
1

Vol.:(0123456789)

Scientific Reports |         (2021) 11:3903  | https://doi.org/10.1038/s41598-021-83384-w

www.nature.com/scientificreports

Combinatorial measurement 
of critical cooling rates 
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forming alloys
Naijia Liu1, Tianxing Ma2, Chaoqun Liao3,4, Guannan Liu1, Rodrigo Miguel Ojeda Mota1, 
Jingbei Liu1, Sungwoo Sohn1, Sebastian Kube1, Shaofan Zhao3, Jonathan P. Singer2 & 
Jan Schroers1*

Direct measurement of critical cooling rates has been challenging and only determined for a minute 
fraction of the reported metallic glass forming alloys. Here, we report a method that directly measures 
critical cooling rate of thin film metallic glass forming alloys in a combinatorial fashion. Based on a 
universal heating architecture using indirect laser heating and a microstructure analysis this method 
offers itself as a rapid screening technique to quantify glass forming ability. We use this method to 
identify glass forming alloys and study the composition effect on the critical cooling rate in the Al–
Ni–Ge system where we identified Al51Ge35Ni14 as the best glass forming composition with a critical 
cooling rate of 104 K/s.

Since their discovery1, a large number of alloys have been reported to form metallic glasses and some even bulk 
metallic glasses (BMGs) which require cooling rates below 1000 K/s2,3. However, it has been estimated that only 
about 10% of the composition space of potential BMG formation has been considered thus far4. The ability of 
an alloy to form a glass, so called glass forming ability (GFA), is quantified by the critical cooling rate, Rc. Rc is 
the lowest rate a liquid can be cooled to avoid crystallization and vitrify into a glass5. Direct measurement of Rc 
has been cumbersome and challenging and therefore, has only be determined for a few alloys6–13. Instead, other 
more accessible properties have been measured to approximate glass forming ability14,15. This includes critical 
casting thickness, reduced glass transition temperature Trg = Tg/Tl

16 and derivatives and extensions of Trg
17–19.

To address the large potential compositional space more effectively, combinatorial approaches have been 
used for the fabrication of large number of alloys in thin film alloy libraries20–27 and high-throughput methods 
developed to provide information about glass formation22,27,28. However, attempts to directly quantify critical 
cooling rates of alloys in such libraries have been limited to the as-sputtered state which forms under a cooling 
rate exceeding 108 K/s29,30. Such high cooling rates are not comparable with cooling rates for practical BMGs 
of ~ 103 K/s. Some progress was made recently by reheating the thin films and reducing the cooling rate to ~ 105 K/
s28, however still no significant variations of the cooling rate could be achieved, a requirement to determine the 
critical cooling rate. Direct measurement of critical cooling rates of thin film alloys has been recently suggested 
through nano calorimetry31–33. This method can be extended into a combinatorial method; however, the fabrica-
tion of the sensors is sophisticated and cumbersome, hence to date limited.

Here, we report a fast screening method which is based on laser heating to directly measure Rc in thin film 
alloy libraries. Based on Single Pulse Laser Annealing, cooling rates ranging from 102 to 106 K/s can be realized 
during solidification of the alloys. As an example, we determined Rc for a large number of alloys in the Al–Ge–Ni 
system, and identified the best glass forming composition as Al51Ge35Ni14 with a critical cooling rate of 104 K/s.
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Results
The experimental setup comprises of the universal thin-film heating architecture, library synthesis, and a scan-
ning system (Fig. 1). For the universal thin-film heating architecture we use Single-Pulse Laser Annealing to 
locally heat and melt a thin film alloy. A sapphire (Al2O3) wafer is used as a laser transparent substrate. Instead 
of relying on absorption of the laser by the alloy, we use an absorption layer made from tungsten, 100 nm thick, 
which is located above the sapphire wafer. Calculated transmission rate through the tungsten layer based on its 
refractive index is about 1%34. To decouple the absorption layer from the alloy, a 10 nm dielectric separation 
layer of Al2O3 is deposited on the tungsten. Subsequently, the alloys, as alloy libraries, are sputtered on the struc-
ture. For efficient energy absorption of the tungsten layer, we use a 1070 nm and 200 W diode laser as heating 
source which warrants an absorption of ~ 60%, as calculated from boundary equations of electromagnetic waves 
propagating through multilayer media34 (Fig. 1a(ii)). Within this heating architecture, the alloy is heated not 
directly through the laser but through heat conduction from the tungsten absorption layer. The advantage of such 
design is that heating, maximum temperature, and cooling rate are essentially independent from the specifics 
of the sample alloy and its absorption coefficient. Instead they are defined by the absorption layer thickness and 
laser pulse settings, which can be kept constant and hence a controlled, calibrated, and predictable heating and 
cooling profile can be generated. Therefore, proposed universal thin-film heating architecture allows us to pre-
determine and/or simulate the heating and cooling rates and control them by the laser setting, independent of 
the specifics of the alloy within the alloy library. This allows to apply a priori known heating and cooling rates 
over alloy libraries of largely varying chemical composition.

