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A B S T R A C T   

Amorphous melt- spun Al86Cu6Y6La2 (at.%) alloy is hot consolidated at T = 723 K and P = 700 MPa. The glassy 
ribbons show three devitrification steps which fcc-Al phase is precipitated during the first crystallization stage, 
and formation of intermetallic compounds (Al3Y, AlCu, AlCu3 and Al3Y5) take place in the next steps. The 
calculated Avrami exponent (n ~ 2.6) shows the first crystallization reaction is governed by the diffusional 
growth process and increasing nucleation rate. Moreover, the activation energy calculated with different 
methods show that Ea for the primary crystallization are in the range of about 254- 267 KJ.mol− 1. Amorphous 
ribbons exhibit a remarkably tensile strength of 910 ± 7 MPa. Combined rapid solidification and hot consoli
dation produce a bulk sample with high hardness (345.1 ± 12.3 HV), compressive strength (460 ± 10 MPa) and 
4 pct plastic strain. These high mechanical properties are due to ultrafine microstructure induced by the rapid 
solidification process.   

1. Introduction 

Metallic glasses with high Al contents have attracted great attention 
because of their high mechanical properties. Non-equilibrium condi
tions of an amorphous structure can increase their properties consider
ably. Melt-spun amorphous Al ribbons show high tensile strengths 
exceeding 1200 MPa, which is about twice as high as for conventional 
crystalline Al alloys [1–3]. 

Directly rapid solidification or following devitrification of the melt- 
spun amorphous ribbons leads to an evenly distributed nanoscale 
phase in the amorphous matrix, which results in enhancement of the 
tensile fracture strengths even more [4–7]. The defect-free nanometer 
fcc-Al precipitates in the amorphous matrix results in the high strength 
of the alloys due to dispersion strengthening. Structural heterogeneities 
formed in the amorphous matrix increase the number of shear bands. 
Therefore, plasticity is improved and fast growth of the local shear bands 
is suppressed by nanoparticles [8,9]. Enhancement of solute contents of 
the amorphous matrix also is a key parameter in the high strength of the 
nanocrystalline- amorphous composite material [10]. 

The Al metallic glasses produced by non-equilibrium processes have 
small dimensions in the form of powders or ribbons because Al alloys are 
marginal glass formers. Therefore, consolidation techniques are 

required in order to produce a bulk sample for possible structural 
application. High cooling rates (105–106 Ks− 1) is required to bypass 
devitrification. Therefore, rapid solidification methods are essential to 
produce amorphous structures [2,4,6,8]. However, Al-based amorphous 
alloys with thickness in the range of mm was obtained via copper mold 
casting for Al based alloy [1,2]. Therefore, Al-based amorphous alloys 
with high mechanical properties have limited application fields due to 
their size limitation [11–13]. 

To overcome the size limitation, rapid solidification combined with 
powder metallurgy (RS/PM) processing techniques have been applied to 
produce bulk Al-based samples with the desired microstructure which 
can significantly improve the mechanical properties of aluminum alloys 
[1,14]. Densification and softening the material can be reached through 
high pressure and rather high temperature, allowing better filling and 
removing the remaining porosity due to plastic deformation. In addition, 
in order to better bonding, particles slide or shear over each other 
resulting in disintegrating oxide and other surface layers [15]. 

Crystallization studies of the metallic glasses has a principal effect on 
the area of the amorphous and nanostructured alloy. Controlled crys
tallization of the glassy precursors, which improves their mechanical 
properties, requires detailed understanding of the mechanism of the 
nanocrystalline particles formation influencing structural 
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transformations [16–19]. The risk of possible crystallization during high 
temperature exposure is the most important problem of consolidation of 
the amorphous alloys. The proper consolidation parameters (i.e. 
consolidation time and temperature) are required in order to produce a 
highly dense sample, where the coarsening of the microstructure is 
inhibited during crystallization of the alloy [20]. 

