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Critical cooling rate (R.) for glass formation has been calculated from an integrated transformation curve,
constructed by combining continuous cooling transformation (CCT) and continuous heating transformation
(CHT) curves. The CCT and CHT curves were calculated from experimental measurements on cooling rate
dependence of solidification onset temperature using classical nucleation kinetics and heating rate dependence
of crystallization onset temperature using Kissinger method, respectively. The critical cooling rate was calculated
from the intersection point of the two curves, corresponding to an apparent nose point in the integrated trans-
formation curve. The calculated critical cooling rates were in good agreement with those measured for five
different bulk glass forming alloys of Ca-Mg-Zn, Pd-Ni-Cu-P, Zr-Ti-Cu-Ni-Be and Mg-Cu-Y alloys.
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1. INTRODUCTION

An estimation of critical cooling rate for glass formation of
metallic glass is useful to design and develop new metallic
glass systems having high glass forming ability (GFA). Sev-
eral thermal parameters have been proposed to reflect GFA
[1-3]: reduced glass transition temperature, 7,, (=T,/T;, where
T, and T, are glass transition and liquidus temperature,
respectively); range of supercooled liquid region, AT
(=T.—T,, where T is the onset temperature of crystalliza-
tion during heating a glass); and parameter y (=7:/(Tg+17)).
In general, GFA of an alloy is expected to increase with
increasing the magnitude of these parameters [3,4], even
though there are some examples showing exceptional cases
[5,6]. The GFA can be expressed either by the critical cool-
ing rate (R.) for glass formation or the maximum-sectioned
thickness (Z;) of bulk metallic glass (BMG)[7-17]. As the
GFA increases, R. decreases and Z. increases. Therefore,
proper estimation of R, for glass formation of an alloy from
thermal analysis data, which can be relatively easily
obtained, will be helpful to develop a new alloy system
having high GFA. Often the critical cooling rate, R, , for
glass formation has been calculated from the variation of
solidification onset temperature, Ty, with cooling rate, o,
using following equation [9,10];
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where 7} is the liquidus temperature, d is material factor.
While the above relationship has been applied in many BMG
systems, the estimation based upon Eq. 1 showed a large dis-
crepancy from experimentally measured data, as will be
shown in this study.

During solidification process, a liquid phase transformed
into either a crystalline phase or into an amorphous phase.
Even though the formation of crystalline phase is more
favorable from the thermodynamic point of view, the amor-
phous phase formation can take place if the cooling rate is
fast enough to avoid the nucleation and growth of the crys-
talline phase. If a continuous cooling transformation (CCT)
curve of liquid is successfully obtained, the critical cooling
rate for glass formation can be calculated from the position
of nose point [11,13]. Unfortunately, there is a difficulty in
building a complete CCT curve across the whole tempera-
ture range between liquidus and glass transition temperature,
especially below the nose temperature due to the experimen-
tal limitations. It has been suggested that the identification of
thermal stability of amorphous phase during continuous
heating transformation (CHT) curve can provide a kinetic
boundary between glass and crystalline phase during heating
[18]. Therefore integrated transformation curve, providing a
global kinetic boundary between glass and crystalline phase
in the entire temperature range between liquidus and glass



2 Ji-Hun Kim et al.

transition temperature can be constructed by combining CCT
and CHT curves, which are meaningful above and below a
nose temperature, respectively.

In this study, a new method to estimate the critical cooling
rate, R, for glass formation has been developed by building
an integrated transformation curve, which is constructed by
combining CCT and CHT curves. We have calculated the
CCT and CHT curves from experimental measurements of
cooling rate dependence of solidification onset temperature
using classical nucleation kinetics and heating rate depen-
dence of crystallization onset temperature by extension of
Kissinger method, respectively. The critical cooling rate was
estimated from the intersection point of the two curves, cor-
responding to the apparent nose point of the integrated trans-
formation curve. The calculated values of R. exhibited a
close match to those of experimental measurements in selected
Ca-Mg-Zn, Pd-Ni-Cu-P, Vitl, Vitla and Mg-Cu-Y alloys
[5,6,14,20-23].

