.14 GPaEd
=124.592 keV A) and various temperatures.
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second crystallization event$,; andT,,) are 657, 706, and BN are observed in the EDXRD patterns recorded at 298 K
763 K, respectively. and three pressures. /=0 GPa, the EDXRD pattern re-

In situ high-pressure and high-temperature nonisothermatorded at 683 K is similar with that at 298 K while change in
and isothermal energy-dispersive x-ray powder diffractionshape is detected in the pattern recorded at 693 K. At 703 K,
(EDXRD) measurements were performed using synchrotrotwo new Bragg peaks &~49 and 51.5 keV appear and can
radiation at the MAX80 station, HASYLAB in Hamburg, be indexed tq100000 and (110000 peaks for a primitive
Germany?? The cubic sample assembly is compressed by sixcosahedral structur€.The third strongest pea01 000 of
truncation anvils of tungsten carbide in a 250-ton hydraulicthe primitive icosahedral phase locates at approximately 82.2
press. Electric current is sent through a graphite heater vikeV, above the range that we measured. For clarification of
two appropriate anvils. The temperature is measured byhe formation of quasicrystal in the annealed samples, con-
means of a thermocouple voltage with a stabilityzof K.  ventional XRD measurements of one sample annealed at 0
Each nonisothermal run consists of an isothermal roomGPa and 673 K for 60 min using a a radiation was
temperature compression followed by an isobaric heating tperformed as shown in Fig. 2. A primitive icosahedral struc-
high temperature in steps of 10 K. The average heating ratiire was indeed found to be the most promising indexing
in the temperature range from 298 to 873 K was roughlyscheme. No intermetallic crystalline compounds are de-
estimated to be 3 K/min. Each isothermal kinetic run consistsected, indicating that only an amorphous-to-quasicrystal
of an isothermal room-temperature compression to 0.86 GP@ansition occurs at around,; =698+ 10K in the metallic
followed by an isobaric heating to a given temperature rapglass at ambient pressure. With further increasing tempera-
idly and an isothermal annealing. The heating rate is estiture, linewidths of the Bragg peaks for the quasicrystal re-
mated to be around 40 K/min. The EDXRD patterns weremain almost unchanged up to 753 K, at which a tiny new
automatically recorded every 5 min. The pressure of thepeak atE~46keV appears. At 763 K, more new Bragg
sample is calculated from the lattice constant of NaCl usingreaks are observed and they remain in position up to tem-
the Decker equation of statéPure Zr, Fe, and the metallic peratures at 823 K while the relative intensities vary with
glass were used to examine the possible oxidation of samplesmperature. These new peaks can be attributed to three in-
during the heat treatments using the sample assembly. It wasrmetallic compounds: Cugtike, NiZr,-like, and
found that only pure metallic phases in the three systems
were detected after heat treatments at temperatures up to
873 K.

(110000)

(100000)

IIl. RESULTS AND DISCUSSION

A. Nonisothermal measurements

(101000)

In situ high-temperature EDXRD measurements of the
ZrgsAl; NioClr sAgqo Metallic glass were performed in a
pressure range of 0—4.2 GPa. EDXRD patterns were re-
corded every 10 K in order to observe the onset temperature
of crystallization within an uncertainty of 10 K. The crystal- 40 60 80
line phases determined from the EDXRD patterns recorded 20 (degrees)
are identical in the pressure range used. Figure 1 exemplifies
EDXRD patterns recorded for the sample at 0, 1.64, and 4.14 F|G. 2. The x-ray powder diffraction pattern recorded for the
GPa and various temperatures. A broad amorphous peak, |@rsAl; Ni;Cu, sAg;, metallic glass annealed at 0 GPa and 673 K
cated atE~51keV, together with a few Bragg peaks from for 60 min using a ClK « radiation.
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780 Crystallization of a metallic glass is normally regarded
I as a process proceeding by nucleation and subsequent
760{___;{_’_1_1__1_1__{__{— growth of crystals. The onset crystallization temperature
Q I of an A-to-B phasg transfqrmatlon may pe governed 'by
= the thermodynamic potential energy barrier of nucleation
L 740 and diffusion activation energy. According to crystallization
%’ kinetics theory, the nucleation rate can be written as
5 790t I =1y/exg(AG* +Q,)/kgT], wherel, is a constantAG*
o is the free energy required to form a nucleus of the critical
g size, i.e., the thermodynamic potential energy barrier of
= 700 nucleation,Q,, is the activation energy for the transport of
[ an atom across the interface of an embryo, &gds the
680 L A . . . Boltzmann’s constant. For the first crystallization reaction,
1 2 3 4 from amorphous-to-quasicrystal, the interfacial energy of
Pressure (GPa) quasicrystals is usually small, e.gg~13mJ/nt for