Although many efforts have been made in the field of the Al-TM (Ni)- 
RE metallic glasses [2,4,21-25], there is little study about Al-Cu-RE al
loys. Addition of the rare earth (RE) elements increases the thermal 
stability of the Al-Cu alloys. Therefore, high temperature strength and 
stiffness of this alloy system will be increased [26]. A long solidification 
range, dispersion hardening and thermally stable structure leads to high 
casting and mechanical properties of the novel Al-Cu-Y alloys [27]. In 
this study, hot pressing (HP) of the amorphous Al86Cu6Y6La2 flakes re
sults in a novel bulk Al based alloy with a nano/ultra-fine structure 
which significantly improves their thermal stability and mechanical 
properties. Microhardness, tensile and compression tests have been used 
in order to evaluate the mechanical behavior of the as- cast, as- spun and 
consolidated bulk samples revealing promising mechanical properties. 
Moreover, the crystallization kinetics as well as the phase and micro
structure transformation of an amorphous alloy were studied. The re
sults are correlated to the microstructural changes and mechanical 
behavior of this alloy. 

2. Experimental procedure 

2.1. Melt spinning and hot consolidation process 

The alloy Al86Cu6Y6La2 (at.%) was produced by vacuum induction 
melting of a combination of pure Al (99.99 wt%), Cu (99.99 wt%), Y 
(99.99 wt%), and La (99.99 wt%) elements in a quartz crucible under a 
high purity argon gas environment. Three times remelting of the ingot is 
lead to obtain compositional uniformity. A single roll melt spinning 
machine was used to produce amorphous ribbons with about 1–2 mm 
width and 15 µm thickness. The bulk samples are produced through 
consolidation of the amorphous flakes in two steps: (1) the as-spun 
flakes inside a die cold pressed at room temperature (RT) as pre
consolidation process in order to produce a green compact sample for 
10 min and (2) the green samples are hot pressed (HP) at a heating rate 
of 20 Kmin− 1 and time of 20 min. The conditions of the consolidation 
process are listed in Table 1. The amorphous flakes were consolidated 
into approximately 7 mm height and 10 mm diameter rod by a uniaxial 
WEBER PWW machine. 

2.2. Structural characterization and mechanical evaluation 

DSC analysis (Mettler Toledo) has been used in order to study the 
thermal stability and crystallization behavior of the melt-spun ribbons. 
A few flakes were heated at heating rates of 10, 15 and 20 Kmin− 1 from 
room temperature to 900 K in the Argon atmosphere. Philips, PW1800, 
Cu-Kα (λ =1.54 Å) X-ray device was used to investigate the structural 
evaluation of the rapidly solidified amorphous, annealed and bulk 
samples (30 mA, 40 kV) [10]. Structural investigations were studied by 
standard metallographic techniques. The chemical etchant was modified 
Keller’s solution, which was used for about 5 s. A Neophot 32 optical 
microscope was used for characterization of the resultant cross-sectional 
microstructures of the melt-spun specimen. The FE-SEM (15 kV) 
attached to an energy dispersive spectrometry (EDS Silicon Drift 2017) 

was also used. The hardness of the samples has been measured by a 
MVK-H21 microhardness tester at loads of 25 g (ribbons) and 100 g 
(as-cast and bulk samples) and at 15 s dwelling time. The measurements 
have been done on the longitudinal sections of the ribbons. A SANTAM 
50 uniaxial tensile test was also used at a strain rate of 5 × 10− 4 s − 1 to 
study the mechanical properties of the amorphous as-spun ribbons. 
Moreover, an INSTRON 8562 testing facility (strain rate of 1 × 10− 4 s −
1) was performed in order to evaluate the compression behavior of the 
as- cast and bulk samples (with parallel surfaces at both ends) at RT. 

3. Results 

3.1. X-ray diffraction and thermal analysis of RS ribbons 

The XRD patterns of the Al86Cu6Y6La2 (at.%) alloy at as- cast, as-spun 
and annealed conditions at different temperatures corresponding to the 
different crystallization stages are shown in Fig. 1. The results show that 
the as-spun alloy has a broad diffuse peak in the 32–48◦ range, which 
suggests completely amorphous alloys (Fig. 1a). The rapid solidification 
process is beneficial to formation of the amorphous structure. 