2. EXPERIMENTAL PROCEDURE

The model predicting the critical cooling rate for glass for-
mation was applied to five different alloys with compositions
of Ca65Mg152n20, PdsoNiioCusoP20, Zr412Ti138Cu125Ni0Beszs
(Vitl), Zrp6T1124Cu113Ni10Beos (Vltla) and Mg65C1125Y10.
These alloys were selected because they show different
ranges of critical cooling rates from 0.1 to about ~100 K/s
[1,4]. CassMgisZny and MgesCuosY 1o alloys were prepared
by induction melting high purity elements (99.9 %) in BN
coated graphite crucibles under an Ar atmosphere, followed
by casting the liquid into a cone-shaped copper mold with
dimensions of 6 mm in diameter at the bottom, 15 mm in
diameter at the top and 45 mm in height. For direct measure-
ments of R., variations of temperature with time were moni-
tored during solidification of CassMgisZny at three central
positions with different heights by using inserted thermocou-
ples. Zry12Tii38Cu2sNioBexns (Vitl) alloy ingot has been
prepared by arc-melting elemental components and Be-Cu-
Ni alloys in a purified atmosphere. To fabricate the BMG a
self-designed plate-shaping equipment was used: after melt-
ing of the ingot by arc in an Ar atmosphere, the melt was
sandwiched immediately between two water-chilled cupper
rod, resulting that a circular coupon was obtained with a
dimension of about 4 mm in thickness and 5 cm in diameter.
Commercial Vitla BMG in a sheet form with a thickness of
4 mm was obtained from Liquid Metal® in Korea. For the
Pd4oNi;oCusoPy alloy, the ingot was prepared by arc-melting
a mixture of pure metallic elements (purity 99.9~99.99 %)
and pre-alloyed PdsP4o in a purified argon atmosphere. The
ingot was sealed in a quartz tube under high vacuum, heated
above the liquidus temperature, and then quenched in water.
Details of the preparation procedure of the bulk Pd4NiigCuzoP2
alloy sample have been reported elsewhere [14,20].

Rapid solidification of the alloys was performed by using
melt spinning technique with a surface velocity of Cu wheel
of 40 m/s. The amorphous nature and presence of crystalline
phases were identified by X-ray diffractometry (XRD (Rigaku
CN-2301 X-ray diffractometer)). The thermal properties (7,
T.) of melt spun ribbons and BMGs were measured at vari-
ous heating rates between 0.083 and 1.334 K/s by differential
scanning calorimetry (DSC (Perkin-Elmer DSC?7)). Melting and
solidification behavior of the specimens was monitored using
differential thermal analyses experiments (DTA (Perkin-Elmer
DTA?7)). The liquidus temperature was assumed to be the
end point of endothermic peak obtained during continuous
heating with a heating rate of 0.667 K/s. The onset tempera-
ture of solidification (7i) during cooling was measured at
various cooling rates between 0.03 and 0.5 K/s.

3. RESULTS AND DISCUSSION

3.1. Thermal properties

Fig. 1 shows DSC traces obtained from melt spun ribbon sam-
ples during continuous heating with a heating rate of 0.667 Kis.
The CagsMgisZny9, PdsgNiigCusgPro, Z112Ti135Cui25NijoBex s,
Zr46T1124Cun; 3Nij0Bes s and Mg(,scustm alloy samples exhib-
ited large supercooled liquid regions (AT:) of 27, 88, 67, 97,
and 68 K, respectively, with subsequent sharp exothermic
peaks of the crystallization events at the onset temperatures
(T;) of 408, 665, 715, 735, and 494 K, respectively. The sharp
endothermic peak at high temperature region for the
CagsMgisZny alloy (Fig. 1(a)) corresponds to the melting
event of the eutectic solid, which was formed during the con-
tinuous heating. The measured 7, and T values at various
heating rates are listed in Table 1 together with previously
reported data for comparison. As can be noticed the mea-
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Fig. 1. DSC traces taken from melt spun ribbon alloy samples on con-

tinuous heating at a heating rate of 0.667 K/s: (a) CassMgisZny alloy,

(b) PdaoNi oCusoP2o alloy, (¢) Zra1 2 Tiiz sCuizsNiroBezas, (d) Zrap6TinaCuni -
NijoBezssalloy, and (e) MgesCuasY o alloy.
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Table 1. Intercept values (c) and slopes (-E/R) in the plot of In(B/T:’) versus 1/T; derived by Eq. 6 together with data of the glass transition
temperatures (7;) and onset temperatures of crystallization (7) for investigate alloys

