
On The Glass Forming Ability Criteria Of Bulk Metallic Glasses

Z. P. Lu and C. T. Liu

Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, TN, 37831-6115

Abstract

A new criterion , defined as Tx/(Tg+Tl) (where Tx is the onset crystallization temperature, Tg the glass transition temperature and Tl the liquidus temperature), has been proposed for glass formation in bulk metallic glasses (BMGs). The interrelationship between this new parameter and glass-forming ability (GFA) was elaborated and discussed in comparison with other established criteria. It was found that the new criterion  had a much better correlation with GFA than other established parameters. An approximation of the critical cooling rate for glass formation was also formulated and evaluated in the light of this new parameter. 

Introduction

Up to date, many criteria have been proposed to interpret why some alloy systems can be vitrified and others not, and of what determines the composition ranges over which glasses can be made [1-3]. Some of them have a good theoretical basis but have to employ rather crude estimates and approximations. Only few of them be can easily obtained on the basis of the characteristic temperatures measured by differential thermal analysis techniques, which include the reduced glass transition temperature Trg (=Tg/Tl) [4-5], supercooled liquid range (Txg (Tx-Tg), Donald and Davies parameter (Tl* [=(
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 is the normalized melting point] [6], Hruby parameter Kgl (=(Tx-Tg)/(Tm-Tx) , Tm is the onset melting point) [7] and Saad and Poulain parameter S (=(Tp-Tx)(Tx-Tg)/Tg, Tp is the peak temperature of crystallization) [8].

Among these criteria, the most extensively used in bulk metallic glasses are the reduced glass transition temperature Trg and the supercooled liquid region (Txg. However, in some bulk glass neither Trg or (Txg is reliable enough to gauge the relative GFA [9-12]. Particularly, Thompson et al [13] found that both parameters failed to indicate the variation of glass forming ability in (Au100-y)Cuy)77Si9Ge14 (y=0~75) alloy system. Thus, it is necessary to seek a better and more precise criterion to reflect the GFA of BMGs. It is also of importance to determine the effectiveness of those established parameters serving as GFA gauge. 

In this paper, a new criterion has been proposed for glass formation in bulk metallic glasses, which can be expressed as
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The correlation between this new parameter and GFA of BMGs will be presented and compared with those established criteria. The extent to which all established criteria can be used to represent the relative GFA in bulk glass forming alloys will also be examined. 

Results

Table 1 shows the glass transition temperature Tg, onset crystallization temperature Tx, peak temperature of crystallization Tp, onset melting temperature (solidus temperature) Tm and final melting temperature (liquidus temperature) Tl for representative based bulk metallic alloys. Since these temperatures are heating rate dependant, it is important to utilize the same heating rate for their measurements. 

The relationship between the  value and the critical cooling rate for glass formation in representative metallic glasses is shown in Fig. 1. A liner interrelationship is observed between  values and 
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, as demonstrated by the solid line. This relationship can be formularized as shown in Fig. 1. The statistical correlation parameter R2, which indicates how closely the estimated values for the regression line correspond to the actual experimental data, were computed to be 0.91 for this fit, suggesting that there is a solid correlation between the critical cooling rate Rc and the parameter .

Fig. 2(a) presents the relationship between critical cooling rate and Tg/Tl for all metallic glasses listed in Table 1. Although Rc is somewhat dependant on Trg, however, compared with the correlation displayed in Fig. 1, the current regression demonstrates a lower R2 value of 0.74 implying that the new parameter  correlates better with the critical cooling rate Rc than Trg. 

Fig 2(b) displays the correlation between critical cooling rate Rc and (Tl* values. As can be seen, (Tl* values are between 0 for pure Ni and 0.534 for alloy Au77.5Si8.4Ge13.8. Most of glass forming alloys have values of (Tl*( 0.2, which is consistent with the results reported by Donald and Davies [7]. However generally, no correlation between (Tl* and GFA was observed. 

Fig. 3(a) is the relationship between (Txg and GFA for bulk BMGs. (Txg values for some alloys even exceed 100 K implying those glasses are rather stable upon reheating. As a whole, critical cooling rate nevertheless shows very weak dependence on (Txg. Similarly, the critical cooling rate also exhibited weak dependence on Kgl and S, as shown in Fig 3(b) and Fig 3(c), respectively. Kgl ranges from 0.027 for alloy Mg77Ni18Nd5 alloy to 1.093 for alloy Pd47.5Cu77.5Ni10P20, while S is between 0.060 K for alloy Mg77Ni18Nd5 and 4.011 K for alloy Zr41.2Ti13.8Cu12.5Ni10Be22.5.

