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Abstract 

The high density of aluminum nanocrystals (>1021 m-3) that develop during the primary crystallization in 

Al based metallic glasses indicates a high nucleation rate (~1018 m-3s-1). Several studies have been advanced 

to account for the primary crystallization behavior, but none have been developed to describe the reaction 

kinetics completely. Recently, structural analysis by fluctuation electron microscopy (FEM) has 

demonstrated the presence of the Al-like medium range order (MRO) regions as a spatial heterogeneity in 

as-spun Al88Y7Fe5 metallic glass that is representative for the class of Al based amorphous alloys which 

develop Al nanocrystals during primary crystallization. From the structural characterization, an MRO 

seeded nucleation configuration is established whereby the Al nanocrystals are catalyzed by the MRO core 

to decrease the nucleation barrier. The MRO seeded nucleation model and the kinetic data from the delay 

time (τ) measurement provide for a full accounting of the evolution of the Al nanocrystal density (Nv) during 

the primary crystallization under isothermal annealing treatments. Also, the calculated values of the steady 

state nucleation rates (Jss) predicted by the nucleation model agree with the experimental results. Moreover, 

the model satisfies constraints on the structural, thermodynamic and the kinetic parameters such as the 

critical nucleus size, the interface energy and the volume free energy driving force that are essential for a 

fully self-consistent nucleation kinetics analysis. The nucleation kinetics model can be applied more 

broadly to materials that are characterized by the presence of spatial heterogeneities. 

Keywords: Metallic Glasses; Nucleation kinetics; Nanostructured materials; Crystallization 
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1. Introduction 

Aluminum based metallic glasses (Al>80 at. %) have received a high degree of attention 

due to their potential in applications requiring high strength and relatively low density1,2. The 

specific strength of the as-quenched glass can be further increased to levels beyond that of many 

common steels through the partial devitrification during the primary crystallization, which 

produces a high density (1020/m3 up to 1024/m3) of nano-sized aluminum crystals (5-50 nm in 

diameter)3. Also, the residual amorphous matrix is hardened from the solute enrichment associated 

with the primary crystallization reaction4,5. The enhanced properties can be optimized by 

controlling the nanocrystal number density and size distribution within the glassy matrix6. At the 

same time, the restricted growth of the Al nanocrystals allows for the measurement of nucleation 

rates with limited interference from growth, which makes the Al-based glasses a good system for 

fundamental nucleation studies.  

The high number density of nanocrystals in Al-based amorphous alloys upon 

devitrification is unusual in comparison to other crystallization reactions. First, typical amorphous 

alloy compositions are hypereutectic and the thermodynamic driving free energy for crystallization 

favors intermetallic phase nucleation compared to a primary Al phase by a significant margin7. 

Thus, the selection of Al as the primary crystallization phase must be promoted by a nucleation 

catalyst to provide a significant kinetic advantage. Second, the primary nucleation yields a high 

density of extremely small crystals, which further indicates a high nucleation rate and a relatively 

slow growth velocity. The proposed “phase separation” and “quenched-in nuclei” models were put 

forward to explain this phenomenon. In the “phase separation” model it is claimed that there is an 

underlying phase separation step prior to the crystallization, during which the Al-rich and the 

solute-rich amorphous phases form8–11. However, the large negative enthalpy of mixing in 
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amorphous Al alloys does not favor phase separation. On the other hand, the “quenched-in nuclei” 

model proposes that there are crystal embryos formed in the undercooled liquid during the rapid 

quenching, but due to the rapid viscosity increase with the decreasing temperature, there is not 

enough time for them to grow into crystals12–15. A common feature of both models is that the as-

spun Al amorphous alloys are spatially heterogeneous, but the origin of the heterogeneities is 

different between the two models16. Some related work shows that heterogeneities were found in 

an as-quenched sample 17–20. Direct evidence for the presence of Al-rich regions in an as-quenched 

Al85Ni11Y4 amorphous alloy was provided in the analysis of the 27Al signal in NMR (nuclear 

magnetic resonance) scans 21. In addition, there have been a number of computational studies that 

are related to the development of spatial heterogeneities in undercooled liquids and glasses and 

their effect on nucleationrussel22–34. 