Alloy (Nominal at.%) Heating rate (K/s) T, (K) T (K) c —E/Rx10°
1.334 388.4 414
0.667 380.6 407.4
0.333 371.8 399.6 243 14.9
CassMgisZnao 0.167 365.0 392.4
0.083 360.2 386.3
0.667 [4] 379 412
1.334 582.1 675.9
0.667 577.7 665.2
0.167 570.8 647.5
0.333[1] 576.9 655.8
1.334 659 740
0.667 648 715
ZI‘41,2Ti13,8 Clllz.SNimBezz.S (Vltl) 0.333 641 698 9.01 16.2
0.167 631 680
0.167 [6]* 623 672
1.334 645.5 778.3
. . . 0.667 638.5 735.0 150 12.8
ZI‘42.6T112,4 Cll]l.}Nl]()Bez},g (V1tla) 0.333 635 718.3
0.167 622.6 699.6
0.167 [6]* 623 712
0.833 429.2 499.4
0.667 426 494.0
0.500 423 491.1
0.167 418.8 475.5
0.083 417.6 467.6
0.667 [22] 420 490

Data of 7 and T, were obtained by DSC in the range of heating rate from 1.334 to 0.083 K/s.

*The data were obtained by DTA at a heating rate of 0.167 K/s [6].

sured data in this study were similar to the previously
reported corresponding values [1,5,7,23]. As the heating rate
increases, both 7, and 7 increase. Supercooled liquid region
(AT;) increases with heating rate for PdiNi ¢CusoP2, Vitl,
Vitla and MgesCuasY 1o alloys, while AT for CassMgisZny is
independent of heating rate. The abnormal thermal behavior
of AT, in CagsMgisZny has been reported elsewhere [5].
Cooling rate dependences of solidification onset tempera-
ture, corresponding to the onset temperature of primary exo-
thermic peak in DTA trace, were obtained by DTA experiments
at various cooling rates. Table 2 lists the liquidus tempera-
tures (77) and cooling rate dependences of solidification
onset temperature (73,) for the alloys, time for the onset of
solidification (#,). The time for the onset of solidification was
obtained from exothermic heat vs. time curve at various
cooling rates. Also reported liquidus temperatures of each
alloy were included for comparison. Due to the difference in
measurement conditions, there are minor differences between
the measured and reported data. The measured liquidus tem-

peratures were higher than the reported data except for
CagsMgisZny alloy mainly due to higher heating rate adopted in
this study (the observed liquidus temperature dependence
upon heating rate is well documented elsewhere [24]). Solid-
ification onset temperature decreased significantly with
increasing cooling rate for all alloys. For example, 75 of
CassMgisZny alloy decreased from 565 to 557 K with increas-
ing cooling rate from 0.083 to 0.667 K/s.

3.2. Estimation of continuous cooling transformation
kinetics

At temperature T below melting temperature, the number
(N) of nucleation events in melt of volume (V) after time #
can be expressed by

LVt=N 2)

where I is the steady state nucleation rate [8,11]. Time # for
the first nucleation event, N=1, can be expressed as follows
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Table 2. Intercept values (a) and slopes (b) in the plot of In#, versus T °(T+T.Y (T’ AT’) derived by Eq. 5 together with data of the onset
temperatures of solidification (7.) and liquidus temperatures (77) for investigated alloys

