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Critical cooling rate Rc for a series of Al-based glass formers, as well as cooling rate T′ for copper-mold casting
Al-based bulk metallic glass (BMG) samples, have been calculated. It is found that the glass forming ability
(GFA) is reflected by the change of Rc value, and Al86Ni6Y4.5Co2La1.5 alloy, the best glass former in Al-based
systems, holds the lowest Rc of about 3.01 × 103 K/s. The T′ for the rod sample is determined by casting diameter
D. When synthesizing Al-based BMGs, with the D increases from 1 mm to 3 mm, the value of T′ decreases from
7.48 × 103 K/s to 0.83 × 103 K/s. Based on these calculations, the critical casting diameter Dc for a certain Al-rich
multi-composition could be predicted. Further, for the composition Al86Ni6Y4.5Co2La1.5, bulk glassy sample with
Dc up to 1.5 mm has been obtained, confirming the theoretical prediction.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Al-based metallic glasses, with their ultra-high specific strength [1]
and good corrosion resistance [2], have been considered as important po-
tential engineering materials [3,4]. Since Al-based metallic glass was dis-
covered in 1988 [5], numerous efforts have been devoted to developing
Al-based lightweight bulk glassy alloys [1,6–10]. Owing to its low glass
forming ability (GFA), the largest size of Al-based bulk metallic glass
(BMG) reported so far is only 1mm[1]. The size limitation ofAl-basedme-
tallic glasses has hindered its further development inmany relevant areas,
such as the optional design of microstructure [9,11], the investigation of
corrosion-resisting properties with large scale metallic coatings [4] and
themechanical properties investigation of BMGswith selective lasermelt-
ing (SLM) technique [12–14] etc. In order to design largerAl-basedBMG to
fulfill its potential application,manymethods, e.g., theoreticalmodels [6,7,
15,16] and empirical criterions [1,8], have been proposed. Unfortunately,
solidification process, another key factor closely related to sample size,
has rarely been analyzed in Al-based BMGs in previous researches. It will
be crucial for pushing engineering application of Al-basedmetallic glasses.
Therefore, it is highly desirable to further understand the solidification
process and uncover the glass formation mechanism of Al-based BMGs.

GFA can be viewed as the resistance to the precipitation of crystal-
line phases during solidification process. For many typical bulk glass-
former systems, their solidification processes have been investigated
systematically. For example, the influence of casting parameters on
the critical casting size was investigated for systems based on Ca and
Mg by Laws et al. [17], the microstructure and kinetic transitions for
Fe-based BMG during solidification process were analyzed by Perepezko
andHildal [18], and the time-temperature-transformation (TTT) diagram,
constructed experimentally in Zr-based glass forming alloy, was used to
investigate crystallization and phase separation behavior by Kim et al.
[19]. However, due to size limitation of Al-based metallic glasses, experi-
mental investigation of the solidification process is extremely difficult.
It seems to be applicable to analyze their solidification process and forma-
tion characteristics by means of theoretical calculation methods. In fact,
some calculation methods have been used for many BMG-forming
systems successfully, such as the critical cooling rate evaluation based
on the thermodynamics [20–22], the cooling rate estimation according
to the Fourier's law [23–25], and the mixing enthalpy and mismatch en-
tropy calculation for evaluating GFA [26].

In this paper, our purpose is to understand the characteristics of
solidification process and its relationship with glass forming in a series
of Al-based metallic glass systems on the basis of theoretical calculations.
Correspondingly, the critical casting diameters Dc for Al-based BMGs are
predicted theoretically and further verified experimentally.

2. Critical cooling rate and critical casting diameter estimation for
Al-based metallic glasses

2.1. Critical cooling rate calculation

GFA can be directly reflected and assessed by critical cooling rate Rc.
The smaller the Rc is, the higher the GFAwill be. To define GFA of a certain
alloy, Rc should be obtained first. Unfortunately, experimental investiga-
tion of Rc for Al-based metallic glasses is extremely difficult due to the
size limitation. In this case, theoretical calculation method seems to be
an applicable way.
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In 1968, a formula used to calculate Rc of traditional oxide glasses
was given by Sarjeant and Roy [20]:

Rc ¼ Z
kBT

2
l

a3ηTl

ð1Þ

where Z is a constant of 2 × 10−6, kB is the Boltzmann constant, a is the
interatomic distance, Tl is the liquidus temperature and ηTl is the
viscosity at Tl.

