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Abstract: According to the Gibbs free energy difference between liquid and crystal, a thermodynamic glass-forming ability(GFA)
parameter related to characteristic temperatures, onset crystallization temperature(7y) and liquidus temperature(7}), was proposed for
evaluating the GFA of bulk metallic glasses(BMGs). The new parameter defined as w=T\(T+7,)/(Tx(Ti—Ty)) has good correlation
with the critical section thickness(Z,) of Ca-Mg-Cu BMGs. Being verified by the glasses data, including oxide glasses, which were
used to validate the former GFA parameters, o is one of the most reliable and applicable GFA parameters among T,, (=T,/T),
yET/T1+Ty)), a (=TW/Th), 6 (=T /(T—T,), and so on. Finally, predicting GFA of Cu-Ag-Zr-Ti and Cu-Zr-Ti-Al BMGs using o was

compared with the experimental results.
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1 Introduction

Whether the vitrification of an alloy is easy or
difficult, glass-forming ability(GFA) is vital to develop
new bulk metallic glasses(BMGs). Scientific efforts for
quantification of GFA have been started when the first
Au-Si metallic glass was reported[1]. TURNBULLJ[2]
identified reduced glass transition temperature(7y),
which is the ratio of glass transition temperature(7}) to
liquidus temperature(7;), as a GFA gauge. INOUE et al
[3] proposed the supercooled liquid region AT, (=TT,
where Ty is the onset crystallization temperature of the
glass) to measure GFA. Since 2002, LU and LIU[4-6]
have published a serial of papers to show the strongest
correlation of the GFA parameter y (=1./(Ti+7,)) with the
GFA of various glass formers among the parameters
suggested so far. Therefore, y has been frequently used to
predict the GFA of alloys today.

However, the predominant situation of y is
challenged in recent two years by other GFA indicators,
a=TJTT], SETATTYI8L, ¢ (T(ATI/TY" )],
Tw(=T/Ts, where Ty 1is onset temperature of
solidification)[10], and so on. Origins of those GFA
parameters mentioned above obtained from time —

temperature—transformation(TTT) diagram analysis[5,
7-10] or kinetics analysis, such as viscosity[11],
fragility[9] and homogenous nucleation and growth[4, 8].
Lately, LU et al[1] restated that y was still the best GFA
indicator in terms of reliability and applicability.

In this work, based on thermodynamic analysis,
mainly Gibbs free energy difference between liquid and
crystal, a new GFA parameter was proposed and the new
glass criterion was validated with lots of experimental
data to assess the GFA of BMGs.

2 Origins of new parameter

Gibbs free energy difference(AG—) between liquid
and crystal means the driving force of crystallization. In
a supercooled alloying liquid, the less AGy; means the
more stable and the better GFA of the liquid. Thus, AG
plays an important role in appraising the GFA of BMGs
and the GFA parameter maybe has a solid
interrelationship with AG). In this way, a new GFA
indicator was developed by this approach.

Scientific efforts for AG,s estimation of the super-
cooled alloying liquid have started for a long time and
many approximate expressions of AG—; have been derived
[12—14]. The expression developed by THOMPSON and
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SPAEPENTJ12] is one of the most important and reliable:

_2AH T(T, ~T)

AGL = T.(T, +T) M

where T}, is the melting temperature; AH,, is the enthalpy
of fusion; and 7 is the temperature of the supercooled
liquid.

As discussed above, GFA of metallic glasses is
associated with AG So, their relationship can be
expressed as follows:

1 I.(T,+T)

GFA o< o<
AG,, AH_T(T, -T)

)

At slower cooling rates, the glass freezes at lower
temperature. But the glass produced at higher cooling
rates undergoes structural relaxation readily at lower
temperature[15]. So, T, detected from DSC (differential
scanning calorimetry) is different from the actual
freezing temperature of an metallic glass. But the
expression of AGy is derived from continuous cooling
process. Therefore, it is not surprising that the GFA
parameter directly using Eq.(2) has no good correlation
with GFA.

For glass transition of an alloying system, two
equilibrium states, amorphous and liquid states, should
be emphasized. From the viewpoint of heating process,
the glass is still in amorphous state before system
temperature exceeds 7T and the alloying system is not in
a real liquid state before it reaches 7;. That is to say, T
and 7) are thermal stability gauges of the glass and the
liquid, respectively[7]. Thus, 7} but T}, characterizes the
temperature of a liquid state and Ty but 7, characterizes
the temperature of an amorphous state. Therefore, T and
Tm in Eq.(2) are substituted by Ty and T, respectively,
meaning that GFA is in inverse proportion to the Gibbs
free energy difference of the alloying system from 7} to
Tx. So, the following expression can be obtained from

Eq.(2):
I LhT+T)
AH, T(h-Ty)

GFA o< 3)

m

If there is no inner relationship between AH,,, and T;
(or Ty), the above expression can be simplified as
Lth+T)
L(T-T))

GFAe< “4)

Hence, the new parameter o for inferring the
relative GFA among BMGs is defined as

@G+ T)

T T, ©)

To reveal the validity of w as a GFA parameter,

Eq.(5) is deduced as:

B U S W (R (s N 1 VN
L(h-T) T-T, T, TL/T-1\T,

X

(6)

Compared with Tj, the difference between 7y and 7,
is very little, usually less than 5% T for the characteristic
temperatures of BMGs. Therefore, the GFA parameters,
TI=Ty/T\[2], y=T/(T¢+Th)[4—6] and a=T,/T1[7] are close,
respectively, to T/T,, T/(Tx+T)) and T/T;. All the GFA
parameters, T, y and a can be treated as functions of
T/T\. On the other hand, Eq.(6) indicates that w is also
the function of T7,/7). And the positive correlation
between w and « is illustrated in Fig.1. So, @ not only
has the accordant trends of GFA description with a, but
also expands the difference of values between descriptive
parameters. And it may be more effective than other GFA
parameters.
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Fig.1 Function relationship between GFA parameters w and o
3 Results and discussion

3.1 Correlation between new parameters and GFA
The most direct GFA indicator is the critical cooling
rate(R;) and the critical section thickness(Z).
Unfortunately, it is very difficult to measure R,
experimentally and Z is rough. Table 1 shows the glass
transition  temperature(7,), onset  crystallization
temperature(7y), liquidus temperature(7})) and Z, of
Ca-Mg-Cu BMGs. The data in Table 1 were obtained
from Ref.[16]. And the calculated GFA indicators (y and
w) are also listed in Table 1. The relationships between w,
y and Z. are shown in Fig.2. In order to reveal how
closely the GFA indicators ( y and w) correspond to the
actual experimental data of Z, the statistical correlation
parameter, R%, was also computed. The higher the R?, the
more reliable the GFA parameter. As shown in Fig.2, R’



JI Xiu-lin, et al/Trans. Nonferrous Met. Soc. China 19(2009) 1271-1279 1273
Table 1 7, Ty, T}, T, Z., AH,, and calculated y and w for Ca-Mg-Cu BMGs