Zrgo Al; NijCu, alloy’ and o~2-15mJ/mM  for
o Al;CueV 4, alloy?* AG*, which is proportional tar® and
FIG. 3. Crystallization  temperatures  of  the 1,(pAv4AG)2, could be negligible, wheraV andAG are
ZrAl7 Niz(Cly 5710 metallic glass as a function of pressure. The yha changes of molar volume and free energy betwieand
data were linearly fitted as solid lines. B phases. Thus the nucleation rate of the formation of qua-
. ) sicrystals mainly depends d@p,,, which is usually enhanced
ZroAlz-like phases. These results reveal that the quasicrystafgih pressure. Consequently, the enhancemenit,fwith
formed are metastable698—-753 K and decompose into pressure observed here indicates that the atomic mobility is
three intermetallic compounds at aroutigh=758 K. With  jnyolved in the formation and the growth of quasicrystals
increasing pressure, the two-stage crystallization process ffom the ZgAl, NiyCu, sAg;o metallic glass. Isothermal
also observed as shown in Fig. 1 at 1.64 GPa. Figure 3 shoWgnetic measurements could gain further information of the

both crystallization temperatures as a function of pressure. Wmorphous-to-quasicrystalline phase transformation reported
is clear thaf, increases with pressure having a slope of 9.4 the |iteratur€*2®which will be discussed in the next sec-
K/GPa whileT,, remains almost unchanged in the pressurgjon, For the relationship of,, vs P, it could be tentatively
range used. At 4.14 GPa, due to broadened linewidths andékplained as follows. For the second reaction, from

small difference betweef,; andT,,, itis difficult to esti-  gyasicrystalline-to-intermetallic crystalline compounds, the

the EDXRD patterns in Fig. 4 is that the linewidths of the c.ompounds are lar§@and AG*, rather tharQ,,, could be-
quasicrystals formed increase with pressure. The higher thesme the deciding factor for the nucleation rate. If the term
pressure, the smaller the average grain &rel/or the higher  pav is much smaller thah G, AG* is then insensitive to
degree the diso_rd)anf thg quasicrystal, indicating that the pressure. This implies thak,, is almost constant with re-
growth of quasicrystals is suppressed under pressure. Th@ect 1o pressure although for the second reaction atomic
same is true of the intermetallic compounds. rearrangements in a larger scale than for the first reaction
may be required. This is the case for the second crystalliza-

tion reaction in the ZgAl; Ni,oCu; sAgqo metallic glass.
—_
2 M/v/w B. Isothermal measurements
§ 2.72 GPa To monitor the amorphous-to-quasicrystalline phase trans-
o P/\,/\\"ffi formation kinetics of the ZgAl; NijgCu; sAg.o metallic
= : glass,in situ isothermal EDXRD measurements were carried
- w out at pressure of 0.86 GPa and temperatures of 663 K for
Z 1.64 GPa 596 min, 673 K for 627 min, 683 K for 376 min, 693 K for
g 1.24 GPa 214 min and 698 K for 7.5 min. The quasicrystalline phase
g8 0.86 GPa determined from EDXRD patterns is identical at all tempera-
= g\./3 tures. At 698 K, the quasicrystalline phase was detected after
s g 0 GPa just 2 min, at which the kinetic is faster than the experimen-
BNBN |, = .2, L tal setup here. At other four temperatures, the kinetic process
20 22 24 26 28 30 becomes slower and can be clearly revealed from EDXRD
d (A) measurements. Figure 5 exemplifies EDXRD patterns re-