Owing to the limitation of Eq. (1), an equation that can reasonably
estimate Rc for glass formation in multi-component alloy systems
was required. In this case, derived from Eq. (1), Takeuchi and Inoue pro-
posed a modified equation by adding a correction factor of exp(ΔG/RT)
[21]:

Rc ¼ Z
kBT

2
l

a3ηTl

exp
ΔG
RT

� �
ð2Þ

where R is the gas constant and ΔG is the free energy of mixing which
can be obtained by the regular solution model [26].

In order to evaluate Rc, several parameters have to be determined.
The equations for calculating the values of these parameters are
shown as follows:

a ¼
XN
i¼1

Ciai ð3Þ

ηTl
¼ 10−3:3 exp

3:34Tl

T−Tg

� �
ð4Þ

where Ci is the atomic mass fraction of ith element, ηTl is often approxi-
mated by Eq. (4), an empirical equation which has been verified in
many metallic glass systems [27], Tg is the glass transition temperature,
Tl and Tg can be obtained from experimental data.

Based on Eq. (2), the estimated Rc for various Al-basedmetallic glass
systems can be achieved. Table 1 shows the calculated RC for different
alloy compositions and summarizes the parameters which are needed
for the calculation. In order to verify the validity of the calculation
Table 1
Calculated results based upon the reference-reported data in a series of Al-based metallic glass

Alloy a (Å) Tg (K) Tl (K) ηTl (Pa s)

Al87.5Ni4Sm8.5 2.60 508 1268 0.13
Al85.6Ni9.2Sm5.2 2.68 505 1198 0.16
Al87Ni7Gd6 2.66 488 1167 0.16
Al85.7Ni9.1Gd5.2 2.68 510 1200 0.17
Al87Ni9Ce4 2.86 468 1146 0.14
Al87Ni8Ce5 2.87 496 1142 0.18
Al85Ni10Ce5 2.86 523 1165 0.22
Al85.5Ni9.5Ce5 2.86 519 1158 0.21
Al85.8Ni9.1Ce5.1 2.87 484 1185 0.14
Al88Co4Y8 2.91 507 1189 0.17
Al88Co5Y7 2.89 522 1193 0.19
Al85.8Co9.1Y5.1 2.87 516 1230 0.16
Al85.8Ni9.1Y5.1 2.86 477 1200 0.13
Al86Ni8Y6 2.87 494 1201 0.15
Al88Ni4Y8 2.90 465 1189 0.12
Al85Ni10La5 2.87 510 1177 0.18
Al86Ni9La5 2.87 498 1115 0.21
Al85Ni6Fe3Gd6 2.58 570 1173 0.33
Al85Ni5Fe2Gd8 2.56 570 1283 0.20
Al86Ni6Y6Co2 2.87 512 1207 0.17
Al86Ni8Y4.5La1.5 2.88 507 1206 0.16
Al86Ni7Y5Co1La1 2.88 500 1205 0.15
Al86Ni7Y4.5Co1La1.5 2.88 504 1196 0.16
Al86Ni6Y4.5Co2La1.5 2.88 505 1197 0.16

tc is the experimental critical size, and superscript R is for melt-spinning, W is for wedge-shap
method, the maximum size of fully amorphous samples (tc) obtained
with different preparation techniques are also listed.

As shown in Table 1, the values of Rc for the typical Al-basedmetallic
glasses are in the range of 103 K/s to 104 K/s, which is comparable to that
ever estimated from experimental experience. As expected, the compo-
sition of Al86Ni6Y4.5Co2La1.5, with the best GFA, has the minimum Rc of
about 3.01 × 103 K/s, while the composition of Al87Ni9Ce4 has the max-
imum Rc of nearly 1.02 × 104 K/s. It indicates that theRc agreeswell with
the GFA. More specifically, the calculation results show a tendency that
Rc decreaseswith the number of component increases. Overall, for a cer-
tain Al-rich multi-component system, there exists a similar variation
tendency betweenRc and tc. Inmost cases, the tc corresponds to the low-
est Rc. It implies that the calculationmethod used above is applicable for
Al-based metallic glasses.