Fluctuation electron microscopy (FEM) experiments on Al-based glasses show that the 

structural heterogeneities exhibit diffraction from the {111} and {200} reflections of fcc Al 35but 

the higher angle / smaller d-spacing diffraction is strongly damped by disorder36. This disordered 

fcc structure has been variously described as “Al-like”, “defective Al”, or “disordered Al”. In 

between the strongly diffracting Al-like regions is a more disordered, less strongly diffracting 

structure which incorporates the rare earth and transition metal elements. In a recent unpublished 

work37, FEM data and electron scattering simulations were used to determine the mean size and 

volume fraction of the Al-like regions in Al88Y7Fe5 and related alloy. It was suggested that the Al-

rich regions can act to promote the nanocrystallization. Similar reports of quenched-in precursor 

structures were observed from Al-Y-Ni-Co amorphous alloys including the effects of minor solute 

additions of Cu, Pd and Nd in altering the crystallization behavior to yield an ultra-high Al 

nanocrystal density of about 1024 m-3 38,39. 
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  However, the existing framework of the kinetic theory for both the nucleation and growth 

reactions treats the transforming matrix as a medium with a uniform structural arrangement, and a 

uniform supersaturation or undercooling 40. It is evident that kinetic models that are based on a 

uniform structure, such as the popular Johnson-Mehl-Avarmi (JMA) approach, do not represent 

the kinetic influence of structural heterogeneities quantitatively and will not reveal insights into 

transformation behavior 41. Indeed, the role of structural heterogeneities was highlighted recently 

by Gupta et al 42
 in their analysis of crystal nucleation in an oxide melt. Therefore, it is necessary 

to utilize the characteristics of the aluminum-like (MRO) spatial heterogeneities as the basis for 

the kinetic model to describe the initial Al nanocrystal nucleation. The structural characteristics 

determined in previous work37 are combined with the Al nanocrystal nucleation measurements as 

the basis for an MRO catalysis nucleation model for an Al88Y7Fe5 metallic glass that is 

representative for the class of Al-base amorphous alloys which develop Al nanocrystals during 

primary crystallization. 

 In addition to the recognition of the importance of spatial heterogeneities on the nucleation 

reaction, it has been demonstrated that there can exist different pathways involving precursor 

reactions leading up to the final nucleation product structure. 43–45The different pathways have 

been observed in studies of electrolyte solutions and have been called non-classical pathways since 

they are not well described by classical nucleation theory (CNT). At the same time studies of the 

crystallization of glasses or undercooled liquids have demonstrated the validity of CNT46–48. 

 

2. Experimental procedure 

Ingots of Al88Y7Fe5 (at. %) alloys were produced by arc melting of pure components 

(99.999% Al, 99.98% Y and 99.99% Fe) five times to ensure homogeneity. Ribbons were formed 
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by single roller melt spinning on a copper wheel with a tangential speed of 55 m/s, corresponding 

to an approximate cooling rate of about 105 K/s. Both the arc melting and melt spinning were 

performed in an inert argon atmosphere. The structure of the ribbons was examined by X-ray 

diffraction (XRD) with Cu Kα radiation. A Perkin Elmer Diamond DSC was used for the 

isothermal annealing and continuous heating investigations. Before the isothermal treatments, 

samples were heated to 200°C at a heating rate of 250 K/min and then to the targeted temperatures 

(237°C, 240°C, 245°C, and 247°C) at 20 K/min to minimize the temperature overshoot. The 

isothermal annealing temperatures were chosen so that the number of the Al nanoparticles is 

neither too large nor too small to be counted accurately from the TEM images. After the isothermal 

treatments, the samples were rapidly cooled to the room temperature at -250 K/min. The fast 

heating and cooling rates were used to avoid the crystallization during the heating and cooling 

steps. The non-isothermal runs were performed under a constant heating rate of 20 K/min. The 

DSC was calibrated with standard In and Pb samples at 20 K/min prior to experiments.  