As- spun ribbons were heat- treated into partially and completely 
crystallized state after annealing at 610, 720 and 790 K and heating rate 
of 20 Kmin− 1 to reveal the crystallization products. The annealing 
temperature and time were determined based on the nonisothermal DSC 
curves shown in Fig. 2. XRD pattern obtained from the partially crys
tallized sample at 610 K (about the last point of the first DSC curve), 
indicates that the fcc α-Al nanoparticles are precipitated during the first 
crystallization reaction (Fig. 1c). Whereas, the matrix is decomposed 
into intermetallic compounds of Al3Y, AlCu3, Al3Y5 during non- 
isothermal heating of the Al86Cu6Y6La2 alloy at 720 K (Fig. 1d). In 
addition, AlCu phase and some unidentified phases appear after com
plete devitrification at 790 K (Fig. 1e). The peak intensity of the α-Al 
phase increases during the second and complete crystallization, indi
cating the growth of fcc α-Al nanocrystals. 

Fig. 2 indicates the DSC curves of the as-solidified ribbons at 10, 15 
and 20 Kmin− 1 heating rates and non-isothermal conditions. DSC curves 
show three exothermic crystallization peaks (Tx) which is usual for Al- 
TM-RE metallic glasses mostly. It is important to note the crystalliza
tion can be quite sensitive to composition [24]. All of the peaks are 
shifted to a higher temperature as the heating rate is increased and their 
intensity extended. This is due to the assumption that the crystallization 
is a thermally activated process. Table 2 presents the crystallization and 
peak temperatures (TX1, TX2, TX3, TP1, TP2, TP3) for Al86Cu6Y6La2 alloy 
from the DSC curves at various heating rates. An endothermic peak as 
glass transition (Tg) can be observed in the DSC patterns of some alloys 
[28]. In some alloy systems, crystallization takes place first and Tx ap
pears before Tg. Therefore, Tg has vanished. Table 2 also shows Tg and 
ΔTX, (supercooled liquid region which shows the temperature region 
between Tg and Tx1) for various heating rates. 

3.2. Consolidation of RS flakes 

Fig. 3 indicates the XRD curve of the bulk sample prepared by 
consolidation of RS Al86Cu6Y6La2 flakes via uniaxial hot pressing. Full 
densified bulk sample is achieved at T= 723 K (450 ◦C) and P= 700 MPa. 
The XRD pattern of the 10 mm diameter rod shows formation of crys
talline phases including α-Al, Al3Y, AlCu, AlCu3, Al3Y5 and some unde
fined phases. Although the pressing temperature (723 K)is lower than 
the third DSC peak temperature (765 K at heating rate of 20 Kmin− 1), 
the amorphous structure devitrified completely may be due to the 
deformation induced crystallization effect. The inset of Fig. 3 indicates 
the bulk sample with height of about 7 mm. 

3.3. Microstructural evolution and mechanical properties 

The cross-sectional microstructure of the as-cast, as-spun and 

Table 1 
Experimental conditions of consolidation process of the amorphous 
Al86Cu6Y6La2 flakes.  

Bulk Sample Cold pressing condition Hot pressing condition 

Sample 1 P = 800 MPa T = 693 K (420 ◦C), P = 600 MPa 
Sample 2 P = 1 GPa T = 723 K (450 ◦C), P = 700 MPa  
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consolidated samples obtained by optical microscopy can be shown in 
Fig. 4. The primary aluminum solid solution (α-Al) and a fine eutectic 
were the main structure parts of the Al-Cu-Y based alloy system [29]. 

Fig. 4a shows the microstructure of the slowly solidified (as-cast) 
Al86Cu6Y6La2 sample consists of white region of α- Al phase, fine 
gray-colored eutectic phase and some dark acicular and blocky shape 

Fig. 1. XRD patterns for the Al86Cu6Y6La2 (at.%) alloy at (a) as- cast, (b) as-spun and (c-e) annealed conditions at different temperatures.  