corded for the sample at 673 K for various annealing times.
FIG. 4. In situ energy dispersive x-ray powder diffraction pat- A broad amorphous peak, located Bt=51keV together
terns recorded for the ZAl, Ni;(Cu; Ag; o metallic glass at 723 with a few Bragg peaks from BN, are observed in EDXRD
K under various pressures. patterns recorded at the beginning, while a change in shape
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10 4'0 5'0 : 6‘0 . 7‘0 50 (EDXRD) patterns(dotted line recorded at 673 K for 0, 333, and

627 min together with the fitting curvgolid line) using Eq.(1) for

Energy (keV) the EDXRD pattern recorded for 333 mid=124.507 keV A.
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FIG. 5. In situ energy dispersive x-ray powder diffraction pat- known as the Johnson-Mehl-AvrariMA) model?6=3°The
terns recorded at pressure of 0.86 GPa and 673 K as a funessence of the model can be written as a very simple fomula
tion of time for the ZgsCu;sAl7NijoAgie metallic glass.Ed  commonly referred to as the JMA equation:

=124.507 keV A.
x(t)=1—exp{—[k(t—7)]"}, (2

‘Wherex(t) is the volume fraction of the transformed phatse,

. S R X Sthe annealing timen a constant related to the dimensionality
increase in intensity, indicating the volume fraction of theof nucleation and growttk a kinetic constant of the process
quasicrystalline phase increases. No intermetallic COMyhich depends on temperature and effective activation en-
pounds were detected from EDXRD patterns recorded duringrgy E, by k= ko exp(—E,/RT), wherek, is a constant ang

the measurgments, meaning that only an amorphous-tﬁ)é the gas constant, andthe incubation time which can be
quasicrystalline phase transition occurs in the temperaturgxpresseol as= 7, expE,/RT), where 7, is a constant
-0 a ’ 0 .

an?na(;lrr(;ifliggdgtrgfrrﬁlgt?eusue;sir;?r(sat.alline volume fractionEquation(Z) can fit the experimental results well, as shown
4 y in Fig. 7 by solid curves, for annealing times longer than

as a function of time, EDXRD patterns recorded were fitte he values ok, 7, andn obtained from the fitting are listed

under the assumption that each EDXRD pattern is descnbeﬂ Table I. Bothk andn are good experimental parameters

as a linear combination of the EDXRD patteri®) and for kineti ; I . f he inter-
| (t max) recorded at=0 andt max, respectively. Thus the or kinetic studies and are usually estimated from the inter

relative volume fractiorf(t) of the quasicrystalline phase at
a given timet is estimated from the expressfén 10l

for the amorphous peak is detected in the pattern record

L(t)=[1—f(t)]1(0)+f(t)I (t max), (1) osl

wherel(t) is the EDXRD pattern at timé The assumption

made here is not unreasonable since the scattering intensity

of the quasicrystalline phase is proportional to the volume of

the phase. Figure 6 exemplifies an EDXRD pattern recorded

at 673 K for 333 min, together with the fitting curve and

patterns recorded &t 0 andt =627 min. Figure 7 shows the

relative volume fractions estimated from Ed) as a func-

tion of time at four annealing temperatures. The shape of the

f(t) curves is typical “S” type. s s . .
Usually the fraction of the quasicrystalline component as 0 200 400 600

a function of time is calculated in order to determine the Time (min)

kinetic law of the amorphous-to-quasicrystalline phase trans-

formation. In this section, we discuss several models re- F|G. 7. Relative volume fractions of the quasicrystalline

ported to analyze the experimental kinetic data obtaine@hase as a function of time during isothermal annealing treatments

here. In many cases, the time evolution of the fraction of cat pressure of 0.86 GPa and four temperatures for the

phase is often represented by a phenomenological model dgr,Cu, sAl; Ni;0Ag;, metallic glass. The solid lines are the fitting

scribing the kinetics of isothermal phase transformationcurves by the JMA equation.