TEM specimens were prepared by electro-polishing in a 25/75 vol.% nitric acid/methanol 

mixture at -50oC~-40 oC. The number of Al nanocrystals was counted from a series of bright field 

(BF) and dark field (DF) images. The BF images were taken at three different areas on each sample. 

Several DF images of the same area were taken using non-overlapping portions of the diffuse 

diffraction ring and were applied to distinguish the overlapping particles shown on the BF images. 

The overlap particles are bright on top of the dark particles in DF images. The thicknesses of the 

samples were measured through FEI Titan EELS (electron energy loss spectroscopy) under the 

Scanning Transmission Electron Microscopy (STEM) mode based on the log-ratio technique: t/ 𝜆 

=ln(It/I0), where t is thickness, It is the total number of electrons incident on the sample, I0 is the 

number of unscattered electrons and λ  is the scattering mean free path, values (𝜆𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 84 ±
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1 𝑛𝑚, 𝜆𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 149 ± 1 𝑛𝑚) obtained from the literature 49. The thicknesses range from 80 to 

110 nm. The nanocrystal number in a given area and the sample thickness yielded the crystal 

number density values. 

 

3. Results  

3.1 Crystallization process during continuous heating treatment 

The continuous heating trace for an amorphous Al88Y7Fe5 sample at 20 K/min (Fig. 1a) 

shows the primary crystallization peak with the onset temperature at 540 K (267°C) and the sharp 

secondary crystallization peak starting at 638 K (365°C). The crystallization products produced at 

different temperatures were analyzed by XRD (Fig. 1b). Prior to the primary nucleation, the XRD 

shows an amorphous structure (Fig. 1b, curve 1). During the primary crystallization, the Alfcc phase 

precipitates as a dispersion of nanocrystals surrounded by a glassy phase (Fig. 1b, curve 2). In 

summary, the crystallization pathway in Al88Y7Fe5 is an initial primary reaction of Alfcc from the 

matrix followed by the precipitation of intermetallic phases in the remaining sample volume at 

higher temperatures. 

 

   
    

Th
is 

is 
the

 au
tho

r’s
 pe

er
 re

vie
we

d, 
ac

ce
pte

d m
an

us
cri

pt.
 H

ow
ev

er
, th

e o
nli

ne
 ve

rsi
on

 of
 re

co
rd

 w
ill 

be
 di

ffe
re

nt 
fro

m 
thi

s v
er

sio
n o

nc
e i

t h
as

 be
en

 co
py

ed
ite

d a
nd

 ty
pe

se
t. 

PL
EA

SE
 C

IT
E 

TH
IS

 A
RT

IC
LE

 A
S 

DO
I:

10
.10

63
/5.

01
35

73
0



Accepted to J. Chem. Phys. 10.1063/5.0135730

7 

 

Fig. 1 (a) Continuous heating DSC trace (20 K/min) of Al88Y7Fe5 metallic glass. The onset 

temperature for the primary crystallization is at 267°C. (b) The XRD traces corresponding to 

different annealing products from heating to different labeled temperatures. 

 

The shape of the primary crystallization signal (Fig. 1a) provides an indication of the 

controlling kinetic behavior. The initial onset of the reaction is sharp and the heat evolution 

increases with increasing temperature, indicating rapid progress of the reaction. However, after the 

peak, the rate slows to reveal a large asymmetry in the signal. The main reason for the tail in heat 

production at higher temperatures has been generally attributed to the increased solute level in the 

remaining matrix acting to slow the growth rate of the nanocrystal population50. The separation as 

large as 52 degrees between the primary and the secondary crystallization peaks indicates the good 

stability of the nano-crystallized Al-based metallic glasses. 