. Cooling rate T t Mean of T}, T.in
Alloy (Nominal at.%) (K/f) (K) s) (K) b r* reference
0.667 557 102
0.583 558.7 113.7
0.500 559 132
0.417 559.4 157
CassMgi5Znao 0.333 561 192 621.942.15 0.99+0.799 5.24+0.96  0.91 624 [4]
0.250 562 252
0.167 560.5 387
0.083 565 565
0.368 712 461.8
0.328 706 567.6
Pd4Ni 0CuszoP2 0.163 722 1079.8 889.4+7.1 4.71+£0.897 10.66+4.02  0.84 836 [1]"
0.081 738 1915.9
0.041 760.5 2978.2
0.462 917.7 342.1
Zr412Ti135 CujasNijoBen s 0.328 921.5 4944 -
(Vitl) 0.167 936.1 956.9 1049.3+0.21 4.78+0.47 3.49+1.05 0.92 996 [6]
0.083 961.3 1894.6
0.507 923.7 342.1
Zr46Ti12.4 Cup3NijpBenss 0.347 927.4 4944 .
(Vitla) 0.169 935.9 956.9 1099.1£2.39 -3.66+1.230 46.1+5.51 0.99 1057 [6]
0.084 944.1 1894.6
0.404 715.5 162.3
0.368 719.6 163.3
MgesCuasYio 0.189 728.6 275 781.1+1.08 1.97+1.15 3.2440.934 0.90 7709 11"
0.090 730 579.8
0.030 733.9 1579.9
*Correlation coefficient
**Heating rate 0.333 K/s [1]
***Heating rate 0.167 K/s [6]
using classical steady-state heterogeneous nucleation kinetics.  responding to Thompson and Spaepens model.
3
In, = —In(V,4,N,’v) +(—L21 bmc SO, ) 3 AG(n =222 AT(Z) @)
3ksTAG I,+T\T,

where the term 4,N,’v is a prefactor in the expression of
nucleation frequency (here, A, is the area of nucleating sub-
strate per unit volume of melt, N;’ is the number of molecules
per unit area of the substrate, v is the frequency of attempts
by atom to cross the phase boundary), G is the interface
energy between solid nucleus and liquid, f(0) is wetting fac-
tor, kg is Boltzmann constant, and AG is Gibbs free energy
difference between solid and liquid.

Several models have been proposed to calculate AG in an
undercooled liquid [25-27]. Mondal et al. has pointed out
that the driving forces calculated by Thompson and Spaepens
model [26] are in good agreement with experimentally mea-
sured data in several glass forming alloys such as Aug 4Siis,
LasoAl3Niy and ZI‘41A2Ti13_3Cu12_5Ni1oB622A5, etc. [27] There-
fore, in this estimation, AG at temperature 7 below liquidus
temperature 7;, was calculated using following equation, cor-

Here, AH is the latent heat of solidification and AT is under-
cooling (=T;-1).

When the estimation of free energy is plugged in Eq. 3
with an assumption of temperature-independent surface energy
for simplification, Eq. 3 may be rewritten by

Infy = —In(¥, A,N°V) +(43nk02’$))(7ig: ;))
=g+ b(%) ®)

where a and b are the intercept and slope of the plot In # ver-
sus T, (T+T,)’ (T°AT’), respectively.

Following previous works [11,13], we determine the trans-
formation kinetics of the undercooled liquid using the mea-
surements of undercooling as a function of cooling rate, as
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Fig. 2. Plots of Iny versus T.(T+T.)'AT°AT") for amorphous
CassMgisZnng, PdagNiigCusoPa0, Zu12Ti3sCu125NiioBexs, ZraeTinsCuyis-
NioBezss and MgesCuasYioalloys. Here, 7' can be substituted by onset
temperature of solidification (7).

shown in Table 2. Under the assumption of heterogeneous
nucleation of constant density, nucleation kinetics plot can
be constructed by plotting In # versus 7. (T+T.) /(T°AT).
Fig. 2 shows the nucleation kinetics plots for the glassy
Ca(,sMg1sle20, Pd40Ni1oC1130P20, Vitl, Vitla and Mg65Cu25Y10
alloys. As expected from Eq. 5, there was a linear relation-
ship between In # versus 7 LZ(T +T L)z/(TSAT2 ) for all alloys.
Through the linear relationship, intercept value «, the slope
b, and correlation coefficient (r) can be calculated. As can be
noticed, the values of correlation coefficient for these regres-
sions were larger than 0.9 except for the case of
Pd4oNioCusoP2 alloy, indicating a good linear relationship
between In #, and 7, °(T+T.)/(T°AT’). Once the values of a
and b are determined, continuous cooling transformation
(CCT) curve can be calculated using Eq. 5. It should be
noted that the calculated CCT curve is only effective above a
certain temperature because temperature dependence of
prefactor A,N;’v in Eq. 3 is ignored. While the assumption is
reasonable for the temperature range at not too large under-
cooling [11], in the vicinity of the glass transition tempera-
ture, the prefactor can be overestimated because the
temperature dependence of the prefactor is much more pro-
nounced than that of AG.

