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Al-RE-Ni-Co glassy alloys (RE – rare earth), exhibit ultra-high strength up to about 1.2 GPa which 
increases further up to about 1.5 GPa on their nanocrystallization. Here we summarize a large set of 
the experimental data related to the phase transformations leading to the formation of a nanostructure 
in Al-based glassy alloys. The crystallization of these alloys takes place either by nucleation and 
growth (N&G) in Al85RE8Ni5Co2 alloys or by growth of so-called “pre-existing” nuclei and 
nanoparticles in Al85Y8Ni4-3Co2Cu1-2 and Al85Y6-4Ni5Co2Pd2-4 alloys. The crystallization behavior of 
Al-RE-Ni-Co glassy alloys can be classified as follows: If an alloy does not show glass-transition at 
Tg on heating prior to crystallization and exhibits a N&G transformation mechanism then it forms 
intermetallic compound(s) (IM) or IM+nanoscale α-Al. If an alloy contains pre-existing nuclei then it 
does not show glass-transition and forms primary nanoscale α-Al. If an alloy shows glass-transition 
on heating and exhibits a N&G transformation mechanism then it forms nanoscale Al above Tg and 
IM+Al or IM below Tg. The kinetics of these phase transformations is also studied. We also found 
that the supercooled liquid region in the Al-based alloys strongly depends upon electronegativity of 
the RE metal. Contrary to crystallization on heating, no intermetallic compounds but only a very 
small volume fraction of α-Al nano particles was formed in the cold-rolled Al85Y8Ni5Co2 and 
Al85Nd8Ni5Co2 alloys, while Al85Gd8Ni5Co2 and Al85Mm8Ni5Co2 samples remain amorphous. Direct 
observation of micro-strain and dislocations quenched in α-Al nanoparticles with a size below 7 nm 
in a Al85Y4Ni5Co2Pd4 alloy is also provided. 
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1. Introduction 
An amorphous single phase has been formed over a wide composition range in binary Al-RE 
(RE-rare earth metal) [1] and ternary Al-RE-TM (TM-transition metals) [2] system alloys produced 
by rapid solidification techniques. Amorphous alloys in the ternary Al-Y-Ni system were found to 
possess high strength and good bending ductility (can be bent through 180° without fracture) [3,4]. 
The addition of Co [5] improved the glass-forming ability of the alloys and increased the mechanical 
strength which exceeded 1200 MPa. A newly discovered (Al0.84Y0.09Ni0.05Co0.02)95Sc5 amorphous 
alloy has an ultra-high tensile fracture strength exceeding 1500 MPa which surpasses those for all the 
other Al-based fully crystalline and amorphous alloys reported up to date [ 6 ]. Quaternary 
Al85Y8Ni5Co2 alloy shows one of the widest supercooled liquid region on heating among Al-based 
metallic glasses (all alloy compositions are given in nominal atomic percents (at.%)) [7].  

Nanostructured alloys are readily obtained on primary devitrification of glasses with a long-range 
diffusion controlled growth [8]. Fine precipitates of the Al solid solution (α-Al), almost pure Al, 
formed by devitrification of the glassy matrix were found to increase tensile strength of the alloys 
without reduction of bending ductility [9]. Strengthening effect was also observed in case of 
nanoscale precipitates of quasicrystalline particles [10]. In amorphous materials the deformation is 
concentrated in the shear bands of maximum shear stress which maintain about 45 degrees with the 
load (tensile or compressive) direction. The width of the shear band in Al alloys is about 10-20 nm. 
The increase in strength by the dispersion of nanoscale fcc-Al particles in the amorphous matrix is 
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hence the nanoscale Al particles can act as barriers against the shear deformation of amorphous 
matrix.  

Crystallization behaviour of various Al-Y-Ni and Al-Y-Ni-Co alloys has been also intensively 
studied and at definite compositions formation of the α-Al was observed in the primary stage [11,12]. 
In fact many other Al-based glassy and amorphous alloys [13,14] also exhibited formation of the 
nanoscale α-Al particles in the primary crystallization stage [15,16]. Crystallization of other 
quaternary and quinary alloys was also investigated [17,18]. Primary α-Al particles were also formed 
in Al-Ni-Ce alloy in which segregation of the RE metal with low diffusivity in Al on the 
(α-Al/amorphous phase) interface [19] is considered to be one of the most important reasons for the 
low growth rate of α-Al.  

It has also been found that deformation of some Al-RE-TM amorphous alloys at room temperature 
causes precipitation of α-Al particles of 7-10 nm in diameter within the shear bands on bending [20] 
or nano-indentation [21]. Under tensile test they were found on the fracture surface only [22].  

In the present paper we present and review our research data on crystallization of Al-based alloys.  