 

3.2 Characterization of primary crystallization induced by isothermal heating treatment 

Isothermal annealing treatments provide the information such as the number density, 

crystal size distribution as well as the transient delay time. The details of the heat treatment 

schedule are shown in Fig. 2a. In order to gain a perspective on the reaction progress with time at 

a single temperature, a comparison of XRD traces for Al88Y7Fes samples annealed at 245 °C for 

various times is given in Fig. 2b. A broad peak, characteristic of an amorphous structure, centered 

at about the solvent species interatomic distance, is present in all traces. With the increased 

annealing time, the broad peak at 2θ=38° (111) sharpens while peaks at 45° (200) and 65° (220) 

begin to rise out of the baseline indicating a growing volume fraction of aluminum nanocrystals. 

The qualitative X-ray information supplements quantitative TEM image analysis. Bright field 
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TEM images from the samples annealed at the same temperature are given in Fig. 3, showing that 

the Al particle number density increases with the annealing time. 

 

 

 

Fig. 2 (a)Schematic illustration for annealing treatments. (b)X-ray traces for Al88Y7Fe5 annealed 

for various times at 245°C. 
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Fig. 3 Bright field TEM for Al88Y7Fe5 annealed for various times at 245°C. (a) as quenched, (b) 

10 mins, (c) 20 mins and (d) 40 mins. 

 

3.2.1 Particle density analysis 

The particle counting on the TEM images and the volume information obtained from the 

thickness measurement yielded the resulting nanocrystal number density for Al88Y7Fe5 subjected 

to isothermal treatment at temperatures ranging from 237°C to 247°C (20 to 30 degrees lower than 

Tx) for various lengths of time (Fig. 4). An equivalent sphere method is used to quantify the size 

of the crystal where the crystal is treated as a circle with the same area. The temperature range was 

chosen so that the transient time was measurably large, but the crystallization reaction occurred 

over an accessible laboratory timescale. Similar plots have also been obtained by in situ x-ray 

powder diffraction measurement of the relative volume fraction of the crystalline component 

variation with time 51 or by integrating either the isothermal DSC trace 52 or the NMR spectra 21. 

The crystal number density is initially zero but gradually rises during the transient stage, and then 
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reaches a steady state nucleation stage when the nucleation rate is constant and finally saturates at 

a plateau when the crystal number density stops increasing. The slope of this straight line gives 

the steady state nucleation rate Jss. With a decrease in annealing temperature, the curves shift to 

the longer time direction so that the delay time, τ gets longer and the steady state nucleation rate 

Jss decreases. The coarsening stage, where the crystal number density decreases because the largest 

crystals grow at the expense of the smallest crystals, is not shown in Fig. 4, since the experimental 

annealing time was not long enough to reach this stage. 

 

Fig. 4 The experimental (points) and calculated (solid curves) aluminum nanocrystal number 

density at various temperatures and times for Al88Y7Fe5. θ is the intersection of the extrapolation 

of the nucleation curve and the time axis, which represents induction time. 

 

3.2.2 Particle size evolution 

As demonstrated in Fig. 3, the TEM images reveal that initially (10 min to 20 min) the 

particles grow spherically and after 40 min they begin to grow dendritically. The whole growth 
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process is complex because Al diffuses faster than Fe and Y and at the beginning the diffusion of 

Al determines the growth rate. However, as the matrix composition changes, the diffusion of Fe 

and Y are the limiting factors determining the growth rate. The crystal size probability distribution 

function plots (PDF) obtained from the crystal size cumulative distribution function plots (CDF), 

for the amorphous Al88Y7Fe5 annealed at 245°C for 10 min (Fig. 5a) and 60 min (Fig. 5b) exhibit 

a bell shape, which indicates transient nucleation 53. According to Fig. 4, the sample will be at the 

initial period of the steady state stage at 245°C for 10 min, so that the small size classes make up 

a majority of the overall population in Fig. 5a. However, when the annealing time reaches 60 min 

at 245°C, the sample is at the saturation stage and therefore the size distribution skews towards 

large sizes (Fig. 5b). Also, the size distribution spreads in a wider size range for the sample 

annealed for 60 min than the one annealed for 10 min. 
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Fig. 5 Alfcc nanocrystal size cumulative and probability distribution functions plots for Al88Y7Fe5 

annealed at 245°C for (a) 10 min and (b) 60 min. 