Fig. 2. The non-isothermal DSC curves at 10, 15, and 20 Kmin− 1 heating rates.  

M. Dadashi et al.                                                                                                                                                                                                                               



regions of Cu and RE (Y, La) bearing intermetallic phases. The presence 
of different phases (α-Al, Al3Y, AlCu, AlCu3, Al3Y5 and some undefined 
phases) in the as-cast sample was confirmed by XRD (Fig. 1a). However, 
the structure of the melt-spun ribbon (red arrows show its cross section) 
was quite different from those of the ingot specimens (Fig. 4b) indicating 
fine microstructure which is evaluated by FE-SEM (Fig. 5). Moreover, 
Fig. 4c and 4d show the optical microscopy of the compact materials hot 
consolidated at two conditions (T = 693 K, P = 600 MPa and T = 723 K, 
P = 700 MPa). Dark contrast in the sample is hot pressed at T = 693 K 
and P = 600 MPa (Fig. 4c) shows that complete metallic bonding has not 
been created between flakes in some sections. Arrows in Fig. 4c indicates 
the interfaces between the melt- spun flakes. However, optical micro
scopy of the bulk sample produced at T= 723 and P= 700 MPa shows a 
fully densified condition (Fig. 4d). 

FE-SEM was also used to study the microstructure of the as-cast, as- 
spun, annealed and hot pressed samples at T= 723 and P= 700 MPa 
(Fig. 5). The microstructure of the as- cast sample consists of micro-sized 
particles with black contrast mostly concentrated along the grain 
boundaries and some bright particles embedded into the gray grains 
(Fig. 5a). The X-ray mapping images (Fig. 5b) indicate that the phases 
with gray color are aluminum solid solution and bearing RE (La, Y) 
eutectic phases (region 2) and the white (region 1) and black phases 
(region 3) are Cu, Y and La- rich intermetallic phases. Moreover, there 
isn’t any trace of presence of crystalline phase in the matrix according to 
the longitudinal cross section of the as- spun ribbons (Fig. 5c) indicating 
a fully amorphous structure. The XRD pattern also approves this con
dition (Fig. 1a). The FE-SEM image of the Al86Cu6Y6La2 ribbons heat 
treated at 610 K (about end at first DSC peak) indicates homogeneously 
distributed fine nanoparticles in an amorphous matrix (Fig. 5d). The 
EDS patterns verify α-Al crystalline phase formation, which is also 

predicted by XRD result (Fig. 1b). The relatively inaccurate analysis of 
small phases by EDS and effect of matrix composition in the analysis 
leads to possible detestation of some other crystalline phases in the EDS 
analysis. The fcc α-Al nanocrystals emerge as the fine bright phases in 
the black amorphous matrix. The shape of α-Al particles is mostly uni
axial in the annealed ribbons. 

Fig. 5e shows FE-SEM image of the bulk sample sintered at T= 723 
and P= 700 MPa. The image shows bright particles and black rod-like 
regions with nm- sized dimensions. Fig. 5f shows the image prepared 
by Clemex analysis of the bulk sample indicating average size of the α-Al 
particles (164 nm). According to X-ray mapping analysis of bulk sample 
(Fig. 6) black particles in Fig. 5e suggested to be nano-sized Al grains 
and bright agglomerates rich in Cu, Co, Y and La, most likely corre
sponding to the Al11RE, AL3Y, Al2Cu and AlCu compounds observed by 
XRD (Fig. 3). 

