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Abstract 

A thermodynamic analysis of the onset driving force for crystallization of super-cooled liquid has 

been conducted to explain strong composition dependency of the glass forming ability in the Ca-

Mg-Zn ternary alloy system observed experimentally. In addition to the onset driving force, other 

energetic and kinetic factors are discussed to explain the observed glass stabilities. The 

universality of this method is discussed, thus establishing an analytic approach for determining 

the most stable glass in a given alloy system.  
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1. Introduction 

Ca-Mg-Zn bulk metallic glasses are relatively new class of amorphous alloys. The first bulk 

glassy alloys in this system, Ca64Mg15Zn21, Ca60Mg16Zn24 and Ca55Mg18Zn27, were reported by 

Senkov and Scott in 2003 [1], and after that several other compositions were reported and their 

glass forming ability and thermal stability were analyzed in detail [2-6]. The Ca-Mg-Zn bulk 

metallic glasses have unique properties, such as low density (~2.0 g/cc), low Young’s modulus 

(~17-20 GPa) comparable to the modulus of human bones, low glass transition temperature 

(Tg~100oC) and a wide temperature range of super-cooled liquid (∆Txg=Tx-Tg ~30-70oC). The 

elements are fully biocompatible making these alloys attractive for use in biomedical 

applications. While most Ca-based crystalline alloys are reactive and oxidize in air in a matter of 

days, these Ca-based metallic glasses have much better oxidation resistance and retain shiny 

surfaces long after casting. Corrosion resistance of some of these glassy alloys is comparable to 

that of Fe-based bulk metallic glasses and Mg-based crystalline alloys [7]. It is also noteworthy 

that this ternary metallic glass system is based on two simple metals, Ca and Mg, which 

distinguishes the Ca-Mg-Zn system from transition metal based bulk metallic glasses [8].  

Recently the glass forming ability (GFA) of ternary Ca-Mg-Zn bulk glassy alloys was 

experimentally analyzed as a function of alloy composition [6], and the maximum (or critical) 

thickness, λ, at which the alloy plates are fully amorphous after copper mold casting was found to 

be very sensitive to alloy composition. In particular, alloys with compositions located in the 

CaMg2 phase field of the liquidus projection had much better glass forming ability than alloys 

located in the CaZn2 or Ca phase fields. It was suggested that the difference in behavior can be 

due to different kinetics of crystallization of these phases, so that the easier formation of Ca and 

CaZn2 crystal phases during solidification does not allow significant liquid undercooling and 
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glass formation during copper mold casting [6]. However, the relationship between GFA and 

liquid composition remains unclear. This work aims to explain the compositional dependence of 

the GFA of Ca-Mg-Zn liquid. 

Several approaches have been proposed to assess GFA [9-11]. They are mainly based on the 

assumption that the nucleation and growth of the competing crystalline phases are the only events 

that prevent amorphization, so that the influence of the liquid composition on GFA can be 

analysed in terms of precipitation kinetics of the solid phases from the undercooled liquid. 

According to classical nucleation theory, the steady-state nucleation rate of a new phase 

decreases exponentially with an increase in the height of the nucleation energy barrier. This 

quantity, which represents the work required to form one critical nucleus, depends on the 

solid/liquid interfacial energy and the chemical driving force for nucleation, and is the dominant 

factor that controls nucleation kinetics. As examples, Zhu et al. [9,10] have calculated the time 

necessary to form a crystal phase in the undercooled liquid, and Tokunaga et al. [11] have 

calculated the critical cooling rates required to avoid crystallization in the liquid. In these 

approaches, the glass forming range (GFR) was correlated with composition ranges with 

relatively longer reduced times of formation of crystalline phases [10] or lower critical cooling 

rates to avoid crystallization [11]. These thermodynamic and quasi-kinetic calculations were 

conducted using CALPHAD databases that describe the undercooled liquid as a disordered phase. 

Such phenomenological models of the liquid, expressed using mathematical representation of 

experimental data generally obtained at equilibrium, are convenient since they are widely 

available. However, this approach offers only qualitative insight for calculations performed 

outside the range where experimental data are available for optimization of the Gibbs energy 

parameters. In consequence, most available CALPHAD databases describing the liquid as a 

random solution are not capable of representing the thermodynamic properties of the liquid in a 
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physically complete way. Hakenberg et al. [12] suggest that calculations made by extrapolation of 

G-X or G-T curves provide values that should be considered only from a qualitative or semi-

quantitative point of view.  