To quantify the cooling rates, we use simulations to solve the heat flow equation numerically (see sup-
plementary materials). A 3D model based on the universal thin-film heating architecture was imported into 
COMSOL. Heat generation in the simulation originates from the interaction between the tungsten layer and 
the laser beam. Heat can dissipate through the sample and also through the sapphire. The temperature profile 
of the thin film region from this model was subsequently probed and used to calculate the cooling rate for the 
Single Pulse Laser Annealing.

Cooling rates are controlled through laser pulse length and peak power (Fig. 1b). In general, a long and 
low power pulse leads to a low cooling rate and a short, high-power pulse to a high cooling rate. The cooling 
rates for all laser pulse profiles vary as a function of temperature. For the here considered Al–Ni–Ge alloys, the 
critical temperature range to avoid crystallization is ~ 600 K. This temperature is assumed at the nose of the 
time–temperature–transformation curve, which has been previously observed to be located approximately at 
(Tl + Tg)/212,35–38. Throughout the document, the cooling rates are calculated at 600 K. Utilizing the simulations 
with specific heating conditions where the pulse length is varied from 0.1 ms to 10 s and the peak power is modi-
fied accordingly to maintain a constant peak temperature, cooling rates can be varied from 102 to 106 K/s (Fig. 1c).

The alloy library is synthesized through combinatorial sputtering from three sputtering guns. These guns 
are aligned in a tetrahedral geometry to deposit varying quantities of the alloy’s elements as a function of the 
x–y position on the substrate22. Specifically, we used Al, Ni, and Ge and sputtered a composition region cover-
ing 30–83 at.%, 4–28 at.% Ni, and 11–63 at.% Ge. Compositions were measured by energy dispersive X-ray 
spectroscopy (EDS). The alloy library is separated into ~ 200 individual patches, each one 2 mm in diameter and 
separated by 5 mm. As sputtered films are ~ 500 nm thick.

The universal thin film heating system is positioned in a vacuum chamber and operates under vacuum 
conditions of 10–3 mTorr. A computer-controlled X–Y stage, which is synchronized with the laser controller, 
moves the alloy library between alloy patches (Fig. 1e) and within a patch to four locations that are sufficiently 
far separated to prevent cross patch interference (Fig. 1f). For the four locations on one alloy patch, the laser 
pulses vary to result in cooling rates of about 106, 105, 104, and 103 K/s, respectively. Application of each laser 
pulse and subsequent relocation to the next location takes 10 s. Hence, it takes ~ 2.5 h to apply four different 
rates to all alloys in a library of 200 alloys.

We carried out critical cooling rate measurement with Single Pulse Laser Annealing on Al–Ge–Ni alloy 
library. Alloys are separated by approximately 2 at.% Al, 1 at.% Ge, and 0.3 at.% Ni. For each alloy we applied 
four cooling rates of 1× 10

6 K/s, 2.5× 10
5 K/s, 1.8× 10

4 K/s, and 4.2× 10
3 K/s.

The characterization to evaluate Rc is based on microstructure analysis using scanning electron microscopy 
(SEM). Specifically, we distinguish between crystalline microstructure and amorphous microstructure (Fig. 2). 
If an alloys’ microstructure under specific cooling condition reveals a contrast, which is indicative of a crystalline 

Figure 1.   Experimental setup of single pulse laser annealing. (a) Schematics of single pulse laser annealing. 
Laser beam (red) passes transparent sapphire substrate (light gray) and heats tungsten absorption layer ((i) 
and (ii)). Heat generated from absorption layer then dissipates across a 10 nm dielectric layer and melt the thin 
film sample (iii). After Laser beam is turned off, system is cooled down by natural cooling through sapphire 
substrate, and thin film sample solidifies (iv). (b) in Single Pulse Laser Annealing, thermal profile is controlled 
by varying the duration time of the laser pulse. Thermal simulation of two laser pulses with duration time of 
0.1 ms (orange) and 1 ms (yellow) are shown with significant varied cooling rate (R1 and R2). (c) By changing 
the laser pulse duration time, from 0.1 ms to 10 s , cooling rates ranging from 106 to 103 K/s can be realized. 
Error bar is defined by cooling rates at temperatures between 500 and 800 K, which is the typical region of the 
nose temperature of TTT diagram for most glass forming alloys. (d) Simulated result of laser heating/cooling 
profile with different laser duration time: (i) 0.1 ms, (ii) 1 ms, (iii) 10 ms, and (iv) 100 ms, showing cooling 
rates controlled over orders of magnitude. (e) High-throughput measurement on material library. Sputtered 
material library is meshed into ~ 200 different compositions. (f) Four different laser pulses are applied to each 
composition, giving cooling rates varying through 4 orders of magnitude.
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structure, we conclude that applied cooling rate is smaller than Rc. If the alloy and cooling conditions reveal a 
homogenous amorphous microstructure, we conclude that applied cooling rate is larger than Rc (Fig. 2a). This 
allows to determine Rc as long as it is in the range of cooling rates of 102–106 K/s which are achievable within 
this method. Example microstructures for different alloys (the dashed line from Al80Ge11Ni9 to Al32Ge52Ni16 in 
Fig. 3a) and various cooling rates are shown in Fig. 2b. Structural characterization through transmission elec-
tron microscopy (TEM) have been attempted but abandoned due challenges originating from the low activation 
energy of nucleation and low melting temperatures in Al-based metallic glasses39,40. 

Figure 2.   Microstructure analysis to reveal glass formation and critical cooling rate. (a) Characteristic 
microstructure for a crystalline alloy, R < Rc and an alloy that vitrified and formed glass, R > Rc (scale bar: 
100 nm). (b) Microstructure mapping of Al80Ge11Ni9, Al74Ge15Ni11, Al70Ge18Ni12, Al62Ge24Ni14, Al54Ge31Ni15, 
Al45Ge39Ni16, Al37Ge48Ni15, and Al32Ge52Ni16 (from left to right). This composition line is indicated in Fig. 3 
as the white dashed line. Each column represents microstructures of one alloy for different cooling rates. The 
first row shows result of as-sputtered film, representing the highest cooling rate of ~ 108 K/s (with XRD curve 
superimposed). From the second row to the fifth row results from Single Pulse Laser Annealing of different 
cooling rates, in sequence, 1× 10

6 K/s, 2.5× 10
5 K/s, 1.8× 10

4 K/s, and 4.2× 10
3 K/s are shown (scale bars: 

100 nm). (c) Measured critical cooling rates which are based on the microstructure characterization of the eight 
compositions in (b).
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We used this technique which is exemplified in Fig. 2 to determine Rc for all ~ 200 Al–Ge–Ni alloys (Fig. 3). 
On as-sputtered film, large composition regions form an amorphous structure. Only at the aluminum rich corner 
the cooling rate during sputtering of ~ 108 K/s is insufficient to suppress crystallization (labeled as dark blue). All 
the compositions that form an amorphous phase at rate > 108 K/s are also exposed through laser spike anneal-
ing treatment to lower rates and subsequent characterization. As the cooling rate decreases, the glass forming 
composition region shrinks rapidly (Fig. 3a). Specifically, we indicated cooling rates of 108 K/s as orange, 106 K/s 
as light yellow, 105 K/s as blue, and 104 K/s as red, which points at Al51Ge35Ni14 as the composition with the best 
glass forming ability in the Al–Ge–Ni system.

Figure 3.   Critical cooling rate mapping and results from melt spinning samples. (a) Summary of critical 
cooling rates of the considered Al–Ni–Ge alloys spanning 6 orders of magnitude. The white dash line labels the 
compositions shown in Fig. 2. (b) Measured Rc was further revealed with melt spinning samples. For 4 different 
compositions marked as stars in (a), melt spinning samples with decreasing rotation speeds were made and glass 
to crystalline transition was revealed by XRD. With decreasing rotation speed giving thicker sample thickness, 
critical thickness of each composition is revealed. XRD curves from these thicker to thinner samples are shown 
from top to bottom of each composition. Critical thickness was measured by SEM from amorphous sample of 
the largest thickness, with corresponding XRD curves shown in red. XRD curves of samples either above or 
below critical thickness are shown in blue. Scale bar: 20 μm.
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To verify the identified glass forming alloys in this system and the variations in GFA that we determined 
through Single Pulse Laser Annealing, we fabricated four selective alloys through melt spinning (marked in 
Fig. 3a as stars). These alloys are Al51Ge35Ni14 (Rc ~ 104 K/s), Al58Ge30Ni12 (Rc ~ 105 K/s), Al66Ge25Ni9 (Rc ~ 106 K/s), 
and Al69Ge24Ni7 (Rc ~ 108 K/s). To vary the cooling rate during melt spinning we used a range of rotation speeds 
for each alloy which allows us to determine a critical casting thickness, dc. We measured for Al69Ge24Ni7 a critical 
casting thickness of dc < 16 μm, for Al66Ge25Ni9 dc = 16.5 μm, for Al58Ge30Ni12 dc = 26 μm, and for Al51Ge35Ni14 
dc = 54 μm (Fig. 3b). Both techniques, melts spinning and Single Pulse Laser Annealing, reveal the same trends 
of Rc or dc with composition.