Alloy T/K T/K T/K Tw/K ZJ/mm  AHJ/(Jg ") y w
CayoMgsoCus 395 430 694 647 0.5 91 0.395 6.872
CayoMgsCuss 399 436 680 650 4.0 89 0.404 7.133
CaysMgsoCuss 401 436 717 627 1.0 94 0.390 6.748
CaysMgssCus 400 438 678 627 6.0 132 0.406 7.198
CaysMg;oCusg 399 428 714 649 0.5 106 0.385 6.661
Cau7.sMgys sCusg 399 440 673 625 6.0 154 0.410 7.306
CasoMgsoCuz 402 439 731 627 2.0 104 0.387 6.672
CasoMgsCuss 400 439 655 627 9.0 129 0.416 7.557
CasoMgs» sCuay s 400 442 663 627 10.0 150 0.416 7.500
CasoMgsoCus 401 442 690 628 8.0 139 0.405 7.126
CassMg);Cuny 406 439 655 627 7.0 134 0.414 7.557
CassMgssCus 398 428 668 627 8.0 125 0.402 7.127
CassMgaCuas 399 426 720 628 2.0 106 0.381 6.588
CassMg;sCus 397 437 706 626 3.0 137 0.396 6.865
CassMg;oCuss 397 422 770 629 0.5 98 0.362 6.250
CassMg;5Cuay 388 426 667 628 6.0 119 0.404 7.101
CagoMgysCus 390 416 676 628 2.0 102 0.390 6.825
CagoMgsoCuz 387 412 678 629 4.0 105 0.387 6.743
CagoMg;sCuss 396 428 687 627 1.0 99 0.395 6.910
CagoMg;3Cuy; 394 426 701 628 1.0 98 0.389 6.744
CagsMgssCuyg 405 429 691 637 0.5 96 0.391 6.886
CagsMgyoCus 386 405 679 636 2.0 101 0.380 6.633
CagsMg;sCux 383 409 682 630 4.0 115 0.384 6.664
CagsMg;oCuss 388 420 711 630 2.0 114 0.382 6.579
CagsMgsCuso 403 424 757 630 0.5 89 0.366 6.332
CazoMgsoCuyg 356 385 702 659 0.5 87 0.364 6.252
CazoMg;oCuz 385 407 713 670 1.0 107 0.371 6.412

10k @ R>=0.70 . 10k () R=0.64 .
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Fig.2 Correlation between Z, and w (a), y (b) for Ca-Mg-Cu BMGs

of w is 0.70, but the corresponding R* of y is 0.64, 3.2 Comparison of w and other GFA parameters
indicating the new GFA parameter w is more reliable To verify the reliability of the new GFA parameter
than y for Ca-Mg-Cu BMGs. and to compare it with others, more BMGs data with
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their characteristic temperatures (7,, Ty and 7j) and Z,
together with more calculated GFA parameters are listed
in Table 2. The data in Table 2 were obtained from Table 1
in Ref.[4] and Table 1 in Ref.[8], which are used to
interpret y and a. The relationships between GFA
indicators (T, ¥, a, J, ¢ and ®) and the actual
experimental data of Z, are shown in Fig.3. By
comparing R’ of every GFA indicator shown in
Figs.3(a)—(f), R* of w is obviously higher than others,
and the order of GFA indicators from the best to the
worst is , J, a, ¢, y and T,,. This result suggests the
is the best GFA parameter. The relationship between the
GFA and o for these BMGs can be expressed as

Z~=77.98+11.93w

(7
Besides Ty, y, a, 6 and ¢, other GFA parameters,
such as ATy, (ST THN(Ti—T)[17], ATy, Trex (=TT
(MT)[18] and Ky (T T)/(Tw=To))[19] are also
compared with w. R* of AT, e and AT calculated with
data in Table 2 are 0.27 and 0.13, respectively, which are
clearly lower than 0.53 of w. From the viewpoint of
emphasis on the two states, the relationships between
GFA and those GFA parameters which import other

characteristic temperatures beyond the amorphous and

JI Xiu-lin, et al/Trans. Nonferrous Met. Soc. China 19(2009) 1271-1279

the liquid state will be injured. For example, T,/7; is a
better representation of GFA than 7,/T,[20]. R* of T, rex
and K, calculated with data in Table 1 are 0.53 and 0.42,
respectively, which are obviously lower than 0.64 of y
and 0.70 of w. On the other hand, except a and w, all
other GFA parameters mentioned above need the
knowledge of T, or T,. However, T, is not usually
available for some glasses[7] and 7; needs to be
measured during cooling of liquid, which increases the
operational complexity. Based on above comparison, it
can be concluded that w is one of the most reliable and
applicable GFA parameters.

3.3 Comparison of @ in glasses including oxides

To verify the applicability of the new GFA
parameter, Ty, Ty, T and R, of some BMGs and oxide
glasses are listed in Table 3, together with the calculated
GFA parameters. The data of BMGs and oxide glasses in
Table 3 were obtained from Table 3 in Ref.[4] and
Table 2 in Ref.[6], respectively, which are applied to
interpreting y. According to the data in Table 3, six plots
of the critical cooling rate as the functions of the
parameters, Ty, ¥, @, J, ¢and w, respectively, are shown
in Fig.4. The statistical factor R* for these regressions are

Table 2 7, Ty, Tj, Z. and calculated T, y, a, 6, ¢ and w for reported BMGs

Alloy T/K  TJ/K VK ZJ/mm T, y a J ¢ w
MggoNijoNd; 4542 4705 878.0 0.6 0517 0353 0536 1110 0321  6.175
Mg;sNijsNd;g 4500 4704  789.8 2.8 0570 0379  0.596 1384 0366  6.625
Mg7NijsNd; s 467.1 4894 8443 L5 0553 0373  0.580 1297 0358  6.483
MggsNigNd; s 4593 5014 8049 3.5 0.571 0397  0.623 1451 0405  6.909
MggsCuasY 4245 4794 7709 7.0 0551 0401  0.622 1384 0411  6.897

ZresAly sCuyy sNijg 656.5 7356 11676 160 0562 0403  0.630 1439 0415  6.993
Zr5;TisAl;CuyNig 6767 7200 11452 100  0.591 0395  0.629 1537 0399 6977
Zry oTiisgCuppsNigBesn s 623.0 6720 9960 500  0.626 0415 0675  1.802 0435  7.630
LassAl,sNiy 490.8 5551 9413 3.0 0521 038 0590 1232 0390 6570
LassAlysNijoCuyg 4674 5472 8350 5.0 0.560 0420  0.655 1489 0435  7.329
LassAlysCuy 4559 4948  896.1 3.0 0509 0366 0552 1124 0358 6277
LassAlysNisCuyoCos 4652 541.8 8225 9.0 0.566 0421  0.659 1516 0437 7378
LagsAl 4Cuy 3950 4490 7310 20 0.540 0399  0.614 1336 0407 6812
PdCusoNijoPao 5769 6558 8360 720  0.690 0464 0784 2531 0519  10.553
Pdg, sCu,Sigs 633.0 6700 10973 2.0 0577 0387 0611 1443 0384 6774
Pdy sCu,Sig s 6350 6750 1086.0 0.8 0.585 0392 0.622 1497 0394  6.894
Pd;75CugSig s 6370 6780 10581 1.5 0.602 0400  0.641  1.610 0407  7.128
Pd;7CugSi 7 6424 6864 11284 20 0.569 0388  0.608 1412 0388  6.750
Pdy3 5CuyoSise s 6450 6850 11359 20 0.568 0385  0.603 1395 0382  6.697
Pd;; sCu;5Sise s 6520  680.0 11536 2.0 0.565 0377 0589 1356 0360  6.568
PdNigPs0 5900 6710 991.0 250 0595 0424  0.677 1.673 0448  7.671
NdgoAl;sNijoCujFes 4300 4750  779.0 5.0 0552 0393  0.610 1361 0400  6.765
Ndg Al; NigCosCu s 4450  469.0  744.0 6.0 0.598 0394  0.630 1569 0394  6.997
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Continue

Alloy /K TJ/K  T/)K  Z/mm T, y a J ¢ ®
CugyZr3oTig 713.0 763.0 1151.0 4.0 0.619 0.409 0.663 1.742 0.424 7.442
CusyZry;TigBey 720.0 762.0 1130.0 5.0 0.637 0.412 0.674 1.859 0.424 7.624
TizsZr;CugsNig 698.4 7272 1169.2 4.5 0.597 0.389 0.622 1.545 0.379 6.898
TisoNiysCu,oB;Si,Sny 726.0 800.0 1310.0 1.0 0.554 0.393 0.611 1.370 0.400 6.775
CussZry sGay s 709.0 762.0 1199.0 1.0 0.591 0.399 0.636 1.555 0.408 7.061
Cus;5Zr375Gas 745.0 785.0 1241.0 1.0 0.600 0.395 0.633 1.583 0.395 7.024
Cusy5Zr40Gay s 723.0 776.0 1198.0 1.5 0.604 0.404 0.648 1.634 0.415 7.222
Cuy, sZr40Gay s 744.0 777.0 1218.0 1.5 0.611 0.396 0.638 1.639 0.391 7.091
CussZryGas 736.0 779.0  1193.0 2.0 0.617 0.404 0.653 1.705 0411 7.295
Cus, 5214, sGas 733.0 777.0 1187.0 2.0 0.618 0.405 0.655 1.711 0.413 7.318
CuyeZrsy 696.0 746.0 1201.0 2.0 0.580 0.393 0.621 1.477 0.398 6.889
CuyeZry;Al; 705.0 781.0 1163.0 3.0 0.606 0.418 0.672 1.705 0.441 7.578
CuyeZry;Al;Y 1o 665.0 743.0 1118.0 4.0 0.595 0.417 0.665 1.640 0.438 7.467
CuyeZrysAl;Y 693.0 770.0 1143.0 8.0 0.606 0.419 0.674 1.711 0.443 7.613
CuyeZrypAl;Ys 672.0 772.0 1113.0 10.0 0.604 0.432 0.694 1.751 0.460 7.970
Ys56Al4Coyg 636.0 690.0 1085.0 2.0 0.586 0.401 0.636 1.537 0.412 7.066
Y36Sc20A1,4C0z9 645.0 760.0 1034.0 25.0 0.624 0.453 0.735 1.954 0.487 8.908
Y36Sc20Al4Co1oNi o 645.0 731.0 1010.0 25.0 0.639 0.442 0.724 2.003 0.479 8.622
Ca;oMgsZn5s 371.0 389.0 686.0 5.0 0.541 0.368 0.567 1.235 0.351 6.383
CagsMgoZnys 378.0 414.0 686.0 6.0 0.551 0.389 0.603 1.344 0.394 6.701
CagsMgyoZn;s 380.0 405.0 666.0 9.0 0.571 0.387 0.608 1.416 0.387 6.748
CagoMg5Zn,s 382.0 426.0 676.0 11.0 0.565 0.403 0.630 1.449 0.415 6.995
CagsMg sZny, 379.0 412.0 624.0 15.0 0.607 0411 0.660 1.682 0.428 7.401
MggsCusysEryo 422.0 480.0 766.0 3.0 0.551 0.404 0.627 1.395 0.415 6.952
MgesCuysAgioErg 427.0 465.0 733.0 6.0 0.583 0.401 0.634 1.520 0.412 7.046
MgesCuysNissZnsAgsYy,  426.0 464.0 717.0 9.0 0.594 0.406 0.647 1.595 0.421 7.213
TisoNi;sCus,Sn; 686.0 759.0 1283.0 1.0 0.535 0.385 0.592 1.271 0.388 6.587
TisoNi;sCu,sSn;Bes 688.0 733.0 1207.0 2.0 0.570 0.387 0.607 1.412 0.386 6.739
TigsNi sCu,sSn;BesZrs 680.0 741.0 1142.0 5.0 0.595 0.407 0.649 1.604 0.422 7.237
TigoZrysNigCugBeig 624.0 668.0 1009.0 8.0 0.618 0.409 0.662 1.735 0.423 7.428
TisoCuy; sNizs 670.0 708.0 1226.0 0.2 0.546 0.373 0.577 1.273 0.363 6.465
Tiy757Z15 5Cugs sNi7 5 673.0 720.0 1225.0 1.5 0.549 0.379 0.588 1.304 0.375 6.553
Tigy 5721y sHfsCuyy sNiy 5 677.0 726.0 1203.0 2.5 0.563 0.386 0.603 1.380 0.387 6.701
Tig) 521 sHfsCuyp sNi; sSi;  680.0 730.0 1199.0 5.0 0.567 0.389 0.609 1.407 0.390 6.755
AussCuysSipg 348.0 383.0 654.0 0.5 0.532 0.382 0.586 1.252 0.383 6.534
AugAgsCuyySing 395.0 420.0 664.0 1.0 0.595 0.397 0.633 1.561 0.401 7.024
Aus,;Pd;y 3Cuy,Siig s 393.0 427.0 651.0 2.0 0.604 0.409 0.656 1.655 0.425 7.337
AugAgssPdy3CuysoSifgs  401.0 459.0 644.0 5.0 0.623 0.439 0.713 1.889 0.472 8.365
CegoAl oNijoCuyg 374.0 441.0 672.0 1.0 0.557 0.422 0.656 1.480 0.435 7.342
Ces7AlNi}p sCuys sNbs 369.0 415.0 677.0 2.0 0.545 0.397 0.613 1.347 0.405 6.799
Ce70AloNijoCuyg 359.0 377.0 714.0 3.0 0.503 0.351 0.528 1.062 0.328 6.131
CegsAly2.sNijp sCuyg 371.0 402.0 709.0 3.0 0.523 0.372 0.567 1.189 0.367 6.383
CegoAl 5NijsCuyg 390.0 468.0 685.0 3.0 0.569 0.435 0.683 1.586 0.452 7.777
CegsAl NijoCuoNbs 359.0 384.0 702.0 5.0 0.511 0.362 0.547 1.120 0.349 6.243
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Fig.3 Correlations between Z; and T}, (a), y (b), & (c), d (d), ¢ (e) and w (f) for BMGs

high among which R? of o is the highest. This suggests a
reliable relationship between the GFA and w for these
BMGs and oxide glasses. And this relationship is
expressed in an approximation formula:

lg R=6.72—0.80c (®)
3.4 Applications of @ in bulk metallic glasses

As an applicable GFA parameter, w should indicate
the actual GFA of BMGs. A centimeter-diameter
Cu-based BMG had been developed[21]. Their

experimental data and the calculated values are listed in
Table 4. Values of @ and the calculated values of Z are
computed with Eq.(5) and Eq.(7), respectively. The
relationship between the experimental values of Z (Z.5F)
and the calculated values of Z, (Z.°") is shown in Fig.5.
Although the values of Z.**" are not usually equal to the
values of Z.* for every alloying composition, they
present a solid linear relationship with 0.92 of R’
Therefore, with the knowledge of Ty and Tj, the critical
section thickness and the critical cooling rate of the alloy
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Table 3 7,, T, T}, R, and calculated T}, 7, @, J, ¢ and w for reported BMGs and oxide glasses

Sample T,/K T /K /K R/mm Ty y a 0 ® 10}
MggoNi;oNd;o 4542 4705  878.0 12514 0.517 0.353  0.536  1.110 0321  6.175
Mg;sNi;sNdo 450.0 470.4 789.8 46.1 0.570  0.379 0.596 1.384 0.366 6.625
Mg,oNi;sNd; s 467.1 4894 8443 1782 0553 0373 0580 1297 0358  6.483
MggsNiyNd; 5 4593 5014  804.9 30.0 0.571 0397  0.623 1.451 0405  6.909
MgssCupsY g 4245 4794 7709 50.0 0.551 0401 0.622 1384 0411 6.897