 

3.3 Size and density of Al-like regions in as-quenched samples 

 FEM experiments were conducted on as-quenched Al88Y7Fe5, then compared to 

electron scattering simulations from atomistic models to determine the size and volume fraction 

of the Al-like regions. The experiments, and analysis are described in detail elsewhere37, but the 

primary findings are summarized in the supplemental Material D. The conclusion is that the Al-

like regions have a mean radius of 0.85 nm and a number density of 5.2 × 1025 m-3 in the as-

quenched glass. 
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4 Discussion 

4.1 MRO seeded nucleation model 

In the analysis of the primary crystallization kinetics in amorphous Al based alloys, it is 

recognized that the MRO regions are present within the melt-quenched amorphous phase as an 

inherent spatial heterogeneity. Based upon the structural heterogeneity, the crystallization kinetics 

can be analyzed by classical nucleation theory 54 with the MRO as the heterogenous nucleation 

site.  The steady state nucleation rate can be expressed as: 𝑱𝑺𝑺 = 𝝆𝜷𝒁 𝑒𝑥𝑝 (− 𝛥𝐺∗(𝑟)𝑘𝑇 )                                                                                                               (1) 

where ρ is the nucleation site density, β is the attachment frequency, Z is the Zeldovich factor 

accounts for the decay of supercritical clusters, ΔG*(r) is the nucleation barrier and k is the 

Boltzmann constant. 

For an idealized spherical cluster with a radius of r, which develops from an MRO region 

that is also treated as spherical of radius r0 (Fig. 6), the overall work of cluster formation, ΔG(r) is 

obtained as55 𝛥𝐺(𝑟) = 𝐺𝑐𝑟𝑦𝑠𝑡𝑎𝑙 − 𝐺𝑎𝑚𝑜𝑟𝑝ℎ𝑜𝑢𝑠 = (43 𝜋𝑟3𝛥𝐺𝑉 + 4𝜋𝑟𝑜2𝜎𝑀𝑅𝑂 /𝑐𝑟𝑦𝑠𝑡𝑎𝑙 + 4𝜋𝑟2𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙 /𝑔𝑙𝑎𝑠𝑠) − (43 𝜋𝑟02𝛥𝐺𝑉 + 4𝜋𝑟02𝜎𝑀𝑅𝑂 /𝑔𝑙𝑎𝑠𝑠) 

= 43 𝜋(𝑟3 − 𝑟𝑜3)𝛥𝐺𝑉 + 4𝜋(𝑟2 − 𝑟𝑜2)𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙/𝑔𝑙𝑎𝑠𝑠 + 4𝜋𝑟𝑜2𝜎𝑀𝑅𝑂/𝑐𝑟𝑦𝑠𝑡𝑎𝑙                                                (2) 

where ΔGv is the volumetric driving free energy, 𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙/ 𝑔𝑙𝑎𝑠𝑠 is the nanocrystal-glass interfacial 

energy,𝜎𝑀𝑅𝑂/𝑐𝑟𝑦𝑠𝑡𝑎𝑙is the MRO-nanocrystal interfacial energy and 𝜎𝑀𝑅𝑂/𝑔𝑙𝑎𝑠𝑠 is the MRO-glass 

interfacial energy. Because the MRO regions are viewed as defective Al crystals with no chemical 

difference between the MRO core and the Al crystal rim, there is an essentially low structural 