The absolute values of Rc can be translated into Dc through Rc = 1000/Dc
2 (Dc in mm)41. The latter correlation 

assumes an absence of a thermal resistance of the interface, and an infinite thermal conductivity and thermal 
mass of the coolant41. This gives Rc > 4× 10

6
K/s for Al69Ge8.5Ni22.5, Rc = 3.7× 10

6
K/s for Al66Ge9Ni25, Rc = 

1.3× 10
6
K/s for Al58Ge30Ni12 and Rc = 3× 10

5
K/s for Al51Ge35Ni14. The Rc values from melt spinning and Single 

Pulse Laser Annealing are following the same trends with alloy composition. The lower absolute values in the 
melt spun ribbon compare to the ones measured by Single Pulse Laser Annealing may originate from the high 
strain rates during solidification during melt spinning which have been reported to accelerate crystallization41, 42.

Discussion
Al-based metallic glasses are an important family of glass forming alloys with tremendous potential technical 
importance43. They generally exhibit high specific strength, high corrosion resistance, which are paired with 
other attractive attributes43,44. Their glass forming ability (GFA), however, is generally low, with largest reported 
critical casting thickness of ~ 1 mm45. Different from other glass forming systems, the composition of Al-based 
glasses are generally not located at deep eutectics, which makes the discovery of Al-based metallic glasses par-
ticularly challenging46,47.

Typically the GFA within one alloy system changes rapidly with alloy composition48. This suggest that large 
composition regions have to be studied at a fine grid to discover alloys with highest GFA within one system. 
It is also important to notice that only limited data exist on GFA as a function of composition spanning larger 
ranges. Such data will be important to further understand glass formation, particularly when combined with 
other data, e.g. viscosity17.

We found here that for Al–Ge–Ni alloys, the effect of alloy content on GFA is the highest for Ni where Rc 
changes by one order of magnitude per 3 at.%. This larger sensitivity of Ni content compare to the Ge content 
suggest that the effect of atomic size ratio and their corresponding fractions is critical49,50 and not predominately 
the ratio of metal to metalloid fraction51 as in other non-Al-based glass forming alloys such as Au–Cu–Si30.

We will now discuss the efficiency of the here described method to identify best glass formers in an alloy 
system. For this we estimate the relative fraction of glass formers as a function of cooling rate. We assume that 
32 elements from the periodic table have been considered in glass forming alloys4. For these elements, we esti-
mate the numbers and fractions of glass formers through their combinations where we consider up to quinary 
systems (Fig. 4) as it is discussed in detail in reference4. For cooling rates above ~ 1016 K/s all alloys and even 

Figure 4.   Order of magnitude estimation of the potential number of glass formers as fractions of the total 
number of alloys for different cooling rates. Data is estimated for quinary systems including all the lower 
order systems from 32 glass forming elements4. For cooling rates above ~ 1016 K/s all alloys and even elemental 
metals form glasses52. When decreasing the cooling rate to ~ 109 K/s a large fraction, ~ 50% form glasses29,53,54. 
For cooling rates around 103 K/s it was estimated that 106 alloys are potential bulk metallic glass formers. For 
low cooling rates below 10–2 K/s no glasses are formed7,55. The cooling rates accessible with Single Pulse Laser 
Annealing span a broad band and allow to effectively identify best glass formers with introduced approach.
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elemental metals form glasses52. When decreasing the cooling rate to ~ 109 K/s a large fraction, ~ 50% has been 
observed to form glasses29,53,54. For cooling rates around 103 K/s it had been estimated, based on extrapolations 
from experimental results that 106 alloys are potential bulk metallic glass formers4. For low cooling rates below 
10–2 K/s no glasses are formed7, 55. These data provide the basic for the estimation in Fig. 4 and allow us to discuss 
alloy development strategies for metallic glass formers. Figure 4 reveals that characterizing alloys for their glass 
formation during sputtering is not very insightful as these identified potential glasses have a very low statistical 
probability of 2/106 to form bulk metallic glasses. For an effective identification of best glass formers in an alloy 
system it is required to (1) characterize glass formation for a broader range of cooling rates (2) this range covers 
high cooling rates where the probability is high for glass formation and low cooling rates to distinguish between 
the glass formers and identify best glass former in alloy system, and (3) fabricate and characterize fast. Such 
requirements are realized with the here introduced Single Pulse Laser Annealing method spanning the range of 
cooling rates from 102 to 106 K/s. In particular with feedback from higher cooling rates scanning results, where a 
larger composition space forms glasses. One can then down select alloys for further exposure to a lower cooling 
rate and repeat this step sequentially which provides a highly effective method to identity best glass formers in 
an alloy system. This approach, which is motivated by the considerations that are summarized in Fig. 4 are key 
for an effective alloy development approach. For example, in conventional alloy development when bulk samples 
are used, the statistical probability to identify a glass is on the order of 1/107. The fact that this bulk process is 
very slow and that glass forming ability changes rapidly with composition combined with the low probability of 
an alloy to form BMGs explains why only very few of the potential BMG forming alloys have been discovered 
thus far. That the number is higher, ~ 1/106 than suggested by statistical probability, 1/107 is a result of using 
“guidelines” such as Inoue’s rules3, and compositions close to a eutectic composition56 that enhances discovery 
probabilities. The range of cooling rates that can be realized during Single Pulse Laser Annealing method span-
ning the range of cooling rates from 102 to 106 K/s. Here, particularly when using a range of cooling rates, from 
high to low, provides a much more effective strategy to identify BMGs.