3.3. Continuous heating transformation kinetics

In order to construct CHT curves, an extended analysis of
the Kissinger method has been applied [18]. In general, the
peak temperature of crystallization (7,) is used in Kissinger
analysis to investigate the maximum transformation rate dur-
ing crystallization of glass and to reduce the experimental
error in temperature measurements by measuring the peak
temperature. However, 7, can be substituted by onset tem-
perature of crystallization (7;) in order to calculate a CHT

CaMgZn
PdNiCuP
Vit1

Vitia

MgCuY £

epa0Om

In(BIT?)

YN S TR U TR NI [P NI [ NI S
1.8 20 22 24 26 28

10001T

Fig. 3. Plots of In(B/T;’) versus 1/T, on Kissinger analysis for amor-
phous CassMgisZn0, PdaoNiioCusoPa0, Zra1 2 TirzsCuiasNioBe s, Zray Tiiza-
Cuy13NijoBezssand Mg(,sCLIstm alloys.

curve for the devitrification of glass, which indicates an
actual starting point (i.e., onset temperature and time) for the
transformation from glass to crystalline phase under various
heating rates. In this analysis, heating rate dependence of
crystallization onset temperature during continuous heating
experiments can be expressed as follow [27,28]

ln(%) - Igg te 6)

where E is the activation energy for nucleation and growth, R
is the gas constant and B is the heating rate and ¢ is a constant.
From Eq. 6, In(B/7;’) varies linearly with 1/7;, with a slope
and intercept of —F£/R and c, respectively. Fig. 3 shows varia-
tions of crystallization onset temperature (7;) with heating
rate (), re-plotted from Table 1 according to Eq. 6. There
was a good linear relationship between In (B/7;’) and 1/7; for
all alloys. The values of slope and intercept for each alloy are
listed in Table 1. Once the values of slope (—E/R) and inter-
cept (c) are determined, continuous heating transformation
(CHT) curve of Tx versus heating time (=(7:-298)/B) can be
calculated using Eq. 6 . For a given heating rate, crystalliza-
tion onset temperature 7, for primary devitrification process
can be calculated with this CHT curve. The thermal stability
of glass against crystallization is mainly dependent on the
required atomic mobility for nucleation and growth of a crys-
talline phase, especially at the temperature range near 7, and
T.. For the case of linear heating, the lower atomic mobility
and its lower temperature dependence suppresses the devitri-
fication of glass, because a lager incubation time and higher
temperature are required. Atomic mobility required for crys-
tallization of glass is strongly dependent on the type of devit-
rification process (e.g., primary, polymorphous and eutectic-
type transformation, etc.). In fact, Louzuine et al. have pointed
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Fig. 4. Schematics of an apparent nose point, 7,, derived as a crossing
point of a continuous cooling transformation (CCT) curve with a con-
tinuous heating transformation (CHT) curve and a determination of a
critical cooling rate for glass formation, R., obtained by using 7.

out that the curvature of CHT curve (i.e., heating rate depen-
dence of crystallization behavior), is closely related to the ini-
tial devitrification mechanism of glass [29].

3.4. Integrated transformation kinetics

In order to complete the kinetic boundary of phase trans-
formation from an undercooled liquid to a crystalline solid,
the integrated transformation curve has been constructed by
combining the CCT and CHT curves. Fig. 4 shows a sche-
matic illustration of the integrated transformation curve. The
CCT curve gives a boundary for the onset of crystalline
phase formation from liquid. As mentioned previously, how-
ever, the CCT curve is effective above a certain temperature
due to the ignorance of temperature dependence of prefactor
in Eq. 3. At lower temperature region, CHT curve is adopted
to give a kinetic boundary between glass formation and crys-
talline phase formation. The CHT curve corresponds to the
onset of crystallization of highly undercooled liquid. Then
an integrated transformation curve is constructed by taking
the CCT curve at high temperature region and CHT curve at
lower temperature region. The CCT and CHT curves inter-
sect at an intermediate temperature, which can be considered
as an apparent nose temperature of the integrated transforma-
tion curve as shown in Fig. 4. If a cooling curve enters into
the domain inside the integrated curve, nucleation of primary
crystalline phase occurs and glass formation is not available.
Therefore, the critical cooling rate for glass transition can be