The effect of the free energy of mixingΔG on the critical cooling rate
Rc has also been analyzed in this work. For clarity, the values of ΔG and
Rc for various Al-based alloys obtained by calculating are plotted in
Fig. 1. It can be clearly seen that the Al-based alloy with a large negative
value ofΔG has an apparent decreasing tendency in Rc,whichmeans the
alloy with a larger value of ΔG is much more beneficial to form glassy
phase. However, not all compositions agree well with such variation
trends between ΔG and Rc, such as the alloy Al87.5Ni4Sm8.5 and
Al85Ni5Fe2Gd8. In addition, seen from Fig. 1, there exists an overlapped
area between ternary and quaternary alloy systems, and between qua-
ternary and quinary alloy systems as well. Apparently, for Al-based
alloy systems, some ternary alloys, as the example of Al85.5Ni9.5Ce5,
may have better GFA than some quaternary alloys, and the similar
situation occurs between quaternary and quinary alloys, like
Al86Ni8Y4.5La1.5.
2.2. Cooling rate calculation for copper-mold casting process

For a cylindrical-shaped metallic glass produced by copper-mold
casting, during the solidification process, heat transfer takes place by
conduction from the molten metal to the contacted copper mold. To
date,many theories on the heat transfer of copper-mold casting process
have been proposed, and numerous efforts have been made to under-
stand the solidification process [17,18,28,29]. However, instead of in-
tensive study of the casting process, this work focuses on simplifying
es.

ΔG (×104 J/mol) Rc (K/s) tc (μm) Refs.

−1.95 7.20 × 103 – [32]
−1.93 5.24 × 103 – [15]
−1.86 7.01 × 103 300R [33]
−1.94 4.89 × 103 – [34]
−1.73 1.02 × 104 290W [35]
−1.78 6.23 × 103 400W [35]
−1.84 4.45 × 103 425W [35]
−1.90 3.49 × 103 510W [35]
−1.91 5.16 × 103 – [34]
−1.82 6.03 × 103 200R [40]
−1.76 6.99 × 103 230R [36]
−1.83 7.05 × 103 – [34]
−1.92 5.62 × 103 180R [34,40]
−1.96 4.16 × 103 260R [34]
−1.87 6.86 × 103 200R [40]
−1.91 4.06 × 103 580W [37]
−1.86 3.97 × 103 685W [8,37]
−1.85 3.82 × 103 250R [38]
−2.03 3.65 × 103 200R [38]
−1.99 3.38 × 103 850W [34]
−2.00 3.30 × 103 785W [34]
−2.01 3.32 × 103 1000C [34]
−2.01 3.04 × 103 1000C [34]
−2.02 3.01 × 103 1000C [34]

ed casting, C is for cylindrical-shaped casting.



Fig. 1. Illustration of the relationship between critical cooling rate Rc and free energy
of mixing ΔG for Al-based metallic glasses, the triangles, the quadrangles and the
pentagrams correspond to the ternary, the quaternary and the quinary alloy systems,
respectively.

Table 3
The cooling rate obtained by calculation corresponding to the casting diameter.

Casting diameter, D (mm) 1.0 1.5 2.0 3.0
Cooling rate, T′ (K/s) 7.48 × 103 3.32 × 103 1.87 × 103 0.83 × 103
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the heat transfer process of copper-mold casting so as to generate an
expression that can reasonably estimate the cooling rate.

Here are the simplified treatments for the heat transfer in the
copper-mold casting process. There is no gap between the casting rod
and the copper mold, so that only heat conduction is considered. For
the cylindrical-shaped copper mold, heat transfer process can be
regarded as one dimension conduction which is consistent with the
Fourier's law. The latent heat of crystallization is neglected since no
crystal is formed during cooling. The physical properties of the Al-
based alloys and the copper mold used in the calculation are constant,
and are independent of temperature.