In conclusion, we report a novel method to rapidly measure critical cooling rates of glass forming alloys 
through a large cooling rate range based on Single Pulse Laser Annealing. A universal thin film heating archi-
tecture was designed to establish identical cooling profiles which can be varied over thin film sample with dif-
ferent compositions and laser absorption rates. With this novel method, we studied Al–Ge–Ni, which exhibit 
critical cooling rates that are difficult to determine with other experimental techniques. We directly measure Rc 
over a large composition space which reveals the GFA profile and further allows us to identify best glass form-
ing alloy in this system. We expect, by closing the gap between characterization techniques on thin film glass 
formation and bulk glass formation through here introduced Single Pulse Laser Annealing, a rapid growth in 
BMG discovery rate.

Methods
Preparation of uniform heating substrate and material library.  The uniform heating substrate was 
fabricated based on a 600 μm thick 4-in. sapphire wafer (C-plane, double sides polished). An absorption layer, 
100 nm Tungsten, was deposited on the sapphire wafer by co-sputtering. After that the wafer was taken to an 
atomic layer deposition (ALD) system, where a 10 nm Al2O3 dielectric layer was grown upon Tungsten. 500 nm 
thick material library of Al–Ge–Ni was deposited on the pre-prepared uniform heating substrate by co-sput-
tering. The base pressure was lower than 10–6 Pa and working pressure 0.3 Pa. High purity (99.99%) material 
targets, Al, Ge and Ni, were sputtered with a tilting angle of 29.8° towards the substrate to create the composition 
gradient across the wafer. As sputtered library was characterized by X-ray diffraction (XRD) to reveal atomic 
structures under high cooling rate by sputtering. For composition measurement on the material library, to avoid 
extra signal from underlying Al2O3 and sapphire (Al containing), the same material library (300 nm) was depos-
ited on a 4-in. Si wafer for EDS measurement, when fabricating which all sputtering conditions including pres-
sure, power and tilting angle were carefully controlled to be the same as used for the material library deposited 
on uniform heating substrate.

Method of thermal simulation.  The thermal simulation is conducted using COMSOL Multiphysics® 
thermal finite element analysis in an axisymmetric configuration. The heating substrate is modeled as 100 nm 
of tungsten coated on top of a 600 µm sapphire substrate. The thermal properties of aluminum are used to rep-
resent the properties of the MG layer. All thermal properties are simplified to be thermally independent. The 
whole wafer is assumed to be isotropic with an initial uniform temperature at 293.15 K. The periphery is set to 
a constant temperature boundary condition at 293.15 K, while the other boundaries are set to the insulation 
boundary condition. The size of the domain is selected to not affect the simulation result by systematic expan-
sion. The laser heating is modeled as a temporal rectangle pulse and spatial Gaussian surface heat source using 
an experimentally-measured absorbance of 0.367.

Received: 6 October 2020; Accepted: 11 January 2021

References:
	 1.	 Klement, W., Willens, R. H. & Duwez, P. Non-crystalline structure in solidified gold-silicon alloys. Nature 187, 869–870 (1960).
	 2.	 Johnson, W. L. Bulk glass-forming metallic alloys: science and technology. MRS Bull. 24, 42–56 (1999).
	 3.	 Inoue, A. Stabilization of metallic supercooled liquid and bulk amorphous alloys. Acta Mater. 48, 279–306 (2000).



8

Vol:.(1234567890)

Scientific Reports |         (2021) 11:3903  | https://doi.org/10.1038/s41598-021-83384-w

www.nature.com/scientificreports/

	 4.	 Li, Y., Zhao, S., Liu, Y., Gong, P. & Schroers, J. How many bulk metallic glasses are there?. ACS Comb. Sci. 19, 687–693 (2017).
	 5.	 Clavaguera, N. Nonequilibrium crystallization, critical cooling rates and transformation diagrams. J. Non-Cryst. Solids 162, 40–50 

(1993).
	 6.	 Nishiyama, N. & Inoue, A. Glass-forming ability of Pd42.5Cu30Ni7.5P20 alloy with a low critical cooling rate of 0.067 K/s. Appl. Phys. 

Lett. 80, 568–570 (2002).
	 7.	 Schroers, J. & Johnson, W. L. Extremely low critical cooling rate measured on dispersed Pd43Ni10Cu27P20. Appl. Phys. Lett. 80, 

2069–2071. https​://doi.org/10.1063/1.14628​61 (2002).
	 8.	 Waniuk, T. A., Schroers, J. & Johnson, W. L. Critical cooling rate and thermal stability of Zr–Ti–Cu–Ni–Be alloys. Appl. Phys. Lett. 

78, 1213–1215 (2001).
	 9.	 Hildal, K., Sekido, N. & Perepezko, J. H. Critical cooling rate for Fe48Cr15Mo14Y2C15B6 bulk metallic glass formation. Intermetallics 

14, 898–902 (2006).
	10.	 Park, E. S., Kim, J. H. & Kim, D. H. Glass forming ability and critical cooling rate for glass formation in bulk glass forming Ca–

Mg–Zn alloys. Trans. Indian Inst. Met. 58, 739–743 (2005).
	11.	 Li, Y. Critical cooling rates for glass-formation in Mg65Ni20Nd15 alloy. J. Non-Cryst. Solids 175, 224–227 (1994).
	12.	 Kim, Y. J., Busch, R., Johnson, W. L., Rulison, A. J. & Rhim, W. K. Experimental determination of a time-temperature-transfor-

mation diagram of the undercooled Zr41.2Ti13.8CU12.5Ni10.0Be22.5 alloy using the containerless electrostatic levitation processing 
technique. Appl. Phys. Lett. 68, 1057–1059 (1996).

	13.	 Mukherjee, S., Schroers, J., Johnson, W. L. & Rhim, W. K. Influence of kinetic and thermodynamic factors on the glass-forming 
ability of zirconium-based bulk amorphous alloys. Phys. Rev. Lett. 94, 245501. https​://doi.org/10.1103/PhysR​evLet​t.94.24550​1 
(2005).

	14.	 Kim, J. H., Park, J. S., Park, E. S., Kim, W. T. & Kim, D. H. Estimation of critical cooling rates for glass formation in bulk metallic 
glasses through non-isothermal thermal analysis. Met. Mater. Int. 11, 1–9 (2005).

	15.	 Wang, Z. Y., Yang, Y. S., Tong, W. H., Li, H. Q. & Hu, Z. Q. A new model for calculating the critical cooling rate of bulk metallic 
glass under non-isothermal condition. Acta Phys. Sin. 55, 1953–1958 (2006).

	16.	 Turnbull, D. Under what conditions can a glass Be formed. Contemp. Phys. 10, 473–480 (1969).
	17.	 Johnson, W., Na, J. & Demetriou, M. Quantifying the origin of metallic glass formation. Nat. Commun. 7, 10313 (2016).
	18.	 Schroers, J. On the formability of bulk metallic glass in its supercooled liquid state. Acta Mater. 56, 471–478. https​://doi.

org/10.1016/J.Actam​at.2007.10.008 (2008).
	19.	 Pitt, E. B., Kumar, G. & Schroers, J. Temperature dependence of the thermoplastic formability in bulk metallic glasses. J. Appl. 

Phys. 110, 043518. https​://doi.org/10.1063/1.36246​66 (2011).
	20.	 Ding, S. Y., Gregoire, J., Vlassak, J. J. & Schroers, J. Solidification of Au-Cu-Si alloys investigated by a combinatorial approach. J. 

Appl. Phys. 111, 114901. https​://doi.org/10.1063/1.47229​96 (2012).
	21.	 Gregoire, J. M. et al. Combining combinatorial nanocalorimetry and X-ray diffraction techniques to study the effects of composition 

and quench rate on Au–Cu–Si metallic glasses. Scr. Mater. 66, 178–181. https​://doi.org/10.1016/J.Scrip​tamat​.2011.10.034 (2012).
	22.	 Ding, S. et al. Combinatorial development of metallic glasses. Nat. Mater. 13, 494. https​://doi.org/10.1038/nmat3​939 (2014).
	23.	 Yao, J. H. et al. Synthesis and mechanical properties of Fe–Nb–B thin-film metallic glasses. Scr. Mater. 67, 181–184. https​://doi.

org/10.1016/J.Scrip​tamat​.2012.04.011 (2012).
	24.	 Li, J. Y. et al. Exploring a wider range of Mg–Ca–Zn metallic glass as biocompatible alloys using combinatorial sputtering. Chem. 

