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Abstract

A new indicator of glass-forming ability (GFA) for bulk metallic glasses (BMGSs) is proposed based on crystallization
processes during cooling and reheating of the supercooled liquid. The interrelationship between this new parameter
and the critical cooling rate or critical section thickness is elaborated and discussed in comparison with two other
representatives, i.e. reduced glass transition temperdye= T,/T,, whereT, andT, are the glass transition tempera-
ture and liquidus temperature, respectively) and supercooled liquid sfhigeg = T,—T,, whereT, is the onset crys-
tallization temperature antiy the glass transition temperature). Our results have shownAfligtalone cannot infer
relative GFA for BMGs while the new parametgrdefined asl, /(T4 + T;), has a much better interrelationship with
GFA thanT,,. An approximation of the critical cooling rate and critical section thickness for glass formation in bulk
metallic glasses is also formulated and evaluatéd2002 Published by Elsevier Science Ltd on behalf of Acta
Materialia Inc.
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1. Introduction amorphous without precipitation of any crystals
during solidification. The smalleéR., the higher the
GFA of a system should be. Howev&,is a para-

meter that is difficult to measure precisely. A great

Glass-forming ability (GFA), as related to the
ease of devitrification, is very crucial for under-

standing the origins of glass formation and also
important for designing and developing new bulk
metallic glasses (BMGs). The glass-forming ability
of a melt is evaluated in terms of the critical coo-
ling rate R, for glass formation, which is the

deal of effort has therefore been devoted to search-
ing for a simple and reliable gauge for quantifying
GFA for metallic glasses. As a result, many criteria
have been proposed to reflect relative GFA among
BMGs on the basis of the characteristic tempera-

minimum cooling rate necessary to keep the melt tures measured by differential thermal calorimetry
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or/and differential thermal analysis (see [1] for a
summary). Nevertheless, the most extensively used
are the reduced glass transition temperatiifge
(glass transition temperatufg over liquidus tem-
peraturel;) and the supercooled liquid regiai,,
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(the temperature difference between the onset crys-
tallization temperature T, and the glass transition
temperature Ty). As shown by Lu et a. [2,3], the
reduced glass transition temperature T,, shows a
better correlation with GFA than that given by
T4/ Ty, for BMGs (T,,,: melting point).

Although both AT, and the ratio T,/T, are used
as indicators of the GFA for metallic glasses, they
did show contrasting trends versus GFA in many
aloy systems. Waniuk et a. [4] recently confirmed
that T,/ T, correlated well with GFA in Zr—Ti—Cu—
Ni—Be aloys whereas the supercooled liquid range
AT,4 has no relationship with GFA in the least.
Those glassy compositions with the largest AT,
are actualy the poorest glass formers in the sys-
tem. Inoue et a. [5,6] also proved that the bulk
glass-forming ability is more closely associated
with T,/ T, vaues in Cu-Zr—Ti and Cu-Hf-Ti ter-
nary systems rather than AT,,. On the other hand,
it was found that the ratio Ty/T, is not reliable
enough to infer relative GFA in PdygNis_FePsq
(20=x=0) [7], Fe{Co,Cr,M0,Ga,Sh)-P-B-C [9]
and MggsCuisM 1Y 10 (M = Ni, Al, Zn and Mn)
[9] alloy systems. On the contrary, AT,, was
claimed to be a reliable and useful gauge for the
optimization of bulk glass formation in these sys-
tems.

Hence, further investigation is necessary to
obtain a better and more precise criterion to reflect
the GFA of bulk metalic glasses. A literature
search for critical cooling rates and critical thick-
nesses for glass formation in various metallic
glassy systems, as well as for characteristic tem-
peratures T, T, and T,, has been carefully conduc-
ted. On the basis of all available data, a new cri-
terion for glass formation has been proposed in this
study. Its correlation with GFA will be discussed
and compared with the reduced glass transition
temperature Ty/T, as well as the supercooled
region AT,,. A estimation of critical cooling rate
R. and the critical thickness Z. (the least dimension
of the sample) for glass formation in metallic
glasses will also be formulated in the light of this
new parameter. Furthermore, this new criterion for
glass formation will be applied to the Pd—Fe-Ni—
P system in which T,/ T, and AT,4 showed opposite
trends with GFA.