Discussion

All previous criteria, as mentioned earlier, for glass formation were derived based only on one or another of the kinetic processes – viz. A) the nucleation rate of undercooled liquid, B) the crystal growth rate and C) the stability of supercooled liquid determined upon reheating a glass. Unlike those established parameters, the new criterion was initially derived from both amorphization and devitrification processes [23], and it is coincidentally in the same format as what was obtained from a physical metallurgy approach concerning with all transformation kinetics for glass formation [24].

The ratio Tg/Tl was introduced based only on the assumption that the nucleation frequency of a melt scales as 1/( ((, viscosity of the liquid) [1,5]. Generally, the viscosity of glasses at Tg is 1012 Pa(s, the higher the ratio Trg the more viscous the melt becomes before it is ever undercooled and the more difficult the crystallization becomes, thus enhancing GFA[25]. Yet the temperature variation of viscosity is different from system to system, depending on the classification (fragility concept) as defined by Angell [26, 27]. Tg alone does not give any information about the temperature-viscosity relationship and hence the crystallization tendency. In addition, Tg is typically assumed to be less dependant on composition, while Tl often 
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Figure 1. The correlation between the newly defined parameter  and critical cooling rate Rc for representative metallic glasses.
Figure 2. The parameters Tg/Tl (a) and (Tl* (b) as a function of critical cooling rate for glass formation.
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Figure 3. The parameters (Txg (a), Kgl (b) and S (c) as a function of critical cooling rate for bulk glass formation.

Table 1. The glass transition temperature (Tg), onset temperature of crystallization Tx, peak temperature of crystallization Tp, onset melting point Tm and liquidus temperature Tl for representative BMGs. Most of data were obtained by DSC or/and DTA at a heating rate of 20 K/min [14, 15].

	Alloy
	Tg (K)
	Tx (K)
	Tp [16]
	Tm
	Tl (K)

	Mg80Ni10Nd10
	454.2
	470.5
	477.7
	725.8
	878.0

	Mg75Ni15Nd10
	450.0
	470.4
	482.8
	717.0
	789.8

	Mg70Ni15Nd15
	467.1
	489.4
	494.1
	742.5
	844.3

	Mg65Ni20Nd15
	459.3
	501.4
	505.6
	743.0
	804.9

	Mg65Cu25Y10
	424.5
	479.4
	484.0
	727.9
	770.9

	Zr66Al8Ni26
	672.0
	707.6
	717.9
	1188.5
	1251.0

	Zr66Al8Cu7Ni19
	662.3
	720.7
	733.0
	1117.3
	1200.8

	Zr66Al8Cu12Ni14
	655.1
	732.5
	741.3
	1109.1
	1172.1

	Zr66Al9Cu16Ni9
	657.2
	736.7
	742.1
	1110.9
	1170.6

	Zr65Al7.5Cu17.5Ni10
	656.5
	735.6
	746.9
	1108.6
	1167.6

	Zr57Ti5Al10Cu20Ni8
	676.7
	720.0
	725.4
	1095.3
	1145.2

	Zr38.5Ti16.5Ni9.75Cu15.25Be20 
	630.0
	678.0
	-
	921.0
	1003.0

	Zr39.88Ti15.12Ni9.98Cu13.77Be21.25 
	629.0
	686.0
	-
	928.0
	1006.0

	Zr41.2Ti13.8Cu12.5Ni10Be22.5 
	623.0
	705.0
	723.0
	932.0
	996.0

	Zr42.63Ti12.37Cu11.25Ni10Be23.75 
	623.0
	712.0
	-
	933.0
	1057.0

	Zr44Ti11Cu10Ni10Be25
	625.0
	739.0
	-
	917.0
	1206.0

	Zr45.38Ti9.62Cu8.75Ni10Be26.25 
	623.0
	740.0
	-
	911.0
	1239.0

	Zr46.25Ti8.25Cu7.5Ni10Be27.5 
	622.0
	727.0
	-
	909.0
	1185.0

	La55Al25Ni20
	490.8
	555.1
	561.9
	711.6
	941.3

	La55Al25Ni15Cu5
	473.6
	541.2
	547.1
	659.7
	899.6

	La55Al25Ni10Cu10
	467.4
	547.2
	552.8
	662.1
	835.0

	La55Al25Ni5Cu15
	459.1
	520.0
	525.3
	663.4
	878.1

	La55Al25Cu20
	455.9
	494.8
	503.3
	672.1
	896.1

	La55Al25Ni5Cu10Co5
	465.2
	541.8
	549.0
	660.9
	822.5

	La66Al14Cu20 [16]
	395.0
	449.0
	459.4
	681.9
	731.0

	Pd81.5Cu2Si16.5
	633.0
	670.0
	-
	1008.8
	1097.3

	Pd79.5Cu4Si16.5
	635.0
	675.0
	-
	1019.3
	1086.0

	Pd77.5Cu6Si16.5
	637.0
	678.0
	701.9
	1019.4
	1058.1

	Pd77Cu6Si17
	642.4
	686.4
	-
	1019.7
	1128.4

	Pd73.5Cu10Si16.5
	645.0
	685.0
	-
	1019.3
	1135.9

	Pd71.5Cu12Si16.5
	652.0
	680.0
	-
	1019.6
	1153.6

	Pd40Ni40P20 [18]
	590.0
	671.0
	692.4
	877.3
	991.0

	Pd40Cu30Ni10P20 [19]
	586.0
	660.0
	678.0
	744.8
	856.0

	Pd42.5Cu30Ni7.5P20 [19]
	574.0
	660.0
	672.0
	808.0
	834.0

	Pd42.5Cu27.5Ni10P20 [19]
	572.0
	666.0
	676.8
	752.0
	880.0

	Nd60Al15Ni10Cu10Fe5
	430.0
	475.0
	493.0
	709.0
	779.0

	Nd61Al11Ni8Co5Cu15
	445.0
	469.0
	-
	729.0
	744.0

	Cu60Zr30Ti10 [20]
	713.0
	763.0
	777.0
	1110.0
	1151.0

	Cu54Zr27Ti9Be10 [21]
	720.0
	762.0
	769.0
	1090.0
	1130.0

	Ti34Zr11Cu47Ni8
	698.4
	727.2
	736.7
	1119.0
	1169.2


Table 1 Cont’d.
	Alloy
	Tg (K)
	Tx (K)
	Tp [16]
	Tm
	Tl (K)

	Ti50Ni24Cu20B1Si2Sn3 [22]
	726.0
	800.0
	803.1
	1230.0
	1310.0

	Ni
	425.0
	425.0
	-
	1725.0
	1725.0

	Fe91B9
	600.0
	600.0
	-
	1447.0
	1628.0

	Pd95Si5
	647.0
	647.0
	-
	1094.0
	1688.0

	Pd75Si25
	656.0
	656.0
	-
	1096.0
	1343.0

	Zr65Be35
	623.0
	623.0
	-
	1238.0
	1238.0

	Ti63Be37
	673.0
	673.0
	-
	1303.0
	1353.0

	Pd82Si18
	648.0
	648.0
	-
	1071.0
	1071.0

	Mg77Ni18Nd5
	429.4
	437.2
	440.5
	723.4
	886.9

	Mg90Ni5Nd5
	426.2
	449.0
	464.5
	725.9
	918.8

	Au77.8Si8.4Ge13.8
	293.0
	293.0
	-
	606.0
	629.0


decreases more strongly. The interval between Tl and Tg thus generally decreases and the value of Trg 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 [28]. This is probably reliable for conventional binary alloy systems. However, the Tl and Tg values differ significantly for multicomponent systems as showed in Table 1. In this sense, Trg values might not be able to judge the dangerous temperature interval Tl-Tg for all systems. Therefore, Tg/Tl theory might not hold for some systems.

(Tl* probably can only be used as a guile for quickly (but approximately) assessing whether or not a novel composition can form glass by melt-spinning technique. As discussed by Donald and Davies themselves, marked discrepancies between (Tl* values and GFA were notably observed even for some simple binary alloys. When the ideal solution model is not obeyed or the competitive phases consist of intermediate compounds, this discrepancy would be further enlarged [7]. However, this is always the case for most bulk metallic glass forming compositions. As such, (Tl* definitely can not differentiate the relative GFA for BMGs.

(Txg, S and Kgl are derived on the basis of recrystallization process upon reheating a glass. There is a prerequisite assumption, i.e. the GFA must be directly proportional to the glass thermal stability, for this kind of parameters. Glass stability which is defined as the resistance of glasses towards devitrification upon reheating above Tg is best described by the magnitude of (Txg (Tx-Tg). However, GFA is specified as the ease by which melts can be cooled to form amorphous alloys without any crystal formation. GFA and glass thermal stability are related but different properties. Weinberg [29] demonstrated theoretically that an increasing GFA is not always accompanied by enhanced stability as measured by the difference Tx-Tg of the same magnitude. Therefore, GFA and thermal stability are akin concepts but they can be different for some systems. It is more likely that glass thermal stability is just a reflection, or a corollary, rather than a cause of GFA. As such, it is inappropriate to utilize (Txg, S or Kgl alone as a gauge of GFA for BMGs.

Conclusions

A new parameter , defined as Tx/(Tg+Tl), has been proposed for judging GFA among metallic glasses. (Tl* can not reflect the relative GFA at all, while (Txg, Kgl and S showed a very weak correlation with GFA. Although the GFA of metallic glasses is somehow dependant on Trg, the new parameter  exhibits a stronger correlation with GFA than Trg. 
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