2. Experimental Procedure 
Ingots of the Al-RE-TM1-TM2 alloys (TM denotes transition metal) were prepared by arc-melting in 
an argon atmosphere the mixtures of pure metals having at least 99.9 mass% purity. From these alloys, 
ribbon samples of about 0.02 mm in thickness were prepared by rapid solidification of the melt on a 
single copper roller. The structure of the ribbon samples was examined by X-ray diffractometry using 
the monochromatic CuKα radiation. Transmission electron microscopy (TEM) investigation was 
carried out by using a microscope operating at 200 kV and equipped with an energy dispersive X-ray 
spectrometer (EDX). The phase transformation temperatures and heat effects during transformations 
were studied by differential scanning calorimetry (DSC) and by differential isothermal calorimetry 
(DIC). 

3. Results and Discussion 

3.1 Crystallization of Al-based metallic glasses above and below Tg.  
An important difference in the devitrification pathways of Al based non-crystalline alloys is 

connected with the state of the matrix phase prior to crystallization. It can be amorphous, glassy or 
supercooled liquid. One can arbitrary define an alloy being “amorphous” if it crystallizes directly and 
does not transform to a supercooled liquid before crystallization. In general, glassy alloys exhibiting 
the supercooled liquid region on heating prior to crystallization have higher glass-forming ability 
compared to amorphous alloys. We found that on heating glassy and amorphous Al85RE8Ni5Co2 
alloys, namely, Al85Y8Ni5Co2, Al85Y8-xNdxNi5Co2 and Al85Gd8Ni5Co2 and others exhibit different 
devitrification behavior above and below glass-transition temperature (Tg) (Fig. 1 and Table. 1).  

 

 
Fig. 1. (a) DSC curve of Al85Ni5Y4Nd4Co2 alloy obtained at a heating rate of 1.67 K/s, (b) Avrami 
plot for isothermal calorimetry data at different temperatures above and below Tg of about 561 K. 
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Table 1. Crystallization behavior of Al85Ni5Y4Nd4Co2 alloy near the glass-transition region.  
Temperature, K Transformation type Avrami exponent, n Phases formed 
533, 538, 543 Interface-controlled growth 4 α-Al+IM 
563 3.1 α-Al+traces of IM 
568 

Diffusion -controlled growth 
2.6 α-Al 

 
Below Tg most of glassy alloys showed a single-stage transformation obeying the kinetic law 

(x(t)=1–exp[–Ktn]) [23] for the fraction transformed (x) as a function of time (t) with Avrami 
exponent (n) close to 4 (K is a constant) while n values on the primary crystallization of nanoscale 
α-Al in the Al85Dy8Ni5Co2, Al85Y8Ni5Co2, Al85Y4Nd4Ni5Co2 and other metallic glasses above Tg 
varies not only with temperature but with time as well exhibiting non-steady state nucleation (Fig. 
1(b)). α-Al nanocrystals only are formed on rapid enough heating and annealing above Tg. 
Amorphous Al85La8Ni5Co2, Al85Nd8Ni5Co2, and Al85Mm8Ni5Co2 alloys which crystallize directly 
and do not exhibit glass-transition on heating did not show any temperature dependence of their 
crystallization products. One should also point out that from general viewpoint low-temperature 
phase transformation (Metallic glass→IM phase+α-Al) looks similar to an irregular eutectic type. 
However, common interface between two phases is required for coupling growth. Al and IM phase in 
many cases do not have common interface and likely nucleate separately from the glassy phase.  

Based on our findings, the crystallization of various Al-based glassy and amorphous alloys can be 
described by one of the three following types of mechanisms: 1. If an alloy does not show Tg on 
heating prior to devitrification/crystallization and exhibits nucleation and growth transformation 
mechanism then it forms intermetallic compound(s) (IM) or IM+nanoscale fcc-Al from the 
amorphous matrix. 2. If an alloy does not show glass-transition on heating prior to devitrification and 
has pre-existing nuclei then it forms nanoscale primary fcc-Al. 3. If an alloy shows glass-transition on 
heating and exhibits nucleation and growth transformation mechanism then it forms nanoscale fcc-Al 
above Tg and IM+α-Al or IM below Tg.   