Commun. 53, 8288–8291 (2017).
	25.	 Tsai, P. & Flores, K. M. A combinatorial strategy for metallic glass design via laser deposition. Intermetallics 55, 162–166 (2014).
	26.	 Tsai, P. & Flores, K. M. A laser deposition strategy for the efficient identification of glass-forming alloys. Metall. Mater. Trans. A 

46a, 3876–3882 (2015).
	27.	 Li, M. X. et al. High-temperature bulk metallic glasses developed by combinatorial methods. Nature 569, 99–103. https​://doi.

org/10.1038/s4158​6-019-1145-z (2019).
	28.	 Bordeenithikasem, P. et al. Determination of critical cooling rates in metallic glass forming alloy libraries through laser spike 

annealing. Sci. Rep.-Uk 7, 7155. https​://doi.org/10.1038/s4159​8-017-07719​-2 (2017).
	29.	 Kube, S. A. et al. Phase selection motifs in high entropy alloys revealed through combinatorial methods: large atomic size difference 

favors BCC over FCC. Acta Mater. 166, 677 (2019).
	30.	 Bordeenithikasem, P. et al. Determination of critical cooling rates in metallic glass forming alloy libraries through laser spike 

annealing. Sci. Rep. 7, 7155 (2017).
	31.	 Zhang, H. T. et al. Combinatorial temperature resistance sensors for the analysis of phase transformations demonstrated for metallic 

glasses. Acta Mater. 156, 486–495. https​://doi.org/10.1016/j.actam​at.2018.07.012 (2018).
	32.	 McCluskey, P. J. & Vlassak, J. J. Combinatorial nanocalorimetry. J. Mater. Res. 25, 2086–2100. https​://doi.org/10.1557/Jmr.2010.0286 

(2010).
	33.	 Xiao, K. C., Gregoire, J. M., McCluskey, P. J. & Vlassak, J. J. A scanning AC calorimetry technique for the analysis of nano-scale 

quantities of materials. Rev. Sci. Instrum. 83, 114901 (2012).
	34.	 Zhou, X., Zhao, A., Yuan, M. & Yu, X. in 2011 International Conference on Optical Instruments and Technology: Solid State 

Lighting and Display Technologies, Holography, Speckle Pattern Interferometry, and Micro/Nano Manufacturing and Metrology 
820217 (International Society for Optics and Photonics).

	35.	 Louzguine-Luzgin, D. V. & Inoue, A. Relation between time-temperature transformation and continuous heating transformation 
diagrams of metallic glassy alloys. Phys. B-Condens. Matter 358, 174–180 (2005).

	36.	 Takeuchi, A. & Inoue, A. Evaluation of glass-forming ability for metallic glasses from time-reduced temperature-transformation 
diagram. Mater. Trans. 42, 2374–2381 (2001).

	37.	 Loffler, J. F., Schroers, J. & Johnson, W. L. Time-temperature-transformation diagram and microstructures of bulk glass forming 
Pd40Cu30Ni10P20. Appl. Phys. Lett. 77, 681–683 (2000).

	38.	 Mukherjee, S., Zhou, Z., Schroers, J., Johnson, W. L. & Rhim, W. K. Overheating threshold and its effect on time-temperature-
transformation diagrams of zirconium based bulk metallic glasses. Appl. Phys. Lett. 84, 5010–5012. https​://doi.org/10.1063/1.17632​
19 (2004).

	39.	 Perepezko, J. H. & Hebert, R. J. Amorphous aluminum alloys—synthesis and stability. JOM J. Miner. Met. Mater. Soc. 54, 34–39 
(2002).

	40.	 Wu, R. I., Wilde, G. & Perepezko, J. H. Glass formation and primary nanocrystallization in Al-base metallic glasses. Mater. Sci. 
Eng. a-Struct. 301, 12–17 (2001).

	41.	 Lohwongwatana, B., Schroers, J. & Johnson, W. L. Strain rate induced crystallization in bulk metallic glass-forming liquid. Phys. 
Rev. Lett. 96, 075503. https​://doi.org/10.1103/PhysR​evLet​t.96.07550​3 (2006).

	42.	 Shao, Z. et al. Shear-accelerated crystallization in a supercooled atomic liquid. Phys. Rev. E 91, 020301. https​://doi.org/10.1103/
PhysR​evE.91.02030​1 (2015).

	43.	 Gao, M. & Perepezko, J. H. Al-based amorphous metallic plastics. Adv. Eng. Mater. 21, 1800930 (2019).
	44.	 Kim, Y. H., Hiraga, K., Inoue, A., Masumoto, T. & Jo, H. H. Crystallization and high mechanical strength of Al-based amorphous-

alloys. Mater. Trans. JIM 35, 293–302 (1994).
	45.	 Jiang, J. Z., Hofmann, D., Jarvis, D. J. & Fecht, H. J. Low-density high-strength bulk metallic glasses and their composites: a review. 