0.6r

04r

0.2F

Relative volume fraction

0.0F
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TABLE I. Values ofk, 7, andn were deduced from the JMA equation at four temperatures.

Parameters 663 K 673 K 683 K 693 K
7min 75+ 3 55+ 3 373 10+3
From Fig. 7k (min™Y) 0.0081+0.0005 0.012-0.0005 0.015:0.0005 0.049-0.002
N 1.04+0.05 0.85-0.05 0.82-0.05 0.79-0.05
From Fia. 8 k (min™b 0.0084-0.0005 0.0123-0.0005 0.0159+-0.0005 0.0486+0.0005
9 N 1.10+0.02 0.99+0.02 0.97+0.02 1.01+0.02

cept and slope, respectively, of g #Iin(1—x)] versus In{  consistent with the conclusion derived in Ref. 16 and from
— 1) plot for a limited experimental data, providing the value our nonisothermal XRD measurements. Further work is still
of 7. Figure 8 shows the plot of [r-In(1—X)] versus In{  required to understand the mechanism for the discrepancy in

—17) at four temperatures for the data ®=0.2-0.8, in the Avrami exponent.

which the values ofr obtained from Eq(2) are used. The It is clear from Fig. 7 thafi) detectable volume fractions
values ofk andn deduced from the slopes and intercepts areof the quasicrystalline phase by EDXRD require incubation
also listed in Table I, which are in accordance with thosetimes at all four temperatures used here dinglthe JMA
obtained directly from Eq(2). The effective activation en- model cannot describe the data for annealing times less than
ergy for the formation of quasicrysta|s from the metallic the incubation times. Relative volume fractions obtained
glass under the pressure of 0.86 GPa is found to be 21%0m the fitting[Eq. (1)] in the incubation time are around
+40 or 24745 kJ/moL deduced from the p|0ts of knvs 2—3%, which could be due to experimental Uncertainty and
/T or In7vs 1/T as displayed in Fig. 9, respectively. Both the contribution of quenched-in nucléletails given later
methods give almost the same value for the effective actival hese results infer an existence of transient nucleation pro-
tion energy within experimental uncertainty, which is much¢ess for the amorphous-to-quasicrystalline phase transforma-
smaller than 366 kJ/mol at the ambient pressure reported i#on in the ZgsAl7 NijfClr sAg;o metallic glass. Further-
the literature”* The smaller the effective activation energy more, it was reported that quasicrystals, formed during
the lower the effective energy barrier for the nucleation andsothermal annealing treatments in the supercooled liquid re-
growth process. One plausible explanation for this discrepgion for the ZgsAl; NiyCu; 5Ag;o metallic alloy, rapidly
ancy in activation energy might be the different techniquesgrow and then saturate to approximately 30 fifit’ Thus
used to estimate the fraction data versus time, DSC in Refve attempt to analyze the kinetic data obtained here using
14 and XRD for the present study. Further studies are revarious nucleation and growth models. They @yemodel 1:

quired to clarify the discrepancy. The prefactégsand 7
are calculated as 6.6010'°s ! and 4.9& 10 %°s, respec-
tively. One striking feature observed from both fittifigigs.
7 and 8 is that the Avrami exponent is about 1, which is
much smaller than 4 reported in the literatife*®The low

quenched-in nucleation with three-dimensional constant
growth rate;(ii) model 2: quenched-in nucleation with con-
stant grain sizé/,; (iii) model 3: steady-state nucleatibg
with three-dimensional constant growth rafe;) model 4:
steady-state nucleation with constant grain sizgmodel 5:

value ofn obtained here indicates that atomic diffusion mayguenched-in and steady-state nucleation with constant
involve in the amorphous-to-quasicrystalline phase transfordrowth rate; (vi) model 6: quenched-in and steady-state

mation in the ZgAl; 5NiioCu; sAQ1o metallic glass. This is

1

[
T

1
—
T

In[-In(1-x)]