ZrssAl; sCuy75Nijg 656.5 7356 1167.6 1.5 0.562 0.403  0.630 1439 0415 6.993
Zrs;TisAl (CusoNig 676.7 7200 11452 100  0.591 0395 0.629 1.537 0399 6977
Zta12Ti 13 CU sNijoBess s 623.0 6720  996.0 14 0626 0415 0675 1.802 0435  7.630
LassAlysNiyg 490.8  555.1 9413 67.5 0.521 0.388  0.590 1.232 0390 6.570
LassAlysNijoCuyg 4674 5472  835.0 22.5 0.560 0420 0.655 1.489 0435 7329
LassAlysCuag 4559 4948  896.1 72.3 0.509 0366 0.552  1.124 0358  6.277
LassAlysNisCujgCos 4652  541.8 8225 18.8 0.566 0421  0.659 1.516 0437 7378
LagAl 4Cuyy 395.0 449.0 731.0 37.5 0.540  0.399 0.614 1.336 0.407 6.812
Pd4CusoNi P2 5769 6558  836.0 0.1 0.690 0464 0.784 2531 0519 10.553
Pdg; sCu,Sije s 633.0 6700 10973 500.0 0.577 0.387  0.611 1.443 0384 6.774

Pd79 5CuySije s 6350 6750 10860 100.0 0.585 0392 0.622 1497 0394 6.894
Pd;7.5CugSije s 637.0 678.0 10581 125.0 0.602 0.400  0.641 1.610  0.407  7.128

Pd;; 5Cuy;5Sisg s 652.0 680.0 1153.6 0.2 0.565 0.377 0.589 1.356 0.360 6.568
Tiz4Zr;CuyyNig 6984 7272 11692 100.0 0.597 0389 0.622 1545 0379  6.898
45Na,0-45B,0;-10A1,0; 627 732 1182 100 0.530 0405 0.619 1319 0411 6.868
44Na,0-44B,0;-12A1,0; 632 739 1173 24.4 0.539 0409 0.630 1366 0418  6.993
43Na,0-43B,0;-14A1,0; 637 735 11575 16.1 0.550 0410 0.635 1.412 0421 7.054
42Na,0-42B,03-16A1,04 653 748 1130 6.5 0.578  0.420 0.662 1.568 0.439 7.427
41Na,0-41B,05-18A1,04 655 763 1117 1.1 0.586 0.431 0.683 1.652 0.453 7.775
40Na,0-40B,03-20A1,04 656 765 1148 1.1 0.571 0.424 0.666 1.555 0.442 7.495
37Na,0-37B,05-26A1,0; 672 773 1205 2 0.558 0412  0.641 1.450 0425  7.138
36Na,0-36B,05-28A1,0; 682 759 1235 53 0.552 0396  0.615 1.373 0404  6.816
35Na,0-35B,05-30A1,0; 696 776 1251 9.4 0.556 0399  0.620 1398 0408  6.879
34Na,0-34B,05-32A1,0; 709 823 1252 9.6 0.566 0420 0.657 1.516 0436  7.358

33.4Na,0-33.4B,0; -33.2A1,0; 736 887 1262 33 0.583  0.444 0.703 1.686 0.465 8.153

15Ca0-22A1,05-63S10,* 1173 1298 1493 34X10° 0786 0.487 0.869  4.056 0.570  16.463
15Ca0-22A1,05-63S10,-2Na,0* 1133 1253 1476 1.6X107° 0.768 0480 0.849  3.653 0.557 14.416
15Ca0-22A1,05-63Si0,-4TiO,* 1158 1258 1482 1.6X10° 0.781 0477 0849  3.883 0.550  14.410

15CaO—22A1203-

63Si0--2Na,O0-4TiO. * 1133 1201 1486 32X107 0.762 0459 0808  3.402 0.510  11.665
10,-2Na,0-4 110,

Na,0-2Si0, 687 915 1173 1.7X107° 0586 0492  0.780 1.883 0.500  10.375
Si0,-43Ca0O 1017 1178 1773 23X107° 0574 0422  0.664 1.558  0.441 7.465
Si0,-50Ca0 1017 1154 1817 2.6X10" 0560 0407  0.635 1.443 0.420  7.056
Si0,-54.8Ca0O 1076 1173 1753 5.1 0.614 0415  0.669 1.733 0.435  7.539
Li,0-28i0, 738 899 1339 0.2 0.551 0.433 0.671 1.496  0.443 7576
Ba0-28i0, 974 1137 1 690 3 0.576  0.427  0.673 1.588  0.446  7.598
Na,0-2Ca0-38Si0, 849 991 1537 43 0.552 0415 0.645 1.440 0428  7.181

* means the data in mass fraction; the other data are in molar fraction.
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Fig.4 Correlations between R, and T, (a), y (b), a (c), 6 (d), ¢ (e) and w (f) for glasses including BMGs and oxides

Table 4 7, T, T}, actual critical section thickness Z.%*® and calculated @ and Z.°* of reported Cu-Ag-Zr-Ti alloys

0.52

Alloys T/K T /K T/K ® ZE¥/mm Z.5Ymm
CugpZry3Tiy 740 768 1191 7.182 3 7.7
CusyAgeZrs;Tip 709 738 1135 7.256 6 8.6
Cuye.4Agyy Z135Tiy 689 732 1119 7.312 6 9.2
Cuyyo5Ag14.752135Ti6 693 730 1112 7.345 8 9.6
Cuyy25A814.752136Tis 700 734 1115 7.372 10 10.0
can be estimated approximately using Eqgs.(7) and (8), described by @ parameter. The characteristic

respectively. Of course, these two expressions would be
refined by more data of glasses to predict GFA of BMGs.
Moreover, GFA of Cu-Zr-Ti-Al alloys [22] is

temperatures of the alloys are listed together with GFA
parameters in Table 5. The results of scanning electron
microscopy(SEM) and X-ray diffractometry(XRD)
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Table 5 Characteristic temperatures and GFA parameters of prepared Cu-Zr-Ti-Al alloys

Alloys T,/K T /K AT /K

T./K

TIyK T b4 o

CugoZrs;Tis[21] 740 768 28
(CugoZrs; Tiz)eoAl 725 770 45
(CugoZrs;Tir)grAly 714 762 48
(CugoZr3;Tis)osAls 738 777 39

1144
1121
1117
1118

1191 0.621 0.398 7.182
1176 0.616 0.405 7.320
1150 0.621 0.409 7.437
1186 0.622 0.404 7.326

11

| R=0.92

ZEB%w/mm

) . . .
7.5 8.0 8.5 9.0 9.5

ZEmm

Fig.5 Actual critical section thickness Z.S " vs calculated
critical section thickness Z,** for Cu-based BMGs

indicated the GFA of Cu-Zr-Ti-Al alloys are enhanced
firstly and then depressed with minor additions of Al.
Compared with the GFA parameters in Table 5, ATy, y
and w are accordant to these experimental results, but
except Ty, showing that o is one of the best applicable
and reliable GFA parameters.

4 Conclusions

1) Based on the analysis of Gibbs free energy
between liquid and crystal, a new GFA parameter,
o=T(THT)/[T(T—Ty)], is suggested for bulk metallic
glasses.

2) Together with other GFA parameters proposed
formerly, including T, y, a, 6 and ¢, o was verified
with alloying and oxide glasses. Results indicate the new
GFA parameter @ is the most reliable and applicable
approach to assess the GFA of various glasses.

3) o is applied to estimating the GFA of
Cu-Ag-Zr-Ti and Cu-Zr-Ti-Al BMGs and the predicted
data are consistent with the experimental results.
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