Adv. Eng. Mater. 17, 761–780 (2015).

https://doi.org/10.1063/1.1462861
https://doi.org/10.1103/PhysRevLett.94.245501
https://doi.org/10.1016/J.Actamat.2007.10.008
https://doi.org/10.1016/J.Actamat.2007.10.008
https://doi.org/10.1063/1.3624666
https://doi.org/10.1063/1.4722996
https://doi.org/10.1016/J.Scriptamat.2011.10.034
https://doi.org/10.1038/nmat3939
https://doi.org/10.1016/J.Scriptamat.2012.04.011
https://doi.org/10.1016/J.Scriptamat.2012.04.011
https://doi.org/10.1038/s41586-019-1145-z
https://doi.org/10.1038/s41586-019-1145-z
https://doi.org/10.1038/s41598-017-07719-2
https://doi.org/10.1016/j.actamat.2018.07.012
https://doi.org/10.1557/Jmr.2010.0286
https://doi.org/10.1063/1.1763219
https://doi.org/10.1063/1.1763219
https://doi.org/10.1103/PhysRevLett.96.075503
https://doi.org/10.1103/PhysRevE.91.020301
https://doi.org/10.1103/PhysRevE.91.020301


9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:3903  | https://doi.org/10.1038/s41598-021-83384-w

www.nature.com/scientificreports/

	46.	 Inoue, A. Amorphous, nanoquasicrystalline and nanocrystalline alloys in Al-based systems. Prog. Mater Sci. 43, 365–520 (1998).
	47.	 Yang, B., Yao, J., Chao, Y., Wang, J. & Ma, E. Developing aluminum-based bulk metallic glasses. Philos. Mag. 90, 3215–3231 (2010).
	48.	 Na, J. H. et al. Compositional landscape for glass formation in metal alloys. Proc. Natl. Acad. Sci. 111, 9031–9036 (2014).
	49.	 Miracle, D. B. A structural model for metallic glasses. Nat. Mater. 3, 697–702 (2004).
	50.	 Zhang, K. et al. On the origin of multi-component bulk metallic glasses: atomic size mismatches and de-mixing. J. Chem. Phys. 

143, 054501 (2015).
	51.	 Zhang, K., Liu, Y. H., Schroers, J., Shattuck, M. D. & O’Hern, C. S. The glass-forming ability of model metal-metalloid alloys. J. 

Chem. Phys. 142, 104504 (2015).
	52.	 Zhong, L., Wang, J. W., Sheng, H. W., Zhang, Z. & Mao, S. X. Formation of monatomic metallic glasses through ultrafast liquid 

quenching. Nature 512, 177–180 (2014).
	53.	 Wolf, W. et al. Formation and stability of complex metallic phases including quasicrystals explored through combinatorial methods. 

Sci. Rep.-Uk 9, 7136. https​://doi.org/10.1038/s4159​8-019-43666​-w (2019).
	54.	 Ren, F. et al. Accelerated discovery of metallic glasses through iteration of machine learning and high-throughput experiments. 

Sci. Adv. 4, eaaq1566 (2018).
	55.	 Inoue, A. & Nishiyama, N. Extremely low critical cooling rates of new Pd–Cu–P base amorphous alloys. Mater. Sci. Eng a-Struct. 

226, 401–405 (1997).
	56.	 Na, J. H. et al. Compositional landscape for glass formation in metal alloys. Proc. Natl. Acad. Sci. USA 111, 9031–9036 (2014).

Acknowledgements
We acknowledge National Science Foundation (NSF) DMREF/GOALI 1436268 for financial support of the devel-
opment and fabrication of the method. We also acknowledge the U.S. Department of Energy through the Office 
of Science, Basic Energy Science, Materials Science, and Engineering Division (No. DE SC0004889) for financial 
support to carry out the high-throughput measurements. Rodrigo Miguel Ojeda Mota acknowledge Consejo 
Nacional de Ciencia y Tecnología and Secretaría de Energía (CONACYT-SENER) for the financial support.

Author contributions
J.S. developed the idea and supervised the work. N.L. built up the Laser system and did the wafer characteriza-
tion. T.M. and J.S. did the thermo-simulation. C.L. and S.Z. fabricated and characterized melt spinning samples. 
All authors discussed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https​://doi.
org/10.1038/s4159​8-021-83384​-w.

Correspondence and requests for materials should be addressed to J.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-019-43666-w
https://doi.org/10.1038/s41598-021-83384-w
https://doi.org/10.1038/s41598-021-83384-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Combinatorial measurement of critical cooling rates in aluminum-base metallic glass forming alloys
	Results
	Discussion
	Methods
	Preparation of uniform heating substrate and material library. 
	Method of thermal simulation. 

	References
	Acknowledgements