) . L " L
2 3 4 5

In(t-t) (min)

FIG. 8. JMA plots, In—In(1—x)] versus In(—7), at four tem-
peratures for the ZeCu, sAl; NijgAg,o metallic glass, in which the
data for 0.2x<0.8 are used.

2.5 5

-3.0p

-3.5F

40}

Ink (min’)

45}

O 1 1 1 1 2
0.00144 0.00146 0.00148 0.00150 0.00152
-1
UT (K

FIG. 9. Arrehnius plots of induction time and effective rate
constantk as a function of temperature for the amorphous-to-
quasicrystalline phase transformation in thgsZu, sAl; gNij¢Ag1o
metallic glass, in whichr andk, listed in Table I, are used.
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nucleation with constant grain sizéyii) model 7: time-
dependent Kashchiev's nucleatforwith three-dimensional
constant growth rate(viii) model 8: time-dependent Kash-
chiev’s nucleation with constant grain sizéx) model 9:
time-dependent  Zeldovich’s nucleat®dn with three-
dimensional constant growth ratéx) model 10: time-
dependent Zeldovich’s nucleation with constant grain size;
(xi) model 11: time-dependent Kashchiev's nucleation with
three-dimensional constant growth rate tatt, and zero
growth rate at>t,; (xii) model 12: time-dependent Zeldov-
ich’s nucleation with three-dimensional constant growth rate 0.0
at t<t, and zero growth rate at>t,; (xiii) model 13: 0100200 300 400 300 600
quenched-in and time-dependent Zeldovich’s nucleation with ) )
three-dimensional constant growth rate; d@rid)) model 14: Time (min)
guenched-in and time-dependent Zeldovich’s nucleation with _ ) _ _
constant grain size. The relative volume fraction formulas of FIG. 10. Relative volume fractions of the quasicrystalline phase

various models are listed in the Appendix. It was found thafs a function of time during isothermal annealing treatments at pres-
pp : sure of 086 GPa and four temperatures for the

models 1_6’ cannot fit the data at all. Due to fast nuc'?atlo%r sCly Al NijgAgyo metallic glass. The solid lines are the fitting
processes in amorphous alloys, steady-state nucleation h rves using model &details given in text

been considered in most cases. Very few comprehensively
experimental investigations of time-dependent nucleation in w 5
metallic glasses have been reportéd However, there is 1423 (—1)mexrﬂ< _ m_t)
extensive literature on time-dependent nucleation in non- m=1 Y
metallic glasses, where the nucleation processes could be
much slower than those in amorphous alloys. The role of thigvhere 7 is the transient nucleation time. We found that
transient nucleation in devitrification of oxide glasses hagnodels 8, 10, or 14 give better fit than models 7, 9, and 13,
been discussed in detail by Gutzdtvin classic transient respectively. This is consistent with experimental observa-
nucleation theory, two analyses, based on the Zeldovichtion of grain growth behavior in the ggAl; sNiioCly Ad10
Frenkel equatiori? were proposed. One is Zeldovich's equa- Metallic glass, in which grains reach saturated valaé®ut
tion. ZeldovicH? assumed that the formation work of a @ few tens of nanometers a short time. Both Kashchiev's
nucleus with size ofl is proportional tod? and the rate of ~and Zeldovich's nucleation mode(8 and 10 can fit well the
monomer addition to a nucleus with size ofigf,~k_, , and experimental kinetic data. Furthermore, models 11 and 12,
introducing a small time periot}, in which grain grows to
the saturated value, give similar fitting results as models 8
and 10. Figure 10 exemplifies the fitting curves with model
8, showing how well such simple mode{8 and 10-1}2
lge =z €XP(— 72 /1), (3)  work at four temperatures in the annealing time range of
<0.7. The derivations of the fits for relative volume fractions