2. Theoretical analysis

As mentioned previoudly, R. is a most effective
gauge for glass-forming ability in metallic glasses
but it is very difficult to measure experimentaly.
Moreover, R. can only be determined once the
composition for glass formation is known. It isthus
necessary to establish a simple and reliable para-
meter that correlates well with GFA and can be
calculated using more easily experimentally meas-
ured quantities such as T, and T,. In return, such
a criterion can then be utilized as a guideline for
exploring new bulk glassy compositions. In the fol-
lowing, the factors that associate with GFA will be
analyzed from the perspectives of both devitrifi-
cation and amorphization. As a result, a simple
indicator for representing the relative GFA will
be proposed.

2.1. Consideration from devitrification
perspective

It is well known that T,—T, is an indication of
the devitrification tendency of a glass upon heating
above T,. A large T,—T, value may indicate that
the supercooled liquid can exist in a wide tempera-
ture range without crystallization and has a high
resistance to the nucleation and growth of crystal-
line phases [10]. Since crystallization is actually a
competitive process with respect to glass forma-
tion, alarge T,— T, would lead to a high GFA. In
this sense, this temperature interval is somewhat
related to GFA. In order to make possible compari-
sons between various glasses showing different T,
this temperature interval should be weighted by
1/Ty leading to the factor (T,—Ty/Ty[ =

(T«/Tg)—1], which is dimensionless [11]. As such,
GFA is proportional to the factor T,/T, based on
the glass stability upon the reheating process of a
glass.

2.2. Consideration from amorphization
perspective

When aliquid is cooled from above the liquidus
temperature T, to a temperature below Ty at a con-
stant cooling rate R, the time-dependent volume
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fraction of crystalline phase X can be given based

on the non-isothermal crystallization kin-
eticg[12,13]:
Tg Tq
XT) = o f (Tl f U(T")dT"dT 0
3R '
T T

Here | and U are the steady-state nucleation fre-
guency and the crystal growth rate, respectively. If
one selects X < 108 asacriterion for glass forma-
tion, then the critical cooling rate R, can be derived
from EqQ. (1) as.

T, T,

4” [ ’ i " "3 !

According to the common crystallization theory,
the nucleation frequency and crystal growth rate
can be estimated by the following equations
[14,15]:

_10® —16r ASoST?
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Here n, k, am, @, Na, AS and R, are viscosity,
the Boltzmann constant, a constant of 0.86, mean
atomic diameter, Avogadro's number, the molar
fusion entropy and the gas constant, respectively.
From Egs. (2), (3) and (4), one can know that the
critical cooling rate R, decreases with increasing
viscosity of the supercooled liquid, activation
energy for viscous flow, fusion entropy, and with
decreasing liquidus temperature T,. When a glass
is reheated with a constant heating rate 8 from a
certain temperature T, up to a temperature T, as
is the case with differential scanning calorimetry
(DSC) heating experiments, the fraction X(T) of
precipitated phases in amorphous solids could aso
be calculated from crystallization kinetics based on
the non-isothermal transformation theory [16,17]:

X(M) = ;’; J' I(T)[ J U(T")dT"3dT". (5)

The nucleation frequency | and crystal growth rate
U can also be computed based on Egs. (3) and (4),
respectively. It should be noted that Eq. (5) is only
valid when X(T) is small compared with unity. This
is the reason why T, was defined as the onset tem-
perature of crystallization. Based on Wakasugi et
a.'s analysis [17], the T,/T, ratio increases with
increasing viscosity of the supercooled liquid,
fusion entropy, activation energy of viscous flow,
heating rate 8 and with decreasing T,. The depen-
dence of the T, /T, ratio on the magnitudes of liquid
parameters such as viscosity of the supercooled
liquid, fusion entropy, activation energy for vis-
cous flow and liquidus temperature T, is quite simi-
lar to those of critical cooling rate R.. In a nutshell,
T,/T, is a reasonable indication of GFA based on
the crystalization process of an undercooled
liquid. The system with a larger T, /T, ratio could
have a lower R, and thereby a higher GFA.