Based on these simplifications, the solidification process can be
considered at a relatively ideal state. According to a series of theoretical
derivations deduced byWang et al. [24], the cooling rate expression for
the center area of the cylindrical-shaped molten metal was eventually
proposed:

T 0
1

� �
x¼−r ¼

b2T20−b2T10ð Þe−K2
α1 � K3

b1 þ b2ð Þ ffiffiffiffiffiffi
α1

p � r2 ð5Þ

where [T1′]x= −r is the cooling rate at the sample center, r is the radius
of the casting rod, b1 and b2 are the coefficients of thermal storage of the
alloy and the copper mold, K is the Chvorinov's constant, and the sub-
scripts 0, 1, 2 denote the initial condition, the rod sample and the copper
mold, respectively. Eq. (5) describes the cooling rate variationwith radi-
us. Herein, the temperatures T10 and T20 can be obtained once the exper-
imental condition is determined, and all the other parameters are
considered as constants for a certain alloy composition.

For Al-based BMGs, parameters needed for the calculation are listed
in Table 2. Based on Eq. (5), the calculation results are shown in Table 3,
the results indicate that with the casting diameterD, which equals to 2r,
increases from 1 mm to 3 mm, the cooling rate for the center area
decreases from 7.48 × 103 K/s to 0.83 × 103 K/s, whichmeans the larger
Table 2
Parameters used for calculating the cooling rate of the copper-mold casting [25].

Materials Thermal conductivity, k (W/(m K)) Specific heat capacity, Cp (J/(kg K

Al-based alloy 94 1080
Cu mold 398 384
the sample size is, the lower the cooling rate will be. Meanwhile, it can
be seen from Table 3 that for the 1.5 mmdiameter sample, the obtained
cooling rate for coppermold casting is about 3.32 × 103 K/s; while for the
3 mm diameter sample, the cooling rate turns out to be 0.83 × 103 K/s
which falls to below 103 K/s. Clearly, with the increase of the casting
diameter, the cooling rate drops rapidly.
2.3. Critical casting diameter prediction

A useful kinetic analysis for solidification process is the evaluation of
TTT curve, where the position of the nose of the transformation curve,
corresponding to the value of Rc, is used to avoid nucleation and growth.
According to Eq. (2), the values of Rc for different glass-forming alloys
can be obtained. Thus, the position of the nose area of a schematic TTT
curve for a certain alloy can be speculated based on the calculated Rc
[18,30]. To relate the solidification characteristics to the calculated Rc,
the continuous-cooling-transformation (CCT) curve should be obtained
as well. Eq. (5) expresses the correlation between the cooling rate and
the casting size for copper-mold casting process. Based on the calculated
results, the CCT curves could be constructed.

In the analysis of glass formation, TTT curves have to be used in com-
bination with CCT curves. The onset time for crystallization is the mo-
ment when the CCT curve just passes through the nose of the TTT
curve, and if the CCT curve bypasses the nose, metallic glass structure
will form [18,31]. Obviously, the kinetic analysis of solidification process
can be investigated by using the information from the calculated TTT
and CCT curves. The resulting CCT/TTT diagrams for Al-based glass
forming alloys, based on Section 2.1 and Section 2.2, are shown in
Fig. 2. The TTT curves for three typical Al-based glass forming alloys,
Al86Ni8Y6, Al86Ni6Y6Co2 and Al86Ni6Y4.5Co2La1.5, were schematically
drawn according to the theoretically calculated results of Rc. The CCT
curveswere constructed for the calculated T′, corresponding to the cast-
ing diameter of 1 mm, 1.5 mm, 2 mm and 3 mm, respectively. Clearly,
with the increase of alloying element, the corresponding TTT curve
moves to the right side. It reflects the alloy presents much better GFA
with the increased number of components. This is exactly required for
a lower T′ or a relatively larger D when synthesizing BMGs. Note that
the critical casting diameter Dc could be predicted theoretically with
the combination of TTT and CCT curves.