Fig. 7 shows the hardness values of the Al86Cu6Y6La2 samples at as- 
cast, as- spun and after HP at T = 723 K and P = 700 MPa. It is clear that 
the amorphous alloy shows higher hardness value than as cast sample. 
The amorphous melt-spun alloy shows a microhardness of about 362.4 
± 11.4 HV, which is about more than two times with respect to con
ventional cast samples. Moreover, the hardness changes during the 
crystallization stages after the HP process, where, during primary crys
tallization, the hardness increases because of α- al nanoparticles. Third 
crystallization reaction of the alloy leads to a decrease of the hardness to 
280.1 ± 10.4 HV. Growth of the α-Al nanoparticles, some weak inter
metallic compounds and fully crystallization of the amorphous matrix 
may contribute to decrease the hardness after complete crystallization. 
Moreover, the hardness of the bulk consolidated sample at 723 K and P 
= 700 MPa reaches to 345.1 ± 12.3 HV which is more than two times 
that of conventional cast one due to ultrafine grain structure induced by 
rapid solidification process in the final bulk sample. 

The tensile stress – strain curve of the amorphous Al86Cu6Y6La2 RS 
ribbons is shown in Fig. 8a. In order to minimize damaging gripping 
effects, pneumatic grips with smooth surfaces were used. Proof stress is 
determined as the stress corresponding to 0.2% of strain from the stress- 
strain curve of the ribbon. Yield strength (YS) and ultimate tensile 
strength (UTS) are 680±21 and 910 ± 18 MPa, respectively. However, 
the plastic deformation is small for the amorphous melt- spun ribbon. 
The result of the compression test of the as cast and bulk samples are 

Table 2 
Characteristic temperatures and supercooled liquid region for Al86Cu6Y6La2 
alloy.  

β (K/min) Tg (K) TX (K)  TP (K)  ΔTX 

TX1 TX2 Tx3 TP1 TP2 Tp3 

10 561 585 700 752 592 722 760 24 
15 568 592 704 759 604 724 768 24 
20 571 596 707 765 606 727 772 25  

Fig. 3. XRD pattern of the melt-spun Al86Cu6Y6La2 flakes hot pressed at T= 723 K (450 ◦C) and P= 700 MPa. The inset is the appearance of the bulk sample.  
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shown in Fig. 8b. The HP sample consolidated at pressing conditions of 
T = 723 K and P = 700 MPa, shows 460 ± 10 MPa yield strength and 
about 4 pct plastic strain. However, a yield strength of 184 ± 10 MPa 
and about 10 pct plastic strain can be seen in the as- cast sample. Ultra- 
fine intermetallic phases, which uniformly distributed together with the 
nanocrystalline Al particles due to rapid solidification, is attributed to 
high mechanical properties of bulk samples. Structural refinement is 
also another parameter to increase the mechanical properties of rapidly 
solidified and hot consolidated bulk samples. 

4. Discussion 

4.1. Crystallization behavior and thermal stability of RS ribbons 

The as-spun ribbons of the Al86Cu6Y6La2 alloy are fully amorphous 
due to the broad diffuse peak in the 2θ range of 32 to 48◦ (Fig. 1(a)). In 
the condition that the heat of mixing and atomic size mismatch between 
the main elements (Al, Cu and RE (Y, La) atoms) of the multicomponent 
systems are large, good glass forming ability (GFA) can be predicted. 
Size of the crystal unit cell increases by addition of more elements. 
Therefore, a complex structure will produce which reduces the tendency 
of formation of a structure with longer-range order. Existence of the 
large atoms enhances the packing density factor and therefore the en
ergetic profit of remaining the sort range ordered structure. Moreover, 
the small bond Al–Cu length decreases the shear viscosity of the molten 

alloy. Therefore, the nucleation process is postponed and randomly or
dered RE (Y, La) atoms [30–32] stabilize the amorphous structure. 
FE-SEM image of the as- spun ribbons (Fig. 5a) indicates no crystal to 
appear which is the characteristic of a completely amorphous structure. 

Annealing of the as-spun ribbons at different temperatures corre
sponding to each DSC stage (610, 720 and 790 K) shows different 
crystallization products. During the primary crystallization, a phase of 
one of the alloy constituents appears first after the devitrification pro
cess. According to the XRD studies, α-Al nanoparticles are precipitated 
during the first crystallization reaction (Fig. 1c); whereas, intermetallic 
compounds (Al3Y, AlCu3, AlCu and Al3Y5) are formed in the matrix 
during non-isothermal heating of the Al86Cu6Y6La2 alloy after complete 
crystallization. The primary crystallized phase dispersed evenly in the 
amorphous matrix may act as the nucleation site for secondary or ter
tiary crystallization [24]. Precipitation of the α-Al crystalline phase 
embedded in the amorphous matrix is also verified by the FE-SEM image 
(Fig. 5b). This is also approved by the XRD pattern (Fig. 1c). 

DSC analysis has been used in order to study the thermal stability of 
the Al amorphous ribbons. Supercooled liquid stability which is deter
mined as ΔTx = TX1 − Tg is a clearly described criteria for this purpose 
[33] which is >50 K for the most bulk metallic glasses. This often is less 
than 30 K in the Al metallic glasses, which are marginal glass formers 
[34]. According to Table 2, ΔTX of Al86Cu6Y6La2 amorphous ribbons is in 
the range of 24–25 K for different heating rates which is comparable 
with 24 K reported for Al86Ni6Y6Ce2 (at.%) amorphous alloy [24]. This 

Fig. 4. Optical micrographs (prepared from the cross section) of the Al86Cu6Y6La2 alloy at different conditions: (a) as cast, (b) as spun, (c) hot pressed at T = 693 K 
and P = 600 MPa and (d) hot consolidated at T = 723 K, P = 700 MPa. 
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indicates high thermal stability and GFA of the produced amorphous 
alloy due to difficulty in the nucleation and growth process. In this 
research, the onset crystallization temperatures are found to be in the 
range of 596- 765 K at different cooling rates. However, complete 
crystallization happens at approximately 795 K. The main parameters 
responsible for the high Tx1 of the as- spun alloy are related to the large 
atomic size mismatch and negative ΔHmixing between the constituents 
resulting in the complexity of the system. Large RE (Y and La) atoms lead 
atoms to move with difficulty and formation of the amorphous structure 

[34]. 
Principal crystallization process is investigated through calculation 

of the apparent activation energy Ea and thermal stability of the amor
phous materials in this study. There are many approaches to compute 
the Ea of the metallic glasses including Kissinger, Ozawa, Augis & Ben
nett and Moynihan methods [35–38]: 

Fig. 5. FE-SEM images of Al86Cu6Y6La2 alloy at condition of: (a) as-cast (b) with corresponding X-ray mapping analysis, (c) as- spun, (d) heat-treated at 610 K 
(temperature of the first crystallization stage) with corresponding EDS spectrums and (e) bulk sample consolidated via hot pressed at T= 773 and P= 700 MPa 
showing grain and (f) image prepared by Clemex image analysis of bulk sample indicating average size of the α-Al particles. 
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In the formulas, β is the heating rate, Tp is the peak temperature, Ea is 
the apparent activation energy,T0 is the initial temperature of DSC 
analysis and C is a constant. 

Figs. 9a-d show the Kissinger, Ozawa, Aguis & Bennet and Moynihan 
graphs for the primary, secondary and third crystallization of the 
Al86Cu6Y6La2 amorphous alloy, respectively. The activation energies Ea 
can be obtained from the straight-line slope achieved at three various 
heating rates (10, 15 and 20 K.min− 1) which are represented in Table 3. 
The results show that Ea for the primary, secondary and tertiary crys
tallization are in the range of about 254- 267 KJ.mol− 1, 198–203 KJ. 
mol− 1 and 181- 186 KJ.mol− 1, respectively indicating that the reaction 
order is nearly to unity. 

The crystallization process of the amorphous materials can describe 
by the Johnson Mehl Avrami (JMA) principle which has been extended 
to express the kinetics of crystallization in non-isothermal conditions 
[39–40]: 

ln [− ln(1 − X)] = − nlnβ + lnK(T) (5) 

X is the volume fraction of the crystallized phase, t is the annealing 
time, β is the heating rate, n is the Avrami exponent and K is an 
Arrhenius reaction rate, which can be obtained from: 

Fig. 6. X-ray mapping images of the bulk Al86Cu6Y6La2 alloy.  

Fig. 7. Vickers hardness (HV) of the Al86Cu6Y6La2 alloy at different conditions 
(as- cast, as- spun, annealed and hot pressed). 
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Fig. 8. (a) Tensile stress – strain curve for RS ribbons (room temperature) and (b) stress –strain curve for compression test of the consolidated bulk sample.  

Fig. 9. (a) Kissinger, (b) Ozawa, (c) Augis & Bennett and (d) Moynihan methods for the first, second and third crystallization stages of the Al86Cu6Y6La2 
metallic glass. 
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K(T) = A exp
(
− Ea

RT

)

(6) 

In this equation; A, Ea, T and R, are the frequency factor, the 
appearance activation energy for crystallization, temperature, and the 
gas constant, respectively. The slope of the straight lines in Figs. 9 yields 
Avrami exponent n which are shown in Fig. 10 and also Table 4. Tem
peratures between 606 K and 612 K (corresponding to the first DSC 
peak) yields n ranging from 2.49 to 2.63. According to the average 
Avrami exponent (n ~ 2.6), it can be found that the growth process of 
the primary crystallization of the Al86Cu6Y6La2 amorphous alloy is 
controlled by a 3D diffusion process and nucleation rates is reducing 
one. Although the nucleation process conducts the formation of a pri
mary nano-sized phase, the growth process determines the size and 
morphology of the precipitated phases. Large RE (Y and La) atoms with 
small diffusivity for solute atoms suppresses the growth process and the 
movement of atoms decreases even more as the results of impingement. 
Therefore, it is preferred to precipitate single fcc-Al in the glassy matrix 
during the first reaction. 

The volume fraction of the crystallization α, can be calculated from 
the fractional area of the DSC exothermic peak: [41–42]: 

α =

∫ T
T0(dH/dT) dT
∫ T

T0(dH/dT)dT
(7) 

Where; T0, T∞ and dH/dT are the initial temperatures, temperature at 
the end of each reaction peak and heat capacity of the alloy at constant 
pressure, respectively. The volume fraction (α) of the primary crystal
lized phase of the DSC curve at various heating rates are shown at Fig. 11 
(a). All curves show a conventional sigmoid order and the crystallization 
occurs with a smaller rate at low annealing temperature. These 
sigmoidal S type curves confirm that the nucleation and growth process 
conducts the crystallization of the studied amorphous alloy, which 
usually consists of three steps [43]: Initially, the crystallization of the 
alloy is dominated by formation of the nuclei at low volume fractions; 
therefore, there is a low rate of crystallization process. Then, increasing 
the volume fraction of the crystallized phase decreases the free energy 
because of the crystals formation, and interface energy (crystals and 
matrix) enhances the rate of the crystallization process. Finally, the 
interface energy reduces which leads to decrease the rate of the 
crystallization. 

To every crystallization peak (peak 1, and peak 2) at varied heating 
rates (10, 15, and 20 Kmin− 1), Fig. 7 depicts the change of the crystal
lized volume fraction a with temperature. With the increasing 

Table 3 
Activation energies of each crystallization reaction are calculated by different 
methods for Al86Cu6Y6La2 alloy.   

Activation energies (KJ.mol− 1) 
Kissinger Ozawa Aguis & Bennett Moynihan 

First peak 257±107,078 254±12 262±13 267 ± 11 
Second peak 202±8 203±9 198±6 203±9 
Third peak 186±4 185±5 181±8 185±6  

Fig. 10. Avrami plots of the Al86Cu6Y6La2 alloy for primary crystallization at 
various temperatures. 

Table 4 
Avrami index values for the primary crystallization reaction of the Al86Cu6Y6La2 
alloy.   

Temperature (K) Average 
606 609 612 

Avrami index 2.7 2.5 2.5 2.6 ± 0.1  

Fig. 11. (a) Crystalized fraction (X) - T for the primary crystallization and (b) local Avrami exponent curves at different heating rates (10, 15 and 20 Kmin− 1).  
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temperature, the crystalline volume fraction clearly shows a quasi "S" 
shape curve. In most cases, the crystallization of a "S" form may be 
broken down into three steps: For starters, the crystallization procedure 
of the alloy is mostly regulated by nucleation for low crystallized volume 
fractions, and the crystallization procedure of the alloy is mainly 
controlled by nucleation for high crystallized volume fractions. 

The local Avrami exponent is depicted in Fig. 11. for the 
Al86Cu6Y6La2 alloy at various heating rates. When crystallization first 
begins, the local Avrami exponent is usually quite large. It begins to fall 
at the beginning of the crystallization process, then stabilizes before the 
intermediate stage (0.3<X<0.8) rising sharply at the end. There was a 
discrepancy between the Avrami exponent’s initial and final values 
during crystallization. The Avrami exponents rise abnormally at high 
crystalline volume percentages due to inhomogeneous nuclei in amor
phous ribbons and inhomogeneous nucleation in the crystallization 
procedure. When the crystallization process is in its middle stage, the 
local Avrami exponent appears to be stable, which explains why the 
nuclei develop to a noticeable size. 

4.2. Microstructures of as- cast, as-spun and P/M materials 

The microstructure of the as-cast, as-spun, annealed and consoli
dated samples can be shown in Figs. 4 and 5. Although, the micro
structure of the as-cast Al86Cu6Y6La2 sample consists of the coarse 
eutectic phase, blocky regions of α-Al primary phase and some rod- 
shaped dark regions (intermetallic phases) rich in Cu and RE (Y, La) 
were the dominant feature in ingot specimens (Fig. 4a), the structure of 
the specimen produced by melt spinning indicates fine microstructure 
(Fig. 5). There is not any crystalline phase in the matrix indicating the 
fully amorphous structure. This can also be approved with the XRD 
patterns (Fig. 1b). Rapid solidification results in enhanced solid solu
bility of alloying elements, considerable increase in chemical homoge
neity and formation of metallic glasses. In addition, more constituents in 
an alloy system decreases the tendency of an ordered structure forma
tion due to the complexity of the crystals. Fine nano-sized homoge
neously distributed α-Al crystalline phases, which have an equiaxial 
shape, can be observed in an amorphous matrix during primary crys
tallization of the alloy after heating the flakes continuously  into about 
the end point of the first DSC peak. Growth rate at the fronts of the 
crystal growth can be inhibited by large RE (Y, La) atoms, which have 
slow diffusing nature. Therefore, heating at this temperature results in 
the nanocrystalline/amorphous composite material formation. More
over, the GFA of Al–TM–RE alloys, is influenced by the strong reactivity 
between Al and TM atoms as the key mechanism controlling parameter. 
RE atoms (Y, La) with the randomly distributed order can stabilize the 
Al-Cu clusters [44]. 

Fig. 4d shows the optical micrograph of the bulk samples hot 
consolidated at the condition of T = 723 K, P = 700 MPa which leads to 
full densified Al86Cu6Y6La2 compact samples. FE-SEM image (Fig. 5e) of 
the bulk sample sintered at this condition shows bright agglomerates 
and black rod-like regions with nm- sized dimensions. X-ray mapping 
analysis of bulk sample (Fig. 6) suggests the black particles to be nano- 
sized Al grains with average size of 164 nm and bright particles which 
are rich in Cu, Co, Y and La and may corresponding to the intermetallic 
compounds like Al3Y5, Al3Y, AlCu3, Al3Y5 and AlCu observed by XRD 
(Fig. 3). Considering the width of the XRD peaks, it is suggested the 
dimensions of the phases formed are in the range of nano or ultra-fine. 

4.3. Mechanical properties 

The hardness results of the Al86Cu6Y6La2 alloy at as- cast, as- