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In recent years, there have been increasing interests
in developing bulk metallic glasses (BMG) with great
glass-forming ability (GFA) owing to the unique prop-
erties different from that of conventional materials and
the potential engineering applications [1–3]. GFA, an
important factor related to the ease of transition and a
foundation for designing new BMGs, can be evaluated
by means of the critical cooling rate (Rc), which is the
minimum cooling rate to maintain the melt amorphous
without precipitation of crystals during solidification
[4, 5]. In other words, Rc is the cooling rate bypassing
the nose of the continuous-cooling-transition (CCT)
or time-temperature-transition (TTT) curve. Lower Rc

always corresponds to higher GFA [6].
However, it is very difficult to measure the actual

cooling rate precisely due to some uncertain factors,
such as temperature variations, heterogeneous nucle-
ation, etc. [7, 8]. Therefore, a great deal of effort has
been focused on the researching for a reliable indicator.
As a result, some parameters have been suggested to
reflect the GFA of bulk amorphous alloys [9–12]. For
example, the temperature interval of the supercooled
liquid region �Txg, the reduced glass transition tem-
perature Trg, the stability parameter S and parameters
Kgl and γ have been suggested to evaluate the glass-
forming ability of bulk amorphous alloys. �Txg( = Tx

− Tg) is the temperature difference between the onset
crystallization temperature Tx and the glass transition
temperature Tg [9]. Trg( = Tg/Tl) is the ratio of Tg to the
liquidus temperature Tl [10]. The stability parameter S(
= (Tp − Tx)(Tx − Tg)/Tg) reported by Saad and Poulain
[11] is the ratio of (Tp − Tx)(Tx − Tg) to Tg, where Tp

is the crystallization peak temperature. This parameter
reflects the combined effect of the difference between
Tp and Tx, as well as the position of glass transition
and crystallization exotherm. Kgl( = (Tx − Tg)/(Tm −
Tx)), proposed by Hruby [12] based on the concept that
the thermal stability of a glass on subsequent reheat-
ing is directly proportional to the ease of its formation,
is the ratio of Tx − Tg to Tm − Tx, where Tm is the
melting point. Lu et al. [13] suggested the parameter
γ ( = Tx/(Tg+Tl), the ratio of Tx to Tg+Tl), as a crite-
rion for BMGs. This indicator was proposed based on
the consideration of crystallization process in course of
cooling and heating of the supercooled liquid.

It has been confirmed that several criterions show un-
obvious correlations with the GFA for BMGs or strong
dependence only appears in certain BMG system. For
example, the unclear relationship of �Txg with GFA has

been confirmed in Zr-Ti-Cu-Ni-Be alloys by Waniuk et
al. [14]. This research evaluates the reliability of three
extensively employed indicators, the temperature inter-
val of the supercooled liquid region �Txg, the reduced
glass transition temperature Trg and the parameter γ , by
comparing the regressive results corresponding to the
critical cooling rate Rc or the critical section thickness
Zc for several BMG systems including Zr-, La-, Mg-,
Pd- and Ti-based alloys.

Table I lists Tg, Tx, and Tl for Zr-[2,3,15], La-
[2,3,16], Mg-[2,3], Pd-[2,3,17] and Ti-based [18, 19]
bulk amorphous alloys. All of the data for Zr-, La-,
Mg-, and Pd-based were obtained by differential scan-
ning calorimetry (DSC) and differential thermal anal-
ysis (DTA) at a heating rate of 0.333 K/s and that for
Ti-based alloys were measured by DSC at a heating rate
of 0.667 K/s and DTA at a heating rate of 0.333 K/s [18,
19]. Same heating rate for measurements is emphasized
due to the strong dependence of these characteristic pa-
rameters on it.

GFA can be evaluated by means of the critical cool-
ing rate Rc, but Rc for a melt is very difficult to mea-
sure. The critical cooling rates for recently developed
Zr-, La-, Mg- and Pd-based BMGs are utilized as a
reflection of GFA based on corresponding references.
Sometimes, the critical section thickness Zc is also re-
garded as the embodiment of GFA, but this parameter
usually shows less reliable than the critical cooling rate
because it is very sensitive to different manufacturing
techniques, such as water quenching, suction casting,
high-pressure die casting, etc. Here, Zc working as a re-
flection of GFA for Ti-based BMGs contributes to three
aspects: (1) All of the Ti-based BMGs are prepared by
arc melting high purity pre-mixed alloys, followed by
ejecting into a Cu metallic mold. (2) The parameters
associated with glass transition and crystallization for
these injection-cast alloys are measured by DSC at a
heating rate of 0.667 K/s and DTA at a heating rate of
0.333 K/s. (3) The critical cooling rate for these alloys
cannot be concluded based on present researches.

In addition, the values of three criterions, �Txg, Trg

and γ , have been calculated referring to above data and
are also summarized in Table I.

To reveal the relationship between indicators and the
critical cooling rate Rc or the critical section thick-
ness Zc, the regression line for each alloy system is
established respectively according to the data listed in
Table I. The regression line is expressed as a func-
tion of log10Zc or log10Rc with the criterion and the
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T AB L E I The glass transition temperature Tg, crystallization temperature Tx, liquidus temperature Tl, as well as the GFA criterions �Txg, Trg

and γ .

Tg (K) Tx (K) Tl (K) �Txg (K) Trg γ Rc(K/s)

Zr66Al8Ni26 672 707.6 1251 35.6 0.5372 0.3680 66.6 [20]
Zr66Al8Cu7Ni19 662.3 720.7 1200.8 58.4 0.5515 0.3868 22.7 [20]
Zr66Al8Cu12Ni14 655.1 732.5 1172.1 77.4 0.5589 0.4009 9.8 [20]
Zr66Al9Cu16Ni9 657.2 736.7 1170.6 79.5 0.5614 0.4031 4.1 [20]
Zr57Ti5Al10Cu20Ni8 676.7 720 1145.2 43.3 0.5909 0.3952 10 [21]
Zr38.5Ti16.5Ni9.75Cu15.25Be20 630 678 1003 48 0.6281 0.4152 1.4 [15]
Zr39.88Ti15.12Ni9.98Cu13.77Be21.25 629 686 1006 57 0.6252 0.4196 1.4 [15]
Zr44Ti11Cu10Ni10Be25 625 739 1206 114 0.5182 0.4036 12.5 [15]
Zr45.38Ti9.62Cu8.75Ni10Be26.25 623 740 1239 117 0.5028 0.3974 17.5 [15]
La55Al25Ni20 490.8 555.1 941.3 64.3 0.5214 0.3876 67.5 [22]
La55Al25Ni15Cu5 473.6 541.2 899.6 67.6 0.5265 0.3941 34.5 [22]
La55Al25Ni10Cu10 467.4 547.2 835 79.8 0.5598 0.4201 22.5 [22]
La55Al25Ni5Cu15 459.1 520 878.1 60.9 0.5228 0.3889 35.9 [22]
La55Al25Cu20 455.9 494.8 896.1 38.9 0.5088 0.3660 72.3 [22]
La55Al25Cu10Ni5Co5 465.2 541.8 822.5 76.6 0.5656 0.4208 18.8 [22]
La66Al14Cu20 395 449 731 54 0.5404 0.3988 37.5 [16]
Mg80Ni10Nd10 454.2 470.5 878 16.3 0.5173 0.3532 1251.4 [23]
Mg75Ni15Nd10 450 470.4 789.8 20.4 0.5698 0.3794 46.1 [23]
Mg70Ni15Nd15 467.1 489.4 844.3 22.3 0.5532 0.3732 178.2 [23]
Mg65Ni20Nd15 459.3 501.4 804.9 42.1 0.5706 0.3966 30 [24]
Mg65Cu25Y10 424.5 479.4 770.9 54.9 0.5507 0.4010 50 [25]
Pd40Cu30Ni10P20 576.9 655.8 836 78.9 0.6901 0.4642 0.1 [26]
Pd79.5Cu4Si16.5 635 675 1086 40 0.5847 0.3922 500 [27]
Pd77.5Cu6Si16.5 637 678 1058.1 41 0.6020 0.4000 100 [28]
Pd77Cu6Si17 642.4 686.4 1128.4 44 0.5693 0.3876 125 [29]
Pd40Ni40P20 590 671 991 81 0.5954 0.4244 0.167 [30]
Ti50Ni15Cu32Sn3 686 759 1283 73 0.57 0.4023 1 [19]a

Ti50Ni15Cu25Sn3Be7 688 733 1207 45 0.61 0.4021 2 [18]a

Ti40Zr25Ni8cu9Be18 621 668 1009 47 0.66 0.4313 8 [19]a

Ti49Ni15Cu25Sn3Be7Zr1 685 733 1207 48 0.61 0.4015 2 [18]a

Ti47Ni15Cu25Sn3Be7Zr3 687 741 1160 54 0.64 0.4213 3 [18]a

Ti45Ni15Cu25Sn3Be7Zr5 685 741 1142 56 0.65 0.4219 5 [18]a

Ti43Ni15Cu25Sn3Be7Zr7 689 743 1142 54 0.65 0.4227 4 [18]a

The parameters for Zr-, La-, Mg- and Pd-based alloys were obtained by DSC and DTA at a heating rate of 0.333 K/s and those for Ti-based alloys
were measured by DSC at a heating rate of 0.667 K/s and DTA at a heating rate of 0.333 K/s.
aCritical section thickness Zc (mm) from the Ti-based BMGs fabricated by arc melting/copper mold injection casting

Figure 1 The correlations between the criterions �Txg, Trg and γ versus the critical cooling rate Rc for Zr-based
BMGs; 1-Zr66Al8Ni26; 2-Zr66Al8Cu7Ni19; 3-Zr66Al8Cu12Ni14; 4-Zr66Al9Cu16Ni9; 5-Zr57Ti5Al10Cu20Ni8; 6-Zr38.5Ti16.5Ni9.75Cu15.25Be20; 7-
Zr39.88Ti15.12Ni9.98Cu13.77Be21.25; 8-Zr44Ti11Cu10Ni10Be25; 9-Zr45.38Ti9.62Cu8.75Ni10Be26.25.

reliability of the fit is evaluated by the statistical cor-
relation parameter R2. R2 is a parameter in the range
of 0–1 and can be obtained by using a regression pro-
gram. Higher R2 indicates higher reliability of the fit. In
addition, the predicted error band, a narrower interval
implying lower scatter of the data and a more reliable
correlation between the parameters, is shown as two

dashed lines in each figure at a fixed confidence level
of 95%.

Fig. 1 shows the correlations between three criteri-
ons and the critical cooling rate Rc for Zr-based BMGs.
Among them, the parameter γ shows a high R2 of 0.87
and a narrow predicted error band, which indicates
that there is a strong correlation between Rc and the



Figure 2 Regressive results based on the relationships between the criterions �Txg, Trg and γ and the critical cooling rate Rc for La-based BMGs;

1-La55Al25Ni20; 2-La55Al25Ni15Cu5; 3-La55Al25Ni10Cu10; 4-La55Al25Ni5Cu15; 5-La55Al25Cu20; 6-La55Al25Cu10Ni5Co5; 7-La66Al14Cu20.

Figure 3 The correlations between the criterions �Txg, Trg and γ versus the critical cooling rate Rc for Mg-based BMGs; 1-Mg80Ni10Nd10;
2-Mg75Ni15Nd10; 3-Mg70Ni15Nd15; 4-Mg65Ni20Nd15; 5-Mg65Cu25Y10.

Figure 4 Regressive results based on the relationships between the criterions �Txg, Trg and γ and the critical cooling rate Rc for Pd-based BMGs;

1-Pd40Cu30Ni10P20; 2-Pd79.5Cu4Si16.5; 3-Pd77.5Cu6Si16.5; 4-Pd77Cu6Si17; 5-Pd40Ni40P20.

parameter γ for Zr-based BMGs. Therefore, γ shows
the highest reliability for selected Zr-based alloys. Fur-
thermore, the indicator �Txg exhibits a very low R2 of
0.05 and a wide predicted error band, which is charac-
terized in the scattered date. It indicates that no obvious
correlation between �Txg and Rc, hence the lowest re-
liability of �Txg for chosen Zr-based alloys. Trg shows
a moderate R2 of 0.62. So, the reliability of these in-

dicators for Zr-based BMGs listed in Table I can be
summarized as: �Txg<<Trg<γ .

For La-based BMGs, as shown in Fig. 2, �Txg shows
the lowest R2 of 0.63, while R2 values for Trg and γ are
0.82 and 0.85, respectively, which implies that both
Trg and γ have nearly equal reliabilities for La-based
system. Accordingly, following relationship can be sat-
isfied: �Txg<Trgγ . Also, similar rule can be concluded



Figure 5 Regressive results based on the relationships between the criterions �Txg, Trg and γ and the critical section thickness Zc for
Td-based BMGs; 1-Ti50Ni15Cu32Sn3; 2-Ti50Ni15Cu25Sn3Be7; 3-Ti40Zr25Ni8Cu9Be18; 4-Ti49Ni15Cu25Sn3Be7Zr1; 5-Ti47Ni15Cu25Sn3Be7Zr3; 6-
Ti45Ni15Cu25Sn3Be7Zr5; 7-Ti43Ni15Cu25Sn3Be7Zr7.

for Mg-based alloys, as shown in Fig. 3, in which the
values of R2 are 0.40, 0.87 and 0.83 for �Txg, Trg and
γ , respectively.

The regression for Pd-based BMGs demonstrates a
high R2 value of 0.98 for �Txg, while a considerably
low one of 0.48 for Trg, which is entirely different
from the trends for Zr-, La- and Mg-based systems. In
addition, a moderate R2 value of 0.81 for the parameter
γ , as shown in Fig. 4. The reliability of these criterions
for Pd-based BMGs can be expressed as: Trg<γ<�Txg.

Fig. 5 shows the correlations between selected three
criterions and the critical section thickness Zc for Ti-
based BMGs. Here, Zc instead of the critical cooling
rate Rc is considered as the reflection of GFA due to
the lack of data related to Rc. Among them, the param-
eter Trg shows the highest R2 of 0.93, hence a strong
correlation between Zc and the criterion for Ti-based
BMGs. The indicator �Txg exhibits a very low R2 of
0.20 and a wide predicted error band, which indicates
that no obvious correlation between �Txg and Zc for
chosen Ti-based alloys. Indicator γ shows a moder-
ate R2 of 0.86 that is a little lower than that of Trg.

Figure 6 The statistical correlation parameter R2 showing as a function
of bulk amorphous alloys including Zr-, La-, Mg-, Pd- and Ti-based
systems.

Therefore, following expression can be concluded for
Ti-based BMGs: �Txg<<γ<Trg. In addition, it can be
seen that the correlation of the indicators with Zc for Ti-
based BMGs is quite similar to that with Rc for above
systems except for Pd-based alloys.

According to the results calculated above, the statis-
tical correlation parameter R2 is shown as a function
of BMGs including Zr-, La-, Mg-, Pd- and Ti-based
systems, referring to Fig. 6. The temperature interval
�Txg shows weak correlations with all alloy systems
except Pd-based BMGs. It is known that GFA repre-
sents the ease that melts are cooled to form amorphous
alloys without any crystallization [6]. Generally, a large
�Txg value implies that the supercooled liquid can ex-
ist in a wide temperature range without crystallization
and has a high resistance to the nucleation and growth
of crystalline phases, leading to good GFA. However,
�Txg is a parameter for the estimation of glass stability
which is defined as the resistance of glasses towards
devitrification upon reheating above the glass transi-
tion temperature Tg. In fact, an increasing GFA does
not always lead to an enhanced stability. Hence it is
inappropriate to utilize �Txg as a criterion of GFA. For
chosen Ti-based BMGs, the relationship between �Txg

and Zc actually shows a contrary tendency compared
with the theoretical analysis.

The criterion Trg is proposed on the basis of ki-
netic reasons related to the cooling process without
any crystallization, which is on the assumption that the
liquidus temperature Tl decreases obviously with the
alloy composition, while the glass transition temper-
ature Tg is less dependent. As a result, Trg increases
with the increase in alloying concentration, thus an in-
creasing GFA. This is more suitable for binary systems
instead of multicomponent systems owing to the great
variations in Tg and Tl. In addition, high viscosity of
glasses in the range of temperatures Tg and Tl is essen-
tial condition for an increasing GFA, but the constant
viscosity of 1012 Pa s at Tg combined with the differ-
ent variation of temperature with viscosity for different
systems makes Tl reflect GFA alone, thus leads to large
error for some multicomponent systems. The analysis
above interprets that Trg shows low R2 of 0.62 and 0.48



for Zr- and Pd-based systems, respectively, while a high
value of 0.93 for Ti-based BMGs.

The parameter γ has been proposed as a criterion
to reflect GFA based on the consideration of crystal-
lization processes in course of cooling and reheating
of the supercooled liquid. From this point of view,
two factors, the stability of liquid phase and the resis-
tance to crystallization, should be considered for GFA.
GFA is proportional to the factor Tx/Tg on the basis
of the glass stability upon the reheating process of a
glass. On the other hand, the critical cooling rate Rc be-
comes lower with an larger Tx/Tl, which increases with
increasing viscosity of the supercooled liquid, fusion
entropy, activation energy of viscous flow and with de-
creasing liquid temperature Tl [13]. A series of strong
correlations of this parameter with the critical cool-
ing rate Rc have been confirmed for typical metallic
glasses (bulk metallic glasses and conventional amor-
phous alloys) [13], some glassy oxides [31], as well as
some cryo-protective aqueous solutions [31]. For these
regressions, the values of the statistical correlation pa-
rameter R2 are 0.9, 0.8 and 0.9, respectively. In addition,
a linear relationship has been observed between γ and
Rc for conventional amorphous alloys and BMGs and
is expressed in an approximation formula [13]:

Rc = 5.1 × 1021exp(−117.19γ ) (1)

The equation can be utilized to estimate Rc when
γ has been obtained from DSC/DTA measurements,
which is significant for the evaluation of GFA for new
developed BMGs. Also, several equations that indicate
the relationship between Rc and γ have been obtained
for selected BMG systems. Although none of the R2

values is higher than that from Ref. [13], the new pa-
rameter shows the best reliability among the three in-
dicators. High R2 value of 0.91 obtained by Lu et al.
is based on the consideration of metal glasses includ-
ing conventional amorphous alloys and BMGs. Gen-
erally, non-BMGs show higher Rc value than BMGs
and a larger difference in Rc value results in a higher R2

value, such as the maximum Rc values of 3.0 × 1010 K/s
for pure Ni among selected conventional alloys and
1251.4 K/s for Mg80Ni10Nd10 BMG [13]. In this re-
search, the maximum difference is around 1220 K/s
between Mg80Ni10Nd10 and Mg65Ni25Nd10, thus cor-
responds to a lower R2 value.

The three criterions were proposed based on dif-
ferent considerations regarding the GFA of glasses.
Present researches sufficiently demonstrate that �Txg

is a quantitative measure or a reflection of glass stability
instead of a cause of GFA due to the weak dependence
of Rc or Zc on it. Regressive result of the criterion Trg

with Rc for chosen metallic glasses indicates that Rc is
somewhat dependent on Trg with a R2 value of 0.74.
It is clear that γ has a better correlation with Rc than
Trg. Similar trend can also be found for Zc, which is
characterized in a R2 value of 0.57 for γ−Zc and 0.32
for Trg−Zc. Although γ shows the highest reliability
for all metallic glasses, it doesn’t mean a high one for
certain system. This research has confirmed the well
correlations of the new indicator with chosen systems.

For all systems, the parameter γ correlates well with
Zc or Rc owing to an average R2 value higher than 0.8,
even though none of them is higher than 0.9. Therefore,
it can be concluded that the criterion γ is preferred to
be a universal criterion of GFA for glasses.

By comparing the regressive results of three crite-
rions, �Txg, Trg and γ , with Rc for Zr-, La-, Mg- and
Pd-based BMGs and Zc for Ti-based alloys, the parame-
ter γ correlates best with all selected systems evaluated
by an average value of statistical correlation parameter
R2 higher than 0.8, which indicates that γ is the most
reliable criterion for BMGs.
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