As we know, numerous efforts have been made to design better
Al-based glass formers [1,8,15,32–38], and the Al–Ni–Y–Co–La quinary
alloy system presents the best GFA [1,34]. Deduced from Table 1, herein,
we selected Al86Ni6Y4.5Co2La1.5 alloy for the following study since it has
the minimum Rc (i.e. the best GFA) compared with other quinary alloy
compositions.

Clearly, from Fig. 2, the nose of the TTT curve for Al86Ni6Y4.5Co2La1.5
falls in the interval between 1.87 × 103 K/s and 3.32 × 103 K/s, corre-
sponds to Dc in the range of 1.5 mm to 2 mm. Note that the calculation
)) Density, Ρ (kg/m3) Thermal diffusivity, α ((W m2)/J) Temperature, T0 (K)

2385 3.6 × 10−5 1197
8900 1.2 × 10−4 298



Fig. 2. Schematic CCT/TTT diagram based on the calculated results [39]. The CCT curves
correspond to the casting diameter of Al-based BMGs and the TTT curves are plotted for
three typical Al-based metallic glasses: Al86Ni8Y6, Al86Ni6Y6Co2 and Al86Ni6Y4.5Co2La1.5. Fig. 4.DSC curve of the amorphous part of the Al86Ni6Y4.5Co2La1.5 alloy rodwith 1.5mm in

diameter, the inset XRD pattern indicates its amorphous nature.
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models constructed above were at ideal states and some simplifications
have been made. Although some influencing factors should be taken
into consideration in practice, it still could be expected to cast a
cylindrical-shaped sample with 1.5 mm in diameter.
3. Experimental verification

To confirm the above analysis, the copper-mold casting experiment
of Al86Ni6Y4.5Co2La1.5 alloy has been performed. Fig. 3a shows the cross-
sectional SEMmicrograph for the alloy Al86Ni6Y4.5Co2La1.5 with 1.5 mm
diameter, the inset image is the outer appearance of the glassy part of
the rod. From the magnified image in Fig. 3b, clearly, no crystalline
grain can be found, indicating a fully amorphous structure.

Fig. 4 presents the DSC and XRD profiles of the cross section of
the glassy part. Obviously, no observable crystalline peak is found
in the X-ray pattern. The DSC and XRD results of the composition
Al86Ni6Y4.5Co2La1.5 confirm its amorphous nature. Moreover, the high-
resolution TEM image and the inset selected-area electron diffraction
(SAED) pattern for alloy Al86Ni6Y4.5Co2La1.5 are presented in Fig. 5. The
sample was taken from the center of the 1.5 mm as-cast rod. The
broad halo in the SAED pattern indicates the presence of a single glassy
phase and no crystal is visible in the high-resolution TEM image which
agrees well with the XRD result that the sample is completely non-
Fig. 3. SEMmicrograph of Al86Ni6Y4.5Co2La1.5 alloy: (a) Micrograph corresponding to the cross
part; (b) magnified image of the detail marked in Panel a.
crystal. The results verified that the critical casting diameter prediction
is practicable and the calculation methods are reasonable.
4. Conclusions

The critical cooling rates Rc for typical Al-based glass forming alloys
were estimated. The values of Rc vary from 3.01 × 103 K/s to 1.02 ×
104 K/s, and Al-based alloy with a large negative value of ΔG has an
apparent decreasing tendency in Rc. The cooling rates T′ of Al-based
BMGs during copper-mold casting were calculated. The values of T′
decrease from 7.48 × 103 to 0.83 × 103 K/s as the casting diameter
increase from 1 mm to 3 mm. The theoretical calculations present that
Al86Ni6Y4.5Co2La1.5, with the minimum Rc, can be casted into fully-
amorphous sample with 1.5 mm in diameter and the experimental
results confirmed this prediction.
Acknowledgments

This workwas supported by theNational Nature Science Foundation
of China (Nos. 51131006, 51471166). The authors are also grateful to Dr.
S. Li and Dr. X.Y San for the assistance in TEM observations.
section of a 1.5 mm diameter rod and the inset image is the appearance of the amorphous



Fig. 5. High-resolution TEM image of the 1.5 mm diameter Al86Ni6Y4.5Co2La1.5 alloy rod.
The inset image shows the corresponding SAED pattern.
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