_ _ o . above 0.7 might be due to too simple growth models used
where 77 is the transient nucleation time. The other is thenere. The values of or 7, andV,l¢_x or V,l .z obtained

Kashchiev's equatioft: Kashchiev further studied the tran- from the fitting using models 8 and 10 are listed in Table 1.
sient nucleation process and performed the most thorough is clearly seen that the incubation times deduced from
analytical treatment of the Zeldovich-Frenkel equation.Ze|dovich’s equation are near|y twice more than those ob-
Based on two assumptiongi) the formation work of a tained from the Kashchiev's equation, which is consistent
nucleus with size ofl is approximated by the first two non- with our previous observation in an Al-based amorphous
zero terms in a Taylor expansion abadit, and (i) ky  alloy3® Assuming an average grain size of 30 nm, the stead-
wkg* , he derived the time-dependent nucleation rate as state nucleation ratég can be estimated, e.gly «~1.6

1.0F

0.8

04r

02r

Relative volume fraction

)

lgx =gtk

found a time-dependent nucleation rage(t) at the critical
sized* as

TABLE Il. Parameters obtained from models 8 and 10.

Models 663 K 673 K 683 K 693 K
Model 8 7k (Min) 80=5 58+5 38+3 10+5
Vol gk (Min™Y 0.014+0.002 0.022-0.002 0.025:0.005 0.075:0.005
Ey (kd/mol) 253+ 45
77 (Min) 155+5 1005 80+5 20+5
Model 10 Volgt 7 (minfl) 0.027+0.003 0.035:0.005 0.05& 0.005 0.15-0.01
E, (kJ/mo) 242+50
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x10¥m 3s™! at 663 K, 2.6<10m *s ! at 673 K, 2.9
x10°m 3s'at 683 K, and 8.810"m 3s ' at 693 K. It
seems thalg; increases with annealing temperature although
the average grain sizes of quasicrystals might be slightly dif-
ferent at four temperatures. The steady-state nucleation rates
obtained here are consistent with 8.80°°m~3s ! at 700 K
reported in the literatur® The activation energy of nucle-
ation for the amorphous-to-quasicrystalline phase transfor-
mation can be deduced from the plot ofdmwith 1/T and is
also listed in Table II. It is found that the nucleation activa-
tion energy is similar to the effective activation energy de-
duced from the JMA model. The effective activation energy,
deduced from the plot of lkvs 1/T in the JMA model, may
correspond to both nucleation and growth processes, while it,
deduced from the plot of Invs 1/T, is most likely linked

with the nucleation process because during the initial stage . L L
0 50 100 150 200

0.6

model 10 "

-----model 14

Relative volume fraction

of the crystallization(i.e., in the incubation time perigdthe

nucleation process is dominant. This indicates that the Time (min)
amorphous-to-quasicrystalline phase transformation in the

supercooled liquid region for the &Cu; sAl7 sNij0Ag1o Me- FIG. 11. Relative volume fractions of the quasicrystalline phase