These crystallization mechanisms can be associated with a new topological empirical criterion 
which was proposed for the design of multicomponent Al-rich amorphous alloys [24]. Such a 
criterion, is similar to the topological instability criterion [25], (λ parameter), as the ratio of solute 
atoms (ri) of concentration Ci to Al atomic radius (rAl) defined by equation:  

 
                                                                                                                                                (1) 
 
The λ parameter can successfully predict the thermal behavior for a given Al-based alloy 

composition, being able to indicate compositions which exhibit supercooled liquid region (λ>0.1), 
nanocrystalline behavior (λ<0.1) or alloys with an intermediate, nano-glassy behavior, where 
nanocrystallization is preceded by a supercooled liquid region (λ≈0.1). Following the concept of the 
effect of the electronegativity difference [26] on the width of the supercooled liquid region in 
Al-based metallic glasses two Al-based glassy alloys: Al85Y6Ni5Co2Zr2 and Al84Y6Ni4Co2Sc4 with 
the largest supercooled liquid region known so far of about 50 K were created [27]. Al84Y6Ni4Co2Sc4 
alloy has an empirical topological criterion λ=0.1 while the Al85Y6Ni5Co2Zr2 one has λ=0.091, which 
is also not far from 0.1. 

One could suppose that under-critical nuclei size medium range-order zones and clusters are 
formed upon relaxation as the relaxed sample still exhibits nucleation and growth transformation at 
Tx compared to Al-based marginal glass-formers which exhibit no glass-transition but just growth of 
pre-existing nuclei which were likely formed on cooling of the supercooled liquid above Tg when 
atomic mobility is still high. The results of this work also indicate that within a certain composition 
range the lower electronegativity difference leading to more entirely metallic type of bonding among 
the constituent elements is necessary to improve the stability of the supercooled liquid in Al-based 
glassy alloys. Another factor influencing the glass-forming ability and stability of a supercooled 
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liquid and a glass is atomic size ratio. It is well-established that the higher atomic size ratio, in general, 
leads to the higher glass-forming ability and stability of the glass [28]. In the present case we observe 
different behavior, i.e., the addition of Zr, an element with smaller Zr/Al atomic size ratio (ASR) of 
1.12 substituting Y having ASRY/Al of 1.27 (according to Goldschmidt atomic radii [29]) increases 
both Tg and Tx. Moreover, much worse correlation has been obtained between Goldschmidt atomic 
radii of the alloying RE metals in Al85RE8Ni5Co2 with ∆Tx (coefficient of determination (R2) for the 
least-squares fitting with linear function was 0.63) compared to that with electronegativity of the 
constituent RE (R2=0.99). 
3.2 Deformation-induced crystallization in Al-based glassy alloys 

The deformation-induced crystallization was studied in the glassy Al85Y8Ni5Co2 and 
Al85Gd8Ni5Co2 as well as amorphous Al85Nd8Ni5Co2 and Al85Mm8Ni5Co2 ribbon samples subjected 
to cold rolling with 33 % reduction in thickness [30]. The glassy Al85Y8Ni5Co2 and Al85Gd8Ni5Co2 
alloys exhibiting the supercooled liquid region and the Al85Nd8Ni5Co2 and Al85Mm8Ni5Co2 alloys 
exhibiting just very beginning of the glass-transition phenomenon were chosen for the study and 
subjected to cold rolling with 33 % reduction. The studied alloys have close values of crystallization 
temperatures and crystallize by the nucleation and growth reaction.  

It is found that contrary to crystallization on heating, no intermetallic compounds but only a very 
small volume fraction of α-Al nano particles (<1 vol.%) was formed during the deformation-induced 
crystallization of Al85Y8Ni5Co2 glassy and Al85Nd8Ni5Co2 amorphous alloys, while Al85Gd8Ni5Co2 
and Al85Mm8Ni5Co2 samples remain fully disordered. The most important factor responsible for the 
suppression of precipitation of the intermetallic compounds is believed to be the effect of pressure 
during cold rolling as FCC structure of α-Al is supposed to have higher atomic packing density than 
that of the intermetallic compound (Al16Y4Ni4Co3 or Al26Nd3Ni3Co) which symmetry is lower than 
that of the FCC lattice. The applied pressure favors precipitation of the phases with high packing 
density. The effect of rising temperature within the shear bands also favors crystallization and 
enhances diffusion-controlled growth. The higher growth rate of α-Al particles in the cold-rolled 
Al85Nd8Ni5Co2 amorphous alloy compared to the cold-rolled Al85Y8Ni5Co2 glassy alloy may indicate 
significantly higher deformation-induced diffusion rate of the alloying elements in the former alloy.  

As these alloys have a nucleation and growth crystallization behavior on heating they do not 
exhibit significant deformation induced crystallization compared to Al-RE-Ni alloys [19-20] studied 
earlier which can contain pre-existing nuclei and exhibit just growth behavior. 
3.3 Formation of in-situ Al-based glassy-nanocomposites upon rapid solidification 

It is also found that the addition of Pd to Al-Y-Ni-Co alloys substituting Y caused disappearance of 
the supercooled liquid region as well as the formation of the highly dispersed primary fcc-Al 
nanoparticles about 3-7 nm in size homogeneously embedded in the glassy matrix upon solidification 
[31]. The value of the activation energy for the growth of α-Al nanocrystals of 146 kJ/mol obtained 
using Kissinger analysis is very close to the activation energy for self diffusion of pure Al. An 
extremely high density of precipitates of the order of 1024 m-3 is obtained (Fig. 2). This is the highest 
precipitation density observed so far in Al-based metallic glasses.  