misfit at the MRO/crystal interface and complete wetting. Therefore, 𝜎𝑀𝑅𝑂/𝑔𝑙𝑎𝑠𝑠is regarded the 
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same as 𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙/𝑔𝑙𝑎𝑠𝑠 . Also 𝜎𝑀𝑅𝑂/𝑐𝑟𝑦𝑠𝑡𝑎𝑙 is estimated to be very small. Based on the interface 

energy of icosahedral quasicrystal/amorphous interfaces that are reported as 6~14 (mJ/m2) 32,56, 𝜎𝑀𝑅𝑂/𝑐𝑟𝑦𝑠𝑡𝑎𝑙 is estimated to be about 9 (mJ/m2). During crystallization, the MRO core with 

distorted Al-like order rearranges and merges into the nucleated nanocrystal (Fig. 6c) with 

negligible energy change. As noted in Fig. 6, the initial MRO/glass interface is replaced by the 

MRO/nanocrystal and nanocrystal/glass interfaces after crystallization.  In order to further test the 

validity of heterogenous nucleation model, the homogeneous nucleation of Al crystals was 

calculated (Supplementary material E). From the calculation, homogeneous nucleation can not 

account for the nanocrystal number densities in the experimental temperature range due to  the 

very low nucleation rate. 

 

Fig. 6 (a) and (b) A schematic illustration of a nanocrystal nucleated on a disordered aluminum-

like medium range order (MRO) region. The MRO/glass interface is replaced by the MRO/crystal 

interface. (c) The MRO rearranges and merges into the nanocrystal after nucleation. 

 

The parameters used in Eq. 2 have been evaluated in order to determine predictions for the 

nucleation rate. The 𝜎𝑐𝑟𝑦𝑠𝑡𝑎𝑙/𝑔𝑙𝑎𝑠𝑠 value is calculated to be (0.16±0.003) +10-5T (J/m2) through the 

method developed by Spaepen (Supplementary material A). The driving free energy, ΔGv based 

on the parallel tangent construction (Supplementary material B), is -1.0185×106
 (T-TL) J/m3 within 
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an error range of (2.0941~0.8823) ×106
 J/m3 where TL is calculated as 860±20 K. The r0 value as 

0.85 nm is obtained from FEM 37.  

Each of the evolving clusters will grow and shrink at a rate determined by the attachment 

frequency across the matrix/cluster interface: 𝛽 = 12𝑍2𝜏                                                                                                                                  (3) 

Where Z is the Zeldovich factor, τ is the delay time for nucleation and is defined as the time 

required to establish the steady-state nucleation in a system55,57,58, which can be obtained from 

experiment.  

By extrapolating the linear part of the particle number density vs. annealing time curve to 

intersect with the time axis (Fig. 4), the induction time θ can be obtained. The delay time τ is 

obtained by τ =6θ/π2 56. The values of θ and τ at the four different temperatures are summarized in 

Table 1 Under the assumption that the delay time satisfies the Arrhenius relationship the 

temperature dependence of τ is given by 𝜏 = 𝜏𝑜 𝑒𝑥𝑝( 𝑄/𝑅𝑇)                                                                                                               (4) 

where Q is the activation energy governing atom attachment. 

After fitting the discrete τ values at the four experimental temperatures, the continuous τ 

(T) could be obtained and plotted in Fig. 7. The activation energy Q obtained from the fitting is 

3.28 ± 0.28 eV is within the range expected for diffusion in metallic glass 59 

 

Table 1 The induction time θ and the delay time τ at four temperatures.  

T (°C) 237 240 245 247 

θ (s) 1100 ± 150 640 ± 100 300 ± 70 180 ± 50 

τ (s) 670 ± 90 389 ± 60 182 ± 42 110 ± 30 
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Fig. 7 Relationship between temperature and delay time. The data points are experimental results. 

The line is the delay time fitted by an Arrhenius function. 