tallic glass may be mainly governed by the nucleation proys a function of time during isothermal annealing treatments at 663
cess, which is supported by the observation of high densitk and pressure of 0.86 GPa with the fitting curves given by model
of nucleation ratel; and nanometer-sized quasicrystalline 19 (solid line) and model 14dash ling. The data0—200 min were
grains in the ZgCu; sAl7 sNijoAgyo alloys annealed in the  selected to illustrate the differences in the fits for the incubation
supercooled liquid region. time and the fitting curves given by models 10 and 14 are almost
In the study of the amorphous-to-quasicrystalline phaseéne same after 200 min.
transformation, different mechanisms of the transformation
were suggested. Knapp and Follstdédkplained the forma- ] o )
tion of quasicrystalline phase from amorphous alloys usinddinetics in the supercooled liquid region for the
the Stephens-Goldman modélin which the formation of ~ ZresCuy sAl7 sNijgAgso metallic glass have been investigated
the quasicrystalline phase is considered as packing smably in situ high-pressure and high-temperature nonisothermal
quasiunits while maintaining an orientational order. Lilien-and isothermal energy-dispersive x-ray powder diffraction
feld et al®® proposed that the transformation was due to ei-measurements using synchrotron radiation, respectively. It is
ther a nucleation and growth process or continuous transfofound that the external pressure enhances the onset tempera-
mation. A polymorphous transformation via a nucleation andyre for the formation of quasicrystals with a rate of 9.4
growth process was suggested by Skeml.™ in Pd-U-Si k/Gpa while the temperature interval for the stability and the
alloys andZSHolzer and Keltdfi in Al-Cu-V alloys while  4yerage grain size of quasicrystals decrease. The results,
Chenet al~> showed that the transformation in Al-Mn alloys_which could be explained by the suppression of atomic mo-

rE5ility under pressure, reveal that the formation of quasicrys-

microquasicrystalline units with no nucleation step. In the, " t.0m the I Ni‘C metallic alass mav in-
amorphous-to-quasicrystalline phase transformation in the - i, atorﬁiééA dﬁ?fuslignw'%glgtudy thegamorphgus-to-

Zr5.5A|7-5N'10CU7-9A91° metallic glass, Itis clear that the ki- uasicrystalline phase transformation kinetics relative
netic data at four temperatures obtained here cann_ot“be_ d olume fractions of the quasicrystalline phase as a function
scribed by models 1 and 2, ruling out a quenched-in *mic-o¢ 53nealing time, obtained at 663, 673, 683, and 693 K,
roquasicrystalline” unit model of the glass in the SySteMpave been analyzed in detail using 14 nucleation and growth

StUdi?d' The tra_msformation proceeds by timg-dependerphodeb together with the JMA model. The Avrami exponent
transient nucleation and growth. To further examine the CONyas found to be near 1 at all four temperatures, which also
tribution of the quenched-in nucleation to the transformationmdiCates an existence of atomic diffusion Ejuring the
models 13 and 14 were used to fit the experimental kineti : : LT

: morphous-to-quasicrystalline phase transformation in the
data. Good fits, as comparable to the models 8 and 10—1;11 b g Y P

b hieved. It i ced in Fia. 11 that in th , etallic glass. The time-dependent transient nucleation,
can be achieved. Itis noticed in Fig. 11 that in the region ol 56 on'the Kashchiev's or Zeldovich’s transient nucleation
low relative volume fractions, the fit introducing 2%l V)

- T rocess, together with constant grain size can describe the
quenched-ln nuclei is even beFter than models 8 and 10_1_ xperimental data obtained at four temperatures in the rela-
Assuming the average grain size of 30 nm, the quenched-ify \oyme fraction of the quasicrystalline phase less than
nuclei number in the ZgAl7 Ni;oCly Agio metallic glass is - 7094 The effective energy barrier for the amorphous-to-

about 1.4210*'m ">, quasicrystalline phase transformation was found to be ap-
proximately 23@60kJ/mol. The steady-state nucleation
rates are very high up to ¥m™3s™! and increases with

The pressure effect on the formation of quasicrystalsemperature. Quenched-in nucleation may exist in the glass
and the amorphous-to-quasicrystalline phase transformationith a relative volume fraction of 2%.

IV. CONCLUSIONS
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Y(t)=fot§7ru3(t—x)3l(x)dx

APPENDIX
The relative volume fractiox(t) of the quasicrystalline 4 . t4 ~ t
phase during the amorphous-to-quasicrystalline phase trans- =3 7lsexU Z+2mE:1 (—1)”‘f0ex -

formation in the ZgCu, sAl; sNijgAgio metallic glass as a
function of time can be expressed ®@)=1—exd —Y(1)],

where the expressions of(t) for various nucleation and X (t—x)3dx],
growth models are given as follows:
Model 1: quenched-in nucleation with three-dimensions cony,ere 7« andlg_g are the incubation time and the steady-

stant growth rates: state nucleation rate for the Kashchiev’s nucleation, respec-
tively.
Y(t)= 5 N7u’t?, Model 8: time-dependent Kashchiev’s nucleation with con-
stant grain size:

whereN is the quenched-in nuclei number per unit volume,
andt is the annealing time. .
Model 2: quenched-in nucleation with constant grain size Y(t):f 1 (X)VodX=1g_ Vo
VO: 0

*° 2
Y(t)=N*V,. (=)™ [1—exp(—m4t/7¢)]
(t) 0 X [ t+2 >, — :
Model 3: steady-state nucleation with three-dimensional con-
stant growth rate: Model 9: time-dependent Zeldovich’s nucleation with three-
dimensional constant growth rate:

t 4 1
Y(t)=f Istgqru*°’(t—x)3dx=§7rlstu3t4 "
0
Y(t)=f —wud(t—x) 3 (x)dx
wherel; is the steady-state nucleation rate. 03
Model 4: steady-state nucleation with constant grain size:

4 t
= §7T|st—zu3f exp(— 72 /x)(t—x)3dx,
0

t
Y(t):f I VodXx=14Vt.
where 7z andlg_, are the incubation time and the steady-

Model 5: quenched-in and steady-state nucleation with threestate nucleation rate for the Zeldovich’s nucleation, respec-

dimensional constant growth rate: vely.
Model 10: time-dependent Zeldovich’s nucleation with con-

stant grain size:

3 wud(t—x)3dx

4 4

Y(t)= —77Nu3t3+f sis
t t
Y(t)=f I(x)Vodx=I5t_zvof exp(— 7z /x)dx.
4 33, 7. 34 0 0
=§77Nu t +§I5p (I
Model 11: time-dependent Kashchiev’s nucleation with

Model 6: quenched-in and steady-state nucleation with conthree-dimensional constant growth rate tatt, and zero
stant grain size: growth rate at>t,:

4
Y(t) Wlst_Ku

4 ke 2
! +2Z (—1)mftex;<—ﬂ>(t—x)3dx,
m=1 0 TK

whent<t, and
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S (—1)Mnd1—exd —mA(t—to) ]/
t_to+2mz_l( )M Td ex,g@ m=(t—to) 1/ 7¢}

3

4
Y(t)= —wlst_Ku3[tg

s t m2x
+ 242> (—1)mf exp(——)(t—x)%lx”
4 mm1 t—to Tk
—m?(t—tg)
31 v
4 | 3 3 3tg Zi 1)m TKtO ! eXF< TK ) +J’t mZX t 3d
—§7T st—kUu tOt_T+ ~ (— ) 2 t_toex _’T_K ( X)~dx )
|
whent>t, Model 13: quenched-in and time-dependent Zeldovich's

Model 12: time-dependent Zeldovich’'s nucleation with nucleation with three-dimensional constant growth rate:
three-dimensional constant growth rate tatt, and zero
growth rate at>t;:
4 4 t
Y()=3 Nrudt3+ —wlst_zu3f exp(— 72 /x)(t—x)3dx.

4 t 3
Y(t)=§7rlst_zu3f exp( — 77 /X) (t—x)3dXx, 0
0

when t<t, and Model 14: quenched-in and time-dependent Zeldovich's
nucleation with constant grain size:

4 3 5[t
Y(t)=§7TU lst-z tof exp(— 72/x)dx
0

t
Y(t): NV0+ISI—ZVOJ eXF(_ Tz/X)dX.
0

t
+J exp(7z/x)(t—x)3dx|, when t>t,.
t—tg
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