The most recent picture of a supercooled liquid describes locally favoured structure embedded in 

a normal random liquid [13,14]. Such short range ordering (SRO) in the liquid gives rise to an 

excess of heat capacity upon cooling to Tg [15] and tends to stabilize the undercooled liquid 

[16,17]. As a result, driving forces for nucleation of the crystalline phases are lowered. To take 

this effect into account, Palumbo et al. [18] added a T-1 term in the expression of the random 

solution model representing the interaction parameters of the Gibbs free energy of the liquid. 

However, data from to the undercooled liquid has to be obtained to assess or reassess existing 

thermodynamic descriptions. As demonstrated by Agren et al. [19], reference states of the liquid 

phase components different from SGTE-Dinsdale [20] must be used to avoid unphysical Cp 

curves. This is especially true when melting points of the components differ strongly, such as in 

the Ca-Mg-Zn system where Tm(Zn) is half of Tm(Ca).  

In the present work, a thermodynamic analysis of the driving force for crystallization of the 

various phases in under-cooled Ca-Mg-Zn liquids was conducted to explain the compositional 

dependence of GFA. We use a computational thermodynamic model recently developed for the 

Ca-Mg-Zn system [21] to calculate the driving forces for nucleation of crystalline phases. Given 

the difficulty in representing SRO tendency in liquids with significant difference in melting 

temperature of the constituents, the effect of SRO in the liquid on the GFA is analysed via the 

fragility concept introduced by Angell [22]. After presenting the thermodynamic description of 

the Ca-Mg-Zn system, the method to calculate driving forces and the experimental procedure to 

produce glassy alloys, we discuss our results and analyze how GFA is related to the 
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crystallization driving force and the ordering tendency of the liquid. Results are also discussed in 

regards to the efficient cluster packing structural model [23].  

 

 

2. Computational and experimental procedures 

 

2.1. Thermodynamic calculations 

The thermodynamic calculations were conducted using critically assessed thermodynamic 

parameters [21], based on the CALPHAD method [24]. In the assessment performed by Brubaker 

et al. [21], the Ca-Mg-Zn system consists of four solution phases (fcc, hcp and bcc terminal solid 

solutions, and liquid), fourteen binary compounds (Ca3Zn, Ca5Zn3, CaZn, CaZn2, CaZn3, CaZn5, 

CaZn11, CaZn13, CaMg2, MgZn2, Mg2Zn11, Mg2Zn3, Mg7Zn3 and MgZn) and one ternary 

compound (Ca2Mg6Zn3). The optimized thermodynamic parameters of the liquid phase used in 

this work are listed in Table A1 of the Appendix.  

The stable binary intermetallic phases are treated as stoichiometric compounds with two 

sublattices, (A)a(B)b. Their molar Gibbs energy is written as: 

TCCGbGaG bababa BABA
BA

BA
m 21

00   +++= φφ         (1) 

where C1 and C2 are constants, a and b are the atomic fractions of A and B constituents, φ
iG0  is 

the molar Gibbs energy of a pure constituent i in the φ state, and T is the absolute temperature. 

The molar Gibbs energy of the Ca2Mg6Zn3 ternary compound is expressed as: 

TCCGGGG ZnMgCaZnMgCahcp
Zn
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Ca
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The solution phases, including the liquid, are treated as substitutional random solutions (Ca, Mg, 

Zn). The molar Gibbs energy of mixing is expressed by a sub-regular solution model in which 
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composition dependence is based on the Redlich-Kister equation [25]. The molar Gibbs energy 

for a solution phase φ is given by the formula: 
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where φGxs  is the contribution of the non-ideal interactions between the components; xi is the 

mole fraction of the constituent i. φ
i,j

νL  represents the thν -order binary interaction parameter and 

is expressed as: TBALL
ji

φνφνν +=, , where φν A  and φν B  are constants. φν
ZnMgCaL ,,

'  is the excess 

ternary interaction parameter, depending on the value of the coefficient v' - 0, 1, 2 - respectively 

for the contribution of Ca, Mg and Zn.  

The method used to calculate the onset driving forces of various crystalline phases was described 

by Hillert [26] and is illustrated in Figure 1. The onset driving forces associated with the 

beginning of the precipitation of a given compound ε (ODFε) and solid solution α (ODFα) from 

an undercooled liquid with composition L
Bx , are shown as vertical arrows in Figure 1 and can be 

written for the α phase for example as: 
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The ODF’s were calculated at T = 390K which represents the average Tg for the Ca-Mg-Zn alloys 

studied in the present work. Authors want to stress that the numerical values of the onset driving 

forces (ODF) are semi-quantitative. In consequence, calculating the ODF near Tg or in the 
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proximity of the equilibrium state and then extrapolating down to Tg leads to similar results from 

a semi-quantitative point of view. 

 

2.2. Experimental procedure 

The Ca-Mg-Zn alloys were prepared by mixing and induction melting of 99.9% pure elements. 

The prepared alloys were induction re-melted in a quartz crucible and the molten metal was 

ejected from a hole at the bottom of the crucible into a water cooled copper mold with step-like or 

wedge-like cavities. The step-like samples had 10 mm width, 50 mm length, and graded 

thicknesses of 2 mm, 4 mm, 6 mm, 8 mm and 10 mm. The wedge-like samples had two different 

configurations; i.e. some samples were 10 mm wide, 50 mm long and their thickness varied from 

2 mm to 10 mm, while other samples were 6 mm wide, 30 mm long and their thickness varied 

from 0.5 mm to 3 mm. The samples were cut in pieces of different thicknesses and their 

amorphous state and maximum (critical) thicknesses at which the alloys remained fully 

amorphous after the copper mold casting were examined using X-ray diffraction (XRD) and 

differential scanning calorimetry (DSC) following a procedure described in detail elsewhere [6]. 

The compositions of the produced alloys, as well as their critical thicknesses, λ, glass transition, 

crystallization, solidus and liquidus temperatures, are given in Table 1. 

 

 

3. Results and discussion 

Figure 2 shows the onset driving forces (ODF’s) calculated using the CALPHAD database for the 

primary crystallization of various possible phases from the undercooled liquid in Ca55MgXZn100-X 

alloys, where X = 0 to 40 at.%. The ODF’s were calculated at T = 390K (close to the average Tg 

for the Ca-Mg-Zn alloys studied in the present work) as a function of the Mg content. These 
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calculations show that in the given composition range three phases, CaZn2, CaZn and CaMg2, 

exhibit the highest driving force for crystallization from the undercooled liquid at 390K. It can 

also be seen in Figure 2 that, with varying Mg content from 0 to 40 at.%, the driving forces of the 

crystalline phases show a local minimum at X ≈ 19at.% (Ca55Mg19Zn26). A smaller ODF value 

generally indicates a higher crystallization resistance or a better ability for glass formation 

[27,28]. Therefore, according to this criterion, the Ca55Mg19Zn26 alloy must have the best GFA in 

the Ca55MgXZn100-X alloy series (X = 0-40). This conclusion agrees well with the experimental 

results (see Table 1). Indeed, among three experimental alloys in this composition line (i.e. 

Ca55Mg15Zn30, Ca55Mg20Zn25 and Ca55Mg25Zn20), the composition of the Ca55Mg20Zn25 alloy is 

very close to the local minimum of the ODF’s, and this alloy exhibits the highest GFA with the 

critical thickness of 2 mm, whereas Ca55Mg15Zn30 and Ca55Mg25Zn20 alloys have the critical 

thickness of 0.5 and 1 mm, respectively (see Figure 2).  

Similar results were obtained for alloys of Ca60MgXZn100-X and Ca100-XMgXZn20 series. The 

ODF’s calculated along these composition lines are represented in Figures 3 and 4, respectively. 

In the Ca60MgXZn100-X system, the calculations predict that the undercooled liquid starts to 

crystallize by formation of two phases, CaZn at a lower Mg content (<17.5%) and CaMg2 at a 

larger amount of Mg (see Figure 3). The local minimum of the ODF is found at ~17.5% Mg, 

predicting the best GFA for the alloy Ca60Mg17.5Zn22.5 in this alloy series, in agreement with the 

experimental results (see Table 1 and Figure 3). Indeed, this alloy has the maximum critical 

thickness of 10 mm, and the critical thickness for the Ca60MgXZn100-X alloys decreases with an 

increase in the ODF.  

In the Ca100-XMgXZn20 alloy series, three phases are predicted to form during crystallization of the 

undercooled liquid (see Figure 4). These are fcc-Ca (at 0-8% Mg), Ca5Zn3 (at 8-16.5% Mg) and 

CaMg2 (at 16.5-40% Mg). The local minimum of ODF is located at ~16.5% Mg, predicting the 
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alloy Ca63.5Mg16.5Zn20 to be the best glass former in this alloy series. The experimental results 

appear to support this prediction by showing the best GFA for the Ca62.5Mg17.5Zn20 alloy, which 

composition is located near the ODF minimum (see Table 1 and Figure 4). The GFA (i.e. critical 

thickness λ) appropriately decreases in the alloys with increasing ODF values.  

The present results clearly demonstrate that a local minimum of the ODF within a given 

composition line corresponds to an alloy composition with the best GFA (the highest critical 

thickness) within this composition line. Similar correlations have recently been obtained for the 

Cu-Ti-Zr [27] and Cu-Mg-Y [28] ternary systems, which may indicate universality of this method 

for predicting the alloys with good forming ability. The best GFA within a given alloy system 

may therefore reasonably be predicted analytically from a complete two-dimensional plot of the 

ODF for the full composition space provided by that alloy system (Figure 5). In addition to one 

minimum of the ODF for Ca-rich region, the Figure 5 indicates the presence of another ODF 

minimum in the Mg-rich region for the composition Ca4Mg64Zn32. Glass forming ability in this 

composition regime has recently been investigated by Gu et al. [29]. The best GFA has been 

found along the composition line Ca5Mg80-XZn15+X. The glassy rods with a diameter of up to 

4 mm were produced for the alloy Ca5Mg67Zn28, which is in good agreement with the calculated 

ODF minimum found in this composition range.  

Several parameters allow evaluation of GFA from thermal behaviour of their amorphous state 

during reheating. The relationship between the ODF and the most widely used GFA indicators: 

α ( lx TT / ) [30], Trg ( lg TT / ) [31], Trgx ( mlxg TTTT / ) [6], γ ( )/( lgx TTT + ) [32] and ∆Txg ( gx TT − ) 

[33], for the Ca-Mg-Zn alloys are shown in Figures 6a-e together with the regression coefficients 

R2. Among them, the parameters Trg and α show the highest correlation with R2 of 0.86 and 0.80, 

respectively. The parameters γ and Trgx exhibit a moderate correlation characterized by R2 of 0.74 
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and 0.71, respectively. There is no correlation found between ODF and ∆Txg. The correlation 

between ODF and these criteria can be summarized as: Trg, α > γ, Trgx >> ∆Txg.  

Glass formation is a competing process between the liquid and crystalline phases, so that a 

reliable GFA indicator must account for the stability of the liquid phase and the competing 

crystalline phases. The ODF intrinsically represents this relative stability since it depends on the 

difference between Gibbs free energies of the liquid and crystalline phases. Among other GFA 

parameters, Trg measures the easiness for liquid to be undercooled into the glassy state, and α = 

Tx/Tl reflects stability of the glass against crystallization; while Trgx, as a combination of the two 

previous parameters, takes into account both liquid and glass stability against crystallization. 

Similarly, the parameter γ considers both the relative stability of the liquid against crystallisation 

( lx TT / ) and the stability of the glass ( gx TT / ). The parameter ∆Txg measures the resistance of the 

glass towards devitrification upon reheating above Tg, and so only reflects the stability of the 

glass. These results demonstrate the concordance between the specific GFA indicators, α, γ and 

Trg, measured via the thermal behaviour of a glassy alloy and the ODF calculated from 

thermodynamic properties of the alloy. The various parameters can be evaluated only after a 

candidate glass is produced and so are not predictive, while the ODF in the present work provides 

a predictive capability.  

The critical thickness λ provides a more practical quantification of GFA. The relationship 

between λ and GFA indicators for the Ca-Mg-Zn system are shown in Figures 7a-e, together with 

trendlines and the regression coefficient R2. Only modest correlation is obtained for Trgx, γ and α 

with a R2 of 0.68, 0.63 and 0.62, respectively, followed by Trg with R2 of 0.53. ∆Txg exhibits no 

correlation with λ. The relationship between the ODF and λ for the Ca-Mg-Zn alloys is shown in 

Figure 8a. A very large scatter in λ vs. ODF can be seen, with an overall tendency for λ to 
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increase with a decrease in the ODF. This poor correlation suggests that additional factors must 

be considered. Both the liquid/solid interfacial energy, which is involved in the nucleation barrier 

expression along with the ODF, and SRO in the liquid, can contribute to the nucleation energy 

barrier and crystallization kinetics of the undercooled liquid. We discuss the contributions of 

these additional factors below.  

The Ca-Mg-Zn alloys studied here can be separated into 3 groups based on the first crystal phase 

to form. The first group represents 6 alloys that crystallize via formation of the CaMg2 phase, the 

second group consists of 4 alloys forming CaZn during the first step of crystallization; and the 

last group consists of 2 alloys that start to crystallize with formation of Ca5Zn3 (Figures 2-4). The 

GFA in each group increases with decreasing ODF for crystallization, and a different dependence 

of λ on ODF in each group (Figure 8b) suggests that important differences exist in the nucleation 

barrier for the different crystal phases. A higher solid/liquid interfacial energy contributes to an 

increased height of the nucleation barrier and decreases the rate of nucleation at constant ODF. 

According to Turnbull’s empirical equation [34], interfacial energy is proportional to the heat of 

fusion. CaMg2 has the highest heat of fusion, ∆Hf = 16150 J/mol, compared to ∆Hf = 10470 J/mol 

for CaZn and 9470 J/mol for Ca5Zn3. These values are consistent with higher GFA in alloys 

where CaMg2 is the first solid to form rather than those where CaZn or Ca5Zn3 form at the same 

ODF values (Figure 8b). Considering together ODF and interfacial energy via the first solid phase 

to form considerably reduces the scatter in λ vs. ODF and provides correlation coefficients 

superior to those for any of the GFA parameters discussed earlier.  

SRO may also contribute to differences in GFA of alloys with equivalent ODF values. Recent 

experimental investigations indicate the importance of SRO in the melt on GFA [16,17]. SRO 

lowers the total free energy of the liquid compared to the corresponding ideal liquid state with a 
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random structure [14], and as a consequence reduces the thermodynamic driving force for 

crystallization. The two-order parameter model of Tanaka [14], which describes the liquid with 

locally ordered structure embedded in a normal disordered liquid, suggests that the liquid 

becomes more stable against crystallization with an increase in the degree of SRO (fraction of the 

locally favored structure). The latter can be a result of the presence of efficiently packed clusters 

in the amorphous structure [23,35,36]. Topological studies [23,35-38], supported by computer 

simulations [39], show that a set of preferred solute-to-solvent radius ratios produces efficient 

atomic packing at both local (nearest-neighbor atomic clusters) and medium-range length scales. 

This topological contribution to stability derives from an energetic term associated with reduced 

specific volume, and from a kinetic term by increasing viscosity and hence decreasing the rate of 

mass transport. The Ca-Mg-Zn system has a combination of atomic sizes sufficient to produce 

these efficiently packed local structures. According to the efficient cluster packing model [23], 

Ca-Mg-Zn glasses are represented as <10,9> structures, where Mg solutes have ~10 nearest 

neighbors and Zn solutes have ~ 9 nearest neighbors. Glass compositions predicted from this 

model range from Ca70Mg15Zn15 to Ca53Mg12Zn35, which encompasses nearly all alloy 

compositions in the present work.  

To compare the degree of short range order for different compositions, one can evaluate the 

fragility index D which characterizes the strong nature of the liquid [33,41]. Tanaka [14,40] 

provides evidence for correlation between the critical cooling rate, Rc, required for amorphization 

with the fragility index D and the reduced glass transition temperature Trg, in accord with the 

equation: 

5.321.45266.0log −+=−
l

g
C T

T
DR         (5) 
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Using Equation 5, the fragility indexes D were calculated as a function of liquid composition 

from thermal behavior of Ca-Mg-Zn glassy alloys and from Rc, which was calculated from the 

GFA parameter λ using an empirical equations suggested by Lu and Liu [32]. The results are 

shown in Table 2 and Figure 9. Although alloys with the smallest λ values of ~0.5  mm have the 

lowest values of D consistent with fragile glasses, there is no clear correlation between D and λ 

for alloys with λ ≥ 1  mm. For these more stable alloys, D varies from15 to 25, which is typical 

for very strong liquids [33,41]. The high fragility indexes support the model prediction [23,35,36] 

of a high degree of SRO (efficient atomic clusters) in the Ca-Mg-Zn alloys.  

Although no direct correlations between the critical thickness, λ, and the fragility index D or the 

ODF are obtained when these parameters are considered separately (see Figures 8a and 9), 

combination of these parameters allows a good correlation (Figure 10). A clear dependence of λ 

on ODF and D is well fitted by a plane in λ-D-ODF space, expressed by the equation: 

Log (λ) = 0.11 D – 2.28 ODF/RT + 0.65,  (R2 = 0.882)     (6) 

This result indicates that the combination of low driving forces for crystallization and strong 

liquid behavior results in better GFA. This is consistent with previous suggestions that improved 

GFA is associated with low driving forces [27,28], and that strong liquids are better glass formers 

[41,42]. While the GFA of alloys generally increases with a decrease in the ODF for nucleation, 

the solid/liquid interfacial energy and SRO must also be taken into account when comparing the 

GFA of different alloys. It has thus been shown here that Ca60Mg17.5Zn22.5 and Ca62.5Mg17.5Zn20 

are the best glass forming alloy compositions because they combine the lowest driving forces for 

crystallization and strongest liquid behaviour.  
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4. Conclusions 

A thermodynamic analysis of the driving force for the onset of crystallization of different phases 

from the under-cooled liquid in the Ca-Mg-Zn system was conducted. A strong dependence of the 

driving force on the alloy composition was found and the alloys corresponding to the local 

minima of the onset driving force were identified. These alloys were found to have good glass 

forming ability, having a maximum critical thickness at which they remained fully amorphous 

during copper mold casting of up to 10 mm. Although glass forming ability has a general 

tendency to increase with a decrease in the onset driving force, it is also enhanced with an 

increase in the liquid/solid interface energy of a crystalline phase and an increase of the fragility 

index D, so that undercooled liquids with equivalent onset driving forces can have different glass 

forming abilities. The combination of low onset driving forces, high solid/liquid interfacial 

energy and ‘strong’ liquid behaviour (high liquid fragility index D) results in better glass forming 

ability of alloys in the CaMg2 precipitation phase field and with compositions near Ca60Mg20Zn20. 

This provides the first general analytic approach for identifying the best glass forming 

compositions across broad compositional regimes spanning more than one primary crystalline 

phase in metallic glasses.  
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Tables 

 

Table 1. Critical thickness, λ, glass transition, Tg, crystallization, Tx, melting, Tm, and liquidus, Tl, 
temperatures, α ( lx TT / ), Trgx ( mlxg TTTT / ), ∆Txg ( gx TT − ) and onset driving force (ODF) for 
crystallization at T=390K for Ca-Mg-Zn metallic glasses.  

Alloy  λ 
(mm) 

Tg 
(K) 

Tx 
(K) 

Tm 
(K) 

Tl 
(K) 

α Τrgx ∆Txg ODF/
RT 

Ca55Mg15Zn30 0.5 389 419 623 711 0.589 0.368 30 1.18 
Ca55Mg20Zn25 2 383 428 623 702 0.610 0.375 45 1.07 
Ca55Mg25Zn20 1 375 418 609 751 0.557 0.343 43 1.47 
Ca60Mg10Zn30 0.5 380 425 623 710 0.599 0.365 45 1.24 
Ca60Mg15Zn25 6 379 427 609 650 0.657 0.409 48 1.03 
Ca60Mg17.5Zn22.5 10 378 428 609 650 0.658 0.409 50 0.89 
Ca60Mg20Zn20 4 378 415 609 660 0.629 0.390 37 1.10 
Ca60Mg25Zn15 1 377 409 609 744 0.550 0.340 32 1.51 
Ca62.5Mg17.5Zn20 10 375 412 609 640 0.644 0.396 37 0.81 
Ca65Mg15Zn20

 6 375 410 609 630 0.651 0.401 35 0.86 
Ca70Mg10Zn20

 0.5 367 399 609 657 0.607 0.366 32 0.93 
 

 

Table 2. Critical thickness λ, critical cooling rate Rc calculated from λ using equations given in 
[32], and fragility index D calculated from Equation 5. The GFA parameters γ ( )/( lgx TTT + ) and 
Trg ( lg TT / ) used for the calculations of Rc and D are also tabulated here. 
 

Alloy  λ 
(mm) 

γ Trg Rc 
(K/s) 

D 

Ca55Mg15Zn30 0.5 0.381 0.547 13740 14 
Ca55Mg20Zn25 2 0.394 0.546 279 20 
Ca55Mg25Zn20 1 0.371 0.499 1960 25 
Ca60Mg10Zn30 0.5 0.390 0.535 13740 16 
Ca60Mg15Zn25 6 0.415 0.583 13 19 
Ca60Mg17.5Zn22.5 10 0.416 0.582 3 22 
Ca60Mg20Zn20 4 0.400 0.573 40 19 
Ca60Mg25Zn15 1 0.365 0.507 1960 24 
Ca62.5Mg17.5Zn20 10 0.406 0.586 3 21 
Ca65Mg15Zn20 6 0.408 0.595 13 17 
Ca70Mg10Zn20 0.5 0.390 0.559 13740 12 
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Appendix 

 

Table A1: Thermodynamic description of the Ca-Mg-Zn liquid phase from Brubaker et al [21]. 

Sublattice model Parameters (S.I. units) 

(Ca,Mg,Zn) 

5.5437

47787

7.7029

28.1673
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Figures 

 

 
 

Figure 1: Molar Gibbs energy diagram illustrating the method to calculate onset driving forces for 

the beginning of the precipitation of two new phases α (solid solution) and ε (line-compound) 

from an undercooled liquid for the composition L
Bx . The dotted line represents the common 

tangent (equilibrium), and the dashed lines show the tangents to the Gibbs energy curve of the 

liquid phase at the composition L
Bx , and to the Gibbs energy curve of α at the composition α

Bx . 

L
AG  and L

BG  are the chemical potentials of A and B atoms, respectively, in the liquid phase of 

composition L
Bx  and at the temperature T. Vertical arrows represent the onset driving forces for 

the precipitation of α (ODFα) and ε (ODFε), respectively. 
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Figure 2: Calculated onset driving forces of various crystalline phases for Ca55MgxZn100-x alloys 

versus Mg content at 390 K. The circles represent the alloy compositions studied. Their critical 

thicknesses are indicated. 
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Figure 3: Calculated onset driving forces of various crystalline phases for Ca60MgxZn100-x alloys 

versus Mg content at 390 K. The circles represent the alloy compositions studied. Their critical 

thicknesses are indicated. 
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Figure 4: Calculated onset driving forces of various crystalline phases for Ca(100-x)MgxZn20 alloys 

versus Mg content at 390 K. The circles represent the alloy compositions studied. Their critical 

thicknesses are indicated. 
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Figure 5: Complete two-dimensional plot of the onset driving forces (ODF) calculated for the full 

composition space in the Ca-Mg-Zn system at 390 K. The two ODF minima are identified by 

arrows. 
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(a)  

 

(b)  
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(c)  

(d)  
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(e)  

 

Figure 6: Correlation between ODF and GFA indicators (a) lgrg TTT /= , (b) lx TT /=α , (c) 

)/( lgx TTT +=γ , (d) mlxgrgx TTTTT /=  and (e) gxxg TTT −=∆  for 11 Ca-Mg-Zn alloys given in 

Table 1. The trendlines and corresponding regression coefficients (R2) are shown. 
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(a)  

(b)  
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(c)  

(d)  
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(e)  

 

Figure 7: Correlation between the critical thickness (λ) and GFA indicators (a) lgrg TTT /= , (b) 

lx TT /=α , (c) )/( lgx TTT +=γ , (d) mlxgrgx TTTTT /=  and (e) gxxg TTT −=∆  for 11 Ca-Mg-Zn 

alloys given in Table 1. The trendlines and corresponding regression coefficients (R2) are shown. 
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Figure 8: (a) Correlation between the critical thicknesses (λ) and the calculated onset driving 

force normalized by the gas constant R and absolute temperature T (ODF/RT) for 11 Ca-Mg-Zn 

alloys given in Table 1. (b) The same data set arrayed into three groups, with alloys forming 

CaMg2 (1st group), CaZn (2nd group) and Ca5Zn3 (3rd group) phases during the onset of 

crystallization of the undercooled liquid (see Figures 1-3).  
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Figure 9: Correlation between the critical thickness (λ) and the fragility index D. The trendline 

and corresponding regression coefficients (R2) are shown. 
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Figure 10: Correlation between the critical thickness (λ), the fragility index D and the calculated 

onset driving force normalized by the gas constant R and absolute temperature T (ODF/RT) for 

11 Ca-Mg-Zn alloys given in Table 1 and Table 2. Values of the critical thicknesses are indicated 

in millimeters in the black sphere for each alloy composition. The data are well fitted by the 

meshed plane drawn. Its equation and regression coefficient are also shown.  
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