 

4.2 Nucleation kinetics calculation 

In order to test the MRO catalyzed nucleation model, a comparison was made between the 

experimental and model predicted values of the steady state nucleation rate (Jss). The number and 

type of sites suitable for nucleation existing within the liquid must be identified to calculate the 

steady state nucleation rate. For the primary nucleation in Al-Y-Fe metallic glasses, the 

heterogeneous nucleation site is the MRO and the site density ρ is the volume density of MRO, 

which has been determined to be (5.2 ± 1) × 1025/𝑚3by FEM 37. After substituting the parameter 

values into Eq. 1, the steady state nucleation rate is calculated as the curve in Fig. 8a. The 

calculated Jss has a peak shape because at low temperatures, the nucleation is diffusion limited 

whereas at high temperatures, the nucleation is driving force limited. All the experimental Jss data, 

obtained by measuring the slope of the linear part of the Nv vs. tanneal plot (Fig. 4), lie on the lower 

temperature side of the peak because it is impossible to bypass the nose of the TTT (time-
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temperature-transformation) curve under the experimental heating rate in DSC (20 K/min). At the 

same time the high values for Jss highlight the importance of the transient period to enable glass 

formation by rapid quenching. It is evident that extending the duration of the transient period is a 

key factor in promoting glass formation in bulk volumes. The volume term, V(t) in equation 5 is 

the volume fraction available for nucleation of a new crystal. As nucleation and growth occurs, the 

volume of material available for new nucleation is reduced. Ultimately, there is a reduction in the 

number of MRO sites. Inclusion of the V(t) term, which accounts for nucleation and growth 

(Supplementary material C), results in a saturation of the total number density of nucleated crystals. 

The good fit between the experimental results and the predicted values supports the nucleation 

model. An integration of the nucleation rate including the transient rate, J(t) yields the nanocrystal 

number density, Nv as given by N𝑣 = ∫ 𝐽(𝑡)𝑉(𝑡)𝑑𝑡𝑡0 = ∫ 𝐽𝑆𝑆(𝑇)𝑒𝑥𝑝 (−𝜏𝑡 ) 𝑉(𝑡)𝑑𝑡𝑡0                                                                   (5)                           

The calculated Nv values are plotted as the smooth curves in Fig. 4, which also show a good 

agreement with the experimental Nv data points. In addition, the multiplication of Eq. 3 and Eq.5 

yields 𝑙𝑛( 𝐽𝑆𝑆𝜏) = 𝑙𝑛( 𝜌2𝑍) − (𝛥𝐺∗𝑘𝑇 )                                                                                                                  (6) 

The value of Z as 0.01 is used to calculate the intercept ln(ρ/2Z) (supplementary material E). 

According to Fig. 8b, the fitted intercept value is 60.90±1.7, which is close to the calculated 

intercept ln(ρ/2Z) =62 and the fitted slope value is -0.89±0.12, which covers the calculated slope -

1. The good fit also confirms the established nucleation model and indicates that a common 

mechanism is operating over the experimental range. 
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Fig. 8 (a) The calculated steady state nucleation rate (continuous curve) plotted together with the 

experimental Jss (red data points), which is obtained by measuring the slope during the steady state 

stage in Figure 4. (b) ln(Jssτ) vs. ΔG*/kT relationship. The fitted intercept value is 60.90 ±1.69, 
which covers the calculated intercept ln(ρ/2Z) =62. The fitted slope value is -0.89±0.12, which is 

close to the calculated slope -1. 