 
Fig. 2. (a) selected-area electron diffraction (SAED) pattern (indexing according to fcc Al) (b) TEM 
dark-field image and (c) HRTEM image of the as-solidified Al85Y4Ni5Co2Pd4 alloy.  
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As indicated by the high-resolution TEM (HRTEM) (Fig. 2 (c)), in some areas where nuclei of 
α-Al nano-particles were located close enough to each other, the particles got in touch with each other 
upon growth and the crystal lattice of α-Al nanoparticles is heavily distorted elastically. Dislocations 
and other defects are observed within various α-Al nanograins (Fig. 2). In some cases these 
dislocations form low-angle boundaries. The broad X-ray diffraction peaks in the XRD pattern of 
Al85Y4Ni5Co2Pd4 glassy alloy were fitted with Gaussian function. The resulted d-spacings for (111) 
and (200) are 0.2338 nm and 0.2030 nm [32], respectively, and correspond very well to that of pure 
Al. The broad diffraction peak from the amorphous phase contributes to the intensity of (111).  

As the diffraction peaks were significantly broadened it was possible to estimate the coherent 
scattering area (D(hkl)) size (crystallite size). An intrinsic broadening of the diffraction peak and the 
coherent scattering area Dhkl size are calculated according to the procedure described Ref. 33. The 
resulted Dhkl values for two strong diffraction peaks (111) and (200) are 2.5 and 3.5 nm, respectively. 
The latter value is more reasonable as broad diffraction peak from the residual glassy phase 
contributes to the intensity of (111) peak. The reason for the observed slight discrepancy between the 
calculated and observed particles size using (200) peak is a high degree of micro-strain within the 
α-Al lattice (see Fig. 2) which increases peaks breadth. It is consistent with neutron diffraction study 
of Al-Y-Ni alloys which indicated that Y-rich glasses are homogeneous while Ni-rich glasses have 
compositional inhomogeneity [34]. 

Compared to α-Al nanocrystals produced by the annealing of the glassy matrix which are usually 
found to be free of linear defects α-Al nanocrystals in the as-solidified Al-Y-Ni-Co-Pd sample 
contain microstrain and linear defects like dislocations. The source of the dislocations and the 
distortions of the crystalline lattice is believed to be impingement of the growing particles and 
possibly the difference in thermal expansion coefficients of crystalline Al and the multicomponent 
amorphous phase. Both factors lead to stresses on cooling in a solid state. The observed dislocations 
are attracted to the grain boundaries but did not annihilate on them owing to a high cooling rate in the 
order of 105-106 K/s during melt spinning.  

The addition of Pd slightly increases the Vickers microhardness of Al85Y8Ni5Co2 alloy of HV 
340±15. The harnesses of the Al85Y6Ni5Co2Pd2 and Al85Y4Ni5Co2Pd4 alloys are HV 350±10 and HV 
360±15, respectively. It indicates nearly the same level of yield strength (σy=9.8HV/3) of these 
alloys. The Pd-bearing samples also exhibit a good bend ductility, the same as that of the 
Al85Y8Ni5Co2 alloy.  

4. Conclusion 

Al-RE-TM metallic glasses are prospective materials for different applications as structural materials 
due to their high strength and relatively low density. The studies of crystallisation process are 
important from the commercial viewpoint as precipitation of nanoscale α-Al leads to strengthening of 
the amorphous matrix while precipitation of the intermetallic compounds may cause embrittlement of 
the alloy. Crystallization of Al-based glassy and crystalline alloys is studied in a wide temperature 
and composition ranges. It is found that the supercooled liquid greatly influences crystallization 
behaviour of these metallic glasses. The rapidly solidified Al85Y4Ni5Co2Pd4 alloy has the structure of 
a crystal-glassy nanocomposite, with a high density of α-Al nanocrystals which primarily 
precipitated on cooling from the melt and are found to be homogeneously distributed within the 
amorphous matrix. An extremely high number density of α-Al nanoparticles in the Al85Y4Ni5Co2Pd4 
alloy of the order of 1024 m-3 is believed to be the highest number density value obtained so far in the 
as-solidified Al-based glassy alloys. The Pd-bearing alloys are presumed to have nearly the same 
level of yield strength as the Pd-free one and exhibit as good bend ductility as the Al85Y8Ni5Co2 alloy. 
The direct observation of dislocations within nanoscale elastically distorted α-Al particles having an 
extremely small size below 7 nm which did not annihilate at room temperature is shown.  
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