As discussed above, GFA of metalic glasses
associates with two factors, T, /Ty and T,/T,, from
the perspective of crystallization processes during
both reheating and cooling of the undercooled
liquid. Their relationship can be expressed as fol-
lows:

T, Tx
GFAM(TQ,TI). (6)
The above correlation can be rewritten as:

T, T\
GFAOC(TX,TX) . (7)

For simplicity, we introduce a single parameter,
which is an average of the two factors T,/ T, and
T/T,, ie 1/2[(Ty + T)/T,]. Then Eq. (7) pre-
dicts:

T,
GFAoc(Tg - T|). (8)

Hence, we define a new parameter y for inferring
the relative GFA among BMGs as:

Tx
A e ®)
It should be pointed out that indicators in other

formats could also be derived from Eq. (6). How-
ever, the ratio in Eq. (9) is the simplest and most
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reliable based on experimental data. In the follow-
ing sections, we shall show the strong correlation
between yand GFA by analyzing the readily avail-
able experimental data.

3. Calculation of GFA indicators

Table 1 shows the glass transition temperature
Tg, onset crystallization temperature T, and liqui-
dus temperature T, for Mg-, Zr-, La-, Pd- and Nd-
based bulk metallic alloys. The data for recently
developed Cu- and Ti-based glassy dloys are aso
included. It is necessary to point out that Ty, T,
and T, were defined as the inflection point of glass
transition, the onset crystallization temperature and
the offset fusion temperature, respectively. Note
that all of these characteristic temperatures can be
easily determined from single DSC measurements.
Table 2 summarizes these characteristic tempera-
tures for some typica conventional metallic
glasses. The magjority of the data in Table 1 were
obtained from Refs. [2,3], and most of them were
measured using differential thermal calorimetry
(DSC) or/and differential thermal analysis (DTA)
at a heating rate of 20 K/min. Since these tempera-
tures are dependent on heating rate, it is important
to utilize the same heating rate for the measure-
ments.

Table 3 presents the summary of AT,y (Tx—Ty),
Ty (Ty/T)) and y calculated based on the data in
Table 1, together with the critical cooling rate R.
and the critical section thickness Z. for glass for-
mation in these alloy systems. Table 4 tabulates the
corresponding values for the conventional metallic
glasses listed in Table 2. For BMGs, the newly
defined y value is in the range of from 0.350 to
0.500, while AT,q ranges from 16.3 to 117 K and
T,y varies from 0.503 to 0.690.

4. Discussion
4.1. The correlation between y and GFA
The relationship between the y value and the

critical cooling rate for glass formation in represen-
tative metallic glasses is shown in Fig. 1. A linear

interrelationship is observed between y values and
log,oR., as demonstrated by the solid line. This
relationship is expressed in an approximation for-
mula:

logigR. = (21.71 + 1.97)—(50.90 + 0.71)y.  (10)

Thus the critical cooling rate can be derived from
the above equation:

R. = 5.1 x 10%%exp(—117.19y), (11)

where R. isin K/s and y is dimensionless. In order
to reveal how closely the estimated values for the
regression line correspond to the actual experi-
mental data, the statistical correlation parameter,
R2, was aso computed using a readily available
regression program. The R-squared vaue, aso
known as the coefficient of determination, is an
indicator that ranges in value from 0 to 1. The
higher the R2? value, the more reliable the
regression line should be. Asis clear in the graph,
the R? value is as high as 0.91 for this fit, suggest-
ing that there is a solid correlation between the
critical cooling rate R, and the novel parameter y.
The predicted error band in Eq. (10) obtained at
95% confidence interval is shown in Fig. 1 as two
dashed lines. This prediction interval, which was
also computed by the common regression program,
describes the range where the data values will fal
a percentage of the time for repeated measure-
ments. A narrower band at a fixed confidence level
(normally 95%) implies less scatter of the experi-
mental data and a stronger correlation between
independent variables.