calculated form the intersection point 7, as follow
— T L T na
tna

)

where T,, and ¢,, represent the temperature and time of the
nose point, respectively.
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Fig. 5. Calculated CHT curve of T, versus [ by using Eq. 6 and calcu-
lated CCT curve by using Eq. 5 for the amorphous CagsMgisZny alloy
together with two cooling curves investigated at different diameters of
the ingot.

Fig. 5 shows the calculated integrated transformation curve
for CagsMgisZny alloy together with experimental data from
Tables 1 and 2. Also two cooling curves obtained at central
axis with different cross sectional diameters of a cone-shaped
ingot are included. The cooling curve 2) measured at the
center of cross section with a diameter of 10 mm passes
away from the apparent nose point P1, indicating that the
cooling rate is fast enough to form a glass. The cooling curve
1) measured at the center of cross section with a diameter of
15 mm passes near the apparent nose point P1 without cross-
ing the integrated curve, indicating that the cooling rate is
close to a critical cooling rate for glass transition. Also both
cooling curves show no recalescence phenomenon, suggest-
ing the suppression of crystalline phase formation. The for-
mation of fully amorphous phase was confirmed by XRD
and DSC experiments, as shown in Fig. 6. The alloy speci-
men with a diameter of 15 mm shows XRD pattern and DSC
trace, which are almost same as those from melt spun ribbon
specimen. The maximum section size for glass formation in
CagsMgsZny alloy has been reported to be above 15 mm in
diameter as listed in Table 3 [5]. The calculated R. for the
CagssMgisZny alloy was 28 K/s, which is slightly higher than
the mean cooling rate of 25 (£5) K/s from the cooling curve 1).
Therefore, the glassy CassMgisZny alloy could be formed by
casting process with a cooling rate over 28 K/s. This calcu-
lated critical cooling rate is in good agreement with previ-
ously reported value of 20 K/s [5].

During solidification of CagsMgisZny alloy, the CaMg,
phase appears as primary solidification phase if the cooling
rate is not high enough to form glass phase [31,32]. In other
words, the CaMg, phase is competing phase in glass forma-
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Fig. 6. (a) XRD patterns and (b) DSC traces for the amorphous CassMgisZt20
specimen, melt-spun ribbon and as-cast ingot with a diameter of
15 mm, showing an amorphous nature such as diffuse halo, glass tran-
sition and crystallization process. Additionally, XRD pattern taken from
the heated specimen up to 436 K is also include.

tion during cooling. Also the same phase forms as a primary
phase when the glassy alloy is heated to 436 K, above the
first crystallization peak (see Fig. 6(a)). The CaMg, phase is
a common primary phase during both solidification of liquid
and devitrification of metallic glass in CagsMgisZny alloy.

Table 3. Comparison of critical cooling rates, R., for selected BMGs

Therefore, in a view of time-temperature window, the inte-
grated transformation curve gives a boundary between CaMg,
crystalline phase and undercooled liquid including glassy
state and can be considered as an apparent kinetic boundary
for the crystallization process of the CassMgisZny alloy,
even though starting states of the sample on both transforma-
tion processes are not identical.

Figs. 7(a)-(d) show calculated integrated transformation
curves for Pd40Ni1oCU20P20, Vitl, Vitla and Mg65CLI25Y|0 alloys
together with corresponding experimental data from Tables
1 and 2. Using these integrated transformation curves, criti-
cal cooling rates for glass transition were calculated to be
0.5, 17, 6, and 21 K/s for Pd40Ni1oCllzoP20, Vit], Vitla and
MgssCupsY o alloys, respectively. The calculated R. values
are in good agreement with experimentally measured critical
cooling rates for corresponding alloys as listed in Table 3.
Further quantitative comparison of this model with conven-
tional method has been made. Also critical cooling rate, R:,
for glass transition has been calculated from data on cooling
rate, a 0., dependence of solidification onset temperature 7,
using following Eq. 1 (see introduction) [9,10]. R. values cal-
culated from the variation 7y, with cooling rate are listed in
Table 3. Fig. 8 shows a plot of measured critical cooling rates
for C865Mg1 5Zn20, Pd40Ni1()Cl130P20, \flﬂ, Vitla and Mg65C1125Y10,
alloys together with critical cooling rates calculated in two
different ways (solid symbols (R.): this model, open symbols
(R:): Eq. 1). The values of R. or R. taken from the amor-
phous samples in Ca-Mg-Zn (square) and Pd-Ni-Cu-P (cir-
cles), Vitl(down triangle), Vitla (up triangle) and MgCuY
(diamond) alloys. As shown previously the cooling rates cal-
culated from the integrated transformation curve are in good
correlation with the measured values for all alloys, while the
critical cooling rates from the Eq. 1 are at least one order higher
or lower than the measured values except for CagsMgisZnao
and Vitl alloys. The calculated critical cooling rates (R. and
R.) and measured cooling rates for each alloy are listed in
Table 3 together with maximum section size (Z.) for glass
transition. These results clearly indicate that the current
model gives better agreement with real experimental data
than previous method [9,10] in calculating critical cooling
rate for glass transition. Further clarification of the applica-
tion of the model for calculating of R. in other BMGs having
various GFAs is under study.

Alloy (Nominal at.%) R. (K/s) R (K/s) Measured R. (K/s) Z.(mm) Remarks

CagsMgisZnao 28 21 24.6+4.9, 20 [4] >15 [4] Copper mold cast cone-shaped ingot
Pd4oNi0CusoP20 0.5 1.0 0.1 [13,19]*, 0.33[11] 72 [19] Water quenched rod sample after flux treatment
Zr412Ti33 CuasNiBexns (Vitl) 1.7 1.3 1.4[1,6] 50 [1] Copper mold cast sheet

Zr46Ti124 Cun sNijoBeas s (Vitla) 6 1779 5.0 [6] - Copper mold cast sheet

MgesCuasYio 22 10 50 [21] 4.0[20],7.0[22] Copper mold cast cylindrical ingot
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Fig. 7. Calculated CHT curves of T versus 3 by using Eq. 6 and the calculated CCT curves by using Eq. 5 for amorphous alloys: (a) PdsNi;oCusoP2o,
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transformation kinetics from CCT curves with CHT curves in terms of
the directly measured value for Ca-Mg-Zn alloy (square) and the previ-
ously reported values for Pd-Ni-Cu-P [11,13,19] (circles), Vitl [6]
(down triangle), Vitla [6] (up triangle) and Mg-Cu-Y [21] (diamond).
For more comparison, the derived values of R." through the Eq. 1 are
also marked as open symbols. Here, * marks of cycle were presented by
different reported values for PdoNii¢CusoP2 (see Table 3).

4. CONCLUSIONS

A semi-empirical model to estimate a critical cooling rate
(R.) for glass formation from thermal analysis data has been
developed. An integrated transformation curve was con-
structed by combining continuous cooling transformation
(CCT) curve and continuous heating transformation (CHT)
curve. Using classical nucleation kinetics, the CCT curve
was calculated from the variation of solidification onset tem-
perature with cooling rate during continuous cooling of lig-
uid. Using Kissinger method, the CHT curve was calculated
from the variation of crystallization onset temperature with
heating rate during continuous heating of glass specimen.
Critical cooling rate was calculated from the intersection
point of the two curves, corresponding to an apparent nose
point in the integrated transformation curve. The calculated
Res were 0.5, 1.7, 6, 21, and 28 K/s for Pd4Ni;oCuszoP2o,
Z1415TisCuizsNioBens, ZrpeTinaCunsNiBesss, Mgescustm
and CassMgsZny alloys, respectively. The calculated critical
cooling rate was in good agreement with measured value for
the alloys. The current model shows a better agreement with
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experimental measurements than conventional method.
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