 

4.3 Nucleation model constraints  

In order to further confirm the nucleation model, it is necessary to examine if the model 

can satisfy reasonable constraints on the parameter values used in the analysis. One important 

constraint concerns the value of σLS since it has a major impact on the nucleation kinetics. As 

pointed out by Cahn and Hilliard 60, some of the earliest evaluations of σLS based upon droplet 

undercooling measurements do not satisfy the criterions 2σLS >σgb (σgb is the grain boundary 

energy) that is required to avoid the development of a liquid layer at grain boundaries. The reported 

experimental values for σgb for Al exhibit a range of values from 0.30 to 0.38 J/m2, but the values 

reported by Gündüz and Hunt61 based upon thermal groove measurements cover both σLS and σgb 

as 0.163 ±0.016 J/m2 and 0.324 ±0.024 J/m2 for Al-Cu and 0.169 ±0.024 J/m2 and 0.336 ±0.047 

J/m2 for Al-Si alloys respectively. In more recent computational analysis of σLS for a number of 

pure metals the resulting values were found to confirm the original Turnbull correlation expressed 

by σLS = αLφ2/3 where α is the Turnbull coefficient, L is the latent heat and φ is the number density 
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of the crystal 62,63. For FCC metals the computational analysis resulted in a modified α value of 

0.55 that yields a σLS of about 0.15 J/m2 for Al which is close to the value from the Spaepen model. 

The experimental values for σLS are in good agreement with the σLS values calculated in this work 

and satisfy the σgb/σLS condition within the reported uncertainty range.  

Second, at the metastable Al liquidus, the driving force ΔGv should be zero. The ΔGv value 

is zero at 860 K, which is the extrapolated liquidus temperature obtained from the Thermocalc 

software calculation (Supplementary material B). Third, the MRO radius r0 should be smaller than 

the critical nucleation radius r*; otherwise, the MRO will be supercritical. Since r* decreases with 

temperature, if the r* at a lower temperature satisfies r*>r0, then all the r* at a higher temperature 

will also be bigger than r0. At 227 °C, which is 40 degrees lower than the Tx of Al88Y7Fe5, 

r*(227 °C) is 0.9 nm and is larger than r0 (0.85 nm). At extremely low annealing temperatures, 

even though the MRO is supercritical, the diffusion coefficient is so low that crystallization will 

be too slow for detection in a reasonable time period. Indeed, in an amorphous Al89Y6Fe5 alloy 

low temperature annealing required multiple days to weeks in order to initiate Al nanocrystal 

formation 64. Fourth, the experimental Jss data should fit with the calculated ones (Fig. 8). Fifth, 

ΔG*/kT should be between 12 to 60 57and according to the nucleation model, ΔG*/kT is between 

15 and 20, which is within the reasonable value range. Lastly, the atom jump frequency evaluated 

from the nucleation analysis has a correspondence with the atom jump frequency derived from 

diffusion measurements (supplementary material E). 

5. Conclusions 

Primary crystallization of amorphous alloys is an important pathway to the synthesis of 

nanoscale microstructures. Previous studies have indicated that amorphous Al alloys contain 

spatial heterogeneities composed of Al-rich regions exhibiting MRO. The heterogeneities can act 
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as a catalyst to promote a high density of Al nanocrystals. From the quantitative structural analysis, 

a nucleation model has been developed for the MRO catalysis of Al nanocrystals that is based 

upon Al nucleating around the MRO core to lower the nucleation barrier. With the MRO seeded 

nucleation model and the kinetic data from the delay time (τ) measurement, the evolution of the 

measured Al nanocrystal density (Nv) can be accounted for during the primary crystallization 

through the isothermal annealing treatments. Also, the predicted values of steady state nucleation 

rates (Jss) and the enthalpy ΔH at the onset crystallization temperature (Tx) given by the nucleation 

model are consistent with the experimental results. In addition, MRO seeded nucleation model has 

satisfied the constraints set by the thermodynamic, kinetic and structural parameters. The model 

reflects a generic scheme for the treatment of MRO mediated nucleation reactions which may be 

applied more broadly to nucleation in materials characterized by the presence of spatial 

heterogeneities. 

 

Supplementary Materials 

See supplementary materials for Liquid-solid interface energy, free energy evaluation, 

nucleation model calculation and details of FEM. 
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