Fig. 2 is a plot of the critical section thickness
as a function of the parameter y for typical bulk
metallic glasses. A linear relationship between y
values and log,eZ. is obtained with considerable
scatter. The relationship can be expressed as fol-
lows:

10g10Z. = (—6.55 + 1.07) (12)
+ (18.11 + 0.70)y.

The critical section thickness for bulk metalic
glasses can then be estimated using the formula
below:

Z. = 2.80 x 10~ "exp(41.70y), (13)
where Z_ is in millimeters. The dashed line in Fig.
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Table 1
The glass transition temperature (Ty), crystallization temperature (T,) and liquidus temperature (T,) for representative BMGs. Most
of data were obtained by DSC or/and DTA at a heating rate of 20 K/min

Based type Alloy Ty (K) T (K) T, (K) Ref.
Mg- MggoNioNdyo 454.2 470.5 878.0 [2,3]
Mg7sNi;sNdyg 450.0 470.4 789.8 [2,3]
Mg7oNisNdys 467.1 489.4 844.3 [2,3]
MgesNizNdys 459.3 501.4 804.9 [2,3]
MgesCUysY 10 424.5 479.4 770.9 [2,3]
Zr- ZreeAlgNisg 672.0 707.6 1251.0 [2,3]
ZregeAlgCu;Niyg 662.3 720.7 1200.8 [2,3]
ZreeAlgCuyoNiyy, 655.1 732.5 1172.1 [2,3]
ZresAlgCuseNig 657.2 736.7 1170.6 [2,3]
ZresAl75Cuy75Ni 50 656.5 735.6 1167.6 [2,3]
Zrs;TisAl1oCuxNig 676.7 720.0 1145.2 [2,3]
Zr3g5T1165Nig75CUs5.25B €20 630.0 678.0 1003.0 [4]
Zr395Ti1512Nig0sCliz77B€21 25 629.0 686.0 1006.0 [4]
Zr45T1136CU155Ni10BE2 5 623.0 672.0 996.0 [4]
Zr 4,63 Ti12.57CU11 25Ni10B€3.75 623.0 712.0 1057.0 [4]
Zr44Ti13CuoNioBess 625.0 739.0 1206.0 [4]
Zr 45,38 T 62CUg 75Ni10B€s6 25 623.0 740.0 1239.0 [4]
Zr 4605 Tig25CU; sNi10BE,7 5 622.0 727.0 1185.0 [4]
La LagsAlsNisg 490.8 555.1 941.3 [2,3]
LagsAl»sNisCusg 473.6 541.2 899.6 [2,3]
LagsAlsNioCuyg 467.4 547.2 835.0 [2,3]
LagsAlsNisCu,g 459.1 520.0 878.1 [2,3]
LagsAl5Clsyg 455.9 494.8 896.1 [2,3]
LagsAl »sNisCu,oCos 465.2 541.8 822.5 [2,3]
LagsAl14CUs0 395.0 449.0 731.0 [18]
Pd- Pd;oCusoNi10Ps0 576.9 655.8 836.0 [2,3]
Pdg; sCU,Si 165 633.0 670.0 1097.3 [2,3]
Pd;sCu,Sis65 635.0 675.0 1086.0 [2,3]
Pd;; sCUsSi 165 637.0 678.0 1058.1 [2,3]
Pd,,CugSi,7 642.4 686.4 1128.4 [2,3]
Pd55Cu10Si165 645.0 685.0 1135.9 [2,3]
Pd;; sCu1,Sii65 652.0 680.0 1153.6 [2,3]
PdoNi 40P20 590.0 671.0 991.0 [31]
Nd- NdgoAl15Ni1oCusoFes 430.0 475.0 779.0 [2,3]
Nds;Al1;NigCosCuss 445.0 469.0 744.0 [2,3]
Cu- CugoZrsoTio 713.0 763.0 1151.0 [5]
Cus,Zro;TigBeso 720.0 762.0 1130.0 [19]
Ti- TizZr,CuyyNig 698.4 727.2 1169.2 [2,3]

TisoNi2ClzoB1Si,Sns 726.0 800.0 1310.0 [20]
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Table 2
Summary of Ty, T, and T, for non-bulk metallic glasses

Alloys T, (K) [Ref] T, (K) [Ref] T, (K) [Ref.]
Ni 4250 [21] 4250 [21] 1725.0 [21]
FeyBo 600.0 [21] 600.0 [21] 1628.0 [21]
PdosSis 647.0 [22] 647.0 [22] 1688.0 [23]
Pd,5Siss 656.0 [22] 656.0 [22] 1343.0 [23]
ZresBess 623.0 [15] 623.0 [15] 1238.0 [24]
TigsBes, 673.0 [15] 673.0 [15] 1353.0 [25]
Pdg,Sizg 648.0 [22] 648.0 [22] 1071.0 [23]
Mg;NisNds 4294 [2,3] 4372 [2,3] 886.9 [2,3]
MgooNisNds 4262 [2,3] 4490 [2,3] 918.8 [2,3]
AUy76SigGe1a s 293.0 [21] 293.0 [21] 629.0 [21]

2 also shows the 95% prediction limits for this cor-
relation, as expressed in Eqg. (12). Compared with
Fig. 1, the data in Fig. 2 are more scattered. The
widely spread data result in a lower R? value of
0.57 and alarger prediction band. This can presum-
ably be attributed to the large casting variations
for glass formation and different approaches to the
maximum casting sizes. For instance, there are
many kinds of techniques involved in manufactur-
ing BMGs such as water quenching, suction cast-
ing, injection casting, high-pressure die casting,
etc. The use of various techniques can contribute
to the large deviation in critical section size. Mean-
while, aimost al reported maximum section sizes
for different systems are in integer numbers, and
this loose approach can aso lead to a higher devi-
ation in the data. However, Eq. (13) can till be
used as an approximation of the maximum size
achievable for the different amorphous aloys. As
mentioned earlier, y values for BMGs vary from
0.350 to 0.500. Substituting 0.500 into Eqg. (13),
we can predicate the maximum section size for
BMGs to be around 320 mm. Additionally, the y
value for pure Ni is about 0.198 (see Table 4), and
its maximum size is determined to be 1 um. This
isin good agreement with the fact that no glass for
pure Ni can be formed even by the melt-spinning
technique.

4.2. The comparison between y, T,q and AT,

Fig. 3 presents the relationship between T4 and
GFA for al of the metallic glasses listed in Table

1. In Fig. 3(a) is the critical cooling rate R as a
function of T,,. The solid line is the best fit of the
data. The corresponding equation of the trend line
and the resultant R? value are indicated on the
graph. Although R; is somewhat dependent on T,q,
compared with the correlation displayed in Fig. 1,
however, the current regression demonstrates a
lower R? value of 0.74 and alarger prediction band
implying that the new parameter y correlates better
with the critical cooling rate R. than T,. Similarly,
Fig. 3(b) depicts the relationship between T,, and
the critical section thickness Z.. Compared with
Fig. 2, it is clear that the new parameter y also
has a better correlation with Z; than T,,. Thisisin
accordance with the lower R? value of 0.32 and
the wider prediction band observed for the current
T,g—Z. correlation. It is therefore reasoned out that
the presently proposed indicator y has a stronger
correlation with GFA than T,

Theratio T4/ T, wasintroduced for purely Kinetic
reasons associated with the need to avoid crys
tallization [37,48]. In the first place, T, is typically
assumed to be less dependent on composition,
while T, often decreases more strongly. The inter-
val between T, and T, thus generally decreases and
the value of T,y increases with increasing alloying
concentration so that the probability of being able
to cool through this ‘dangerous range without
crystallization is enhanced, i.e. GFA is increased
[49]. This is probably reliable for conventional
binary alloy systems. However, T, and T, differ
significantly for multicomponent systems as shown
in Table 1. In this sense, T, values might not be
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Summary of AT (Tx—Tg), Trg (Tg/T), ¥ [T/ (Tg + T)], critical cooling rate R; and critical section thickness Z for typical BMGs

Alloy T— T, T/ T, T/ (Ty + T) R. (K/s) Z. (mm)
MggoNi;oNdyo 16.3 0.517 0.353 1251.4 [26] 0.6 [26]
Mg7sNi;sNdyo 20.4 0.570 0.379 46.1 [26] 2.8 [26]
Mg7oNisNd;s 22.3 0.553 0.373 178.2 [26] 1.5 [26]
MggsNiNd;5 421 0.571 0.397 30.0 [27] 3.5 [26]
M0ssCU,sY 10 54.9 0.551 0.401 50.0 [28] 7.0 [29]
ZrgsAlgNig 35.6 0.537 0.368 66.6 [30]

ZregAlgCu,Ni g 58.4 0.552 0.387 22.7 [30]

ZrgsAlgCuyoNiy, 77.4 0.559 0.401 9.8 [30]

ZreeAlgCuygNig 79.5 0.561 0.403 4.1 [30]

ZresAl; sCuy75Niqg 79.1 0.562 0.403 15[32] 16.0 [32]
Zrs7TisAl10CuyNig 43.3 0.591 0.395 10.0 [33] 10.0 [34]
Zr355Ti165Nig75CU15 5B €50 48.0 0.628 0.415 1.4 [4]

Zr30.88Ti1512Nig 95CUL3 77B€21 25 57.0 0.625 0.420 1414

Zr 47 5Ti138CU 5N 0B 5 49.0 0.626 0.415 1.4 [4] 50.0 [35]
Z142.63Ti12.37CUs1 25Ni10B€3 75 89.0 0.589 0.424 5.0 [4]

Zr 4, Ti1,Cu,oNi o Bess 114.0 0.518 0.404 12.5 [4]

2 4538 Ti9.62CUg 75Ni10B €26 25 117.0 0.503 0.397 17.5[4]

Zr 4605 Tig25CU7 sNi0BEs7 5 105.0 0.525 0.402 28.0 [4]

LassAlgNisg 64.3 0.521 0.388 67.5 [36,37] 3.0 [39]
LagsAlsNi sCus 67.6 0.526 0.394 34.5 [36]

LassAlgNi;oCuyg 79.8 0.560 0.420 22.5 [36] 5.0 [38]
LagsAlLsNisCuys 60.9 0.523 0.389 35.9 [36]

LassAlsClyg 38.9 0.509 0.366 72.3 [36] 3.0 [39]
LagsAlsNisCu,oCos 76.6 0.566 0.421 18.8 [36] 9.0 [38]
LagsAl14ClUyg 54.0 0.540 0.399 37.5[18] 2.0 [18]
Pd;oCugzoNi10Psg 78.9 0.690 0.464 0.1 [39] 72.0 [39]
Pdg; sCU,Si 65 37.0 0.577 0.387 2.0 [40,41]
Pd;o sCU,Sii65 40.0 0.585 0.392 500.0 [42] 0.75 [43]
Pd., sCUsSi 65 41.0 0.602 0.400 100.0 [43] 1.5 [44]
Pd,,CusSi;; 44.0 0.569 0.388 125.0 [45] 2.0 [40,41]
Pd.; sCu;0Si165 40.0 0.568 0.385 2.0 [40,41]
Pd,, sCu;»Si165 28.0 0.565 0.377 2.0 [40,41]
PdoNi 40P20 63.0 0.585 0.409 0.167 [31] 25.0 [42]
NdgoAl15Ni10Cu o Fes 45.0 0.552 0.393 5.0 [46]
Ndg;Al11NigCosCu,s 24.0 0.598 0.394 6.0 [46]
CugoZrsoTin 50.0 0.619 0.409 4.0 [5]
Cus,Zr; TigBeyg 42.0 0.637 0.412 5.0 [19]
TigzZr;CuysNig 28.8 0.597 0.389 100 [35] 4.5 [35,47]
TigoNi,Cu,0B,Si,Sn, 74.0 0.554 0.393 1.0 [20]

able to judge the dangerous temperature interval

T,—T, for all systems. Secondly, T, theory arises
from the requirement that viscosity must be large
at temperatures between T, and T, [50]. Generally,

the viscosity of glasses at T, is 10" Pas; the higher
the ratio T,5, the more viscous the melt becomes
before it is ever undercooled and the more difficult
crystallization becomes, thus enhancing GFA. Y et
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Summary of AT (Tx—Tg), Trg (Tg/T), ¥ [T/ (Tg + T)] and critical cooling rate R. for some typical non-BMGs

Alloy T— T, T/T, T /(T + T) R. (K/s) [Ref.]
Ni - 0.246 0.198 3.00x10%° [21]
Fey,Bo - 0.369 0.269 2.60x107 [21]
PosSis - 0.383 0.277 5.00x107 [22]
Pd,sSi s - 0.488 0.328 1.00x10° [22]
ZresBess - 0.503 0.335 1.00x107 [15]
TigBes, - 0.497 0.332 6.30x10° [15]
PUg,Si1s - 0.605 0.377 1.80x10° [21]
Mg,NigNds 7.8 0.484 0.332 4.90x10* [26]
MgooNisNds 22.8 0.464 0.334 5.30x10* [26]
Auz7Si54Gesg - 0.466 0.318 3.00x10° [43]
10" 100
. \ log, R =21.71-50.90y ]
\© \ R’=0.91
9 N A N
- \ .
10 N : E
v .
E,\ : BMGs N“u 104
) 6 0 @ ]
5 10 X £
£ o ]
¥ ' :
2 10 o g
5] \ 5]
E RN & 14
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Fig. 1. The correlation between the newly defined parameter
yand critical cooling rate R, for representative metallic glasses.

the temperature variation of viscosity is different
from system to system, depending on the classi-
fication (fragility concept) as defined by Angell
[51,52]. T, aone does not give any information
about the temperature-viscosity relationship and
hence the crystalization tendency. Therefore,
T,/ T, theory might not hold for some systems.
Fig. 4 shows the relationship between AT, and
GFA for bulk BMGs. AT, values for some alloys
even exceed 100 K, implying those glasses are
rather stable upon reheating. As a whole, GFA

Fig. 2. Critical section thickness Z. as a function of the new
parameter y for typical bulk metallic glasses.

nevertheless shows very weak dependence on
AT,,, particularly critical section thickness Z; as
plotted in Fig. 4(b). Apparently, AT,y (T,—T,) isa
quantitative measure of glass stability which is
defined as the resistance of glasses towards devitri-
fication upon reheating above T, However, GFA
is specified as the ease by which melts can be
cooled to form amorphous alloys without any crys-
tal formation. It is well known that GFA and glass
therma stability are related but independent
properties. Weinberg [53] demonstrated theoreti-
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Fig. 3. Critica cooling rate (a) and critical section thickness
(b) as afunction of Ty/T, for metallic glasses.

cally that an increasing GFA is not aways
accompanied by enhanced stability as measured by
adifference T,— T, of the same magnitude. There-
fore, GFA and thermal stability are akin concepts
but they can be different for some systems. It is
more likely that T,—T, is just a reflection, or a
corollary, rather than a cause of GFA. As such, it
is inappropriate to utilize AT, alone as a gauge of
GFA for BMGs.

4.3. Application of yin bulk glass formation of
Pd-Ni—Fe-P system

Shen et al. [7] have investigated the effect of the
addition of Fe on GFA in the bulk Pd—Ni—P aloy

(a)
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Fig. 4. The correlation between AT, (T,—T,) and critical coo-
ling rate (a) as well as critical section thickness (b) for some
bulk metallic glasses.

system. The addition of Feis supposed to improve
GFA in this system according to the empirical rules
framed by Inoue et a. [54] and Johnson [55]:

1. Iron has very low heats of mixing with both Pd
and Ni,

2. The molar volumes of Fe and Ni differ by 7.7%,

3. The addition of Fe will increase the complexity
of the alloy system.

However, the authors found that the ternary
Pd,oNioPs0 (X = 0) glass is easiest to form among
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al aloys. The maximum size for amorphous
Pd,oNioPs dloy isaround 1 in. but al quaternary
aloys can only form 7 mm glassy rods. In fact,
the addition of Fe demoted the GFA in this system.

It was also found that this phenomenon cannot
be interpreted by applying T,/T, theory, although
AT,q4 coincidentally correlates well with the GFA
in this alloy system. Table 5 tabulates the charac-
teristic temperatures Ty, T, and T, as well as T
values for bulk Pd,Nie_FelPs, (20=x=0) aloys
from Ref. [7]. As is seen, the ratio of T,/T, shows
a maximum at about 7.5 at% Fe. This observation
aone would suggest that this composition should
have the highest GFA among these alloys. How-
ever, it contradicts the fact that the ternary aloy
containing no Fe has the highest GFA.

In addition, according to the so-called ‘con-
fusion principle’ [56], a large number of solutes
help improve GFA since it is harder for the con-
centrations of all elements to simultaneously
satisfy the composition requirements of crystalline
nuclei. The crystalline process will require severe
solute partitioning and long-range diffusion. Thus,
the addition of the fourth element iron into the
Pd,oNiPso aloy should facilitate glass formation.
Therefore, the ‘confusion principle’ has difficulties
in clarifying the effect of Fe additions in the Fe—
Ni—P system as well.

Nevertheless, the new parameter y that was cal-
culated in Table 5 can solve this theory paradox
and effectively gauge GFA among these alloys. As
shown, the Pd,Nis P, aloy has the highest y
value of 0.429 among all aloys, which is compat-

ible with its largest Z.. The addition of iron to the
Pd—Ni—P system only resulted in a decrease in y
value for al quaternary alloys, suggesting that iron
is detrimental to GFA in this system. This agrees
with the experimental results described previously.

5. Conclusions

A new parameter v, defined as T,/(Ty + T,), for
judging GFA among metallic glasses has been pro-
posed from the perspectives of both amorphization
and devitrification processes. Regardless of alloy
system, the relationship between y and the critical
cooling rate R. as well as critical section thickness
Z. has been formulated as follows:

R. = 5.1 x 10?*exp(—117.19y)
and
Z. = 2.80 x 10~ "exp(41.70y).

Note that these two equations can be utilized to
estimate R, and Z. when yis measured readily from
DSC/DTA measurements. Also, it was found that
AT,y aone cannot effectively reflect the relative
GFA for metalic glasses. Although the GFA of
metallic glasses is somehow dependent on T,
parameter y showed a stronger correlation with
GFA than T,,. This was confirmed by a higher R?
value and a narrower prediction band for the
¥—(R., Z,) relation than those of T,,—(R;, Z). The
newly defined gauge y has been successfully

Table 5

The characteristic temperatures Ty, T, T, and calculated T,y as well as y values for bulk amorphous FesNis-FeP, (0=x=20)
aloys [7]

Fe content, x (at%) T, (K) T, (K) T, (K) T Y

0.0 572 675 1001 0.571 0.429
20 593 669 1013 0.585 0.417
5.0 614 671 1024 0.600 0.410
75 618 676 1020 0.606 0.413
10.0 611 686 1016 0.601 0.422
125 607 689 1022 0.594 0.423
15.0 602 672 1033 0.583 0.411
175 600 664 1039 0.577 0.405
20.0 600 653 1056 0.568 0.394
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applied to glass formation in the bulk Fe-Nd-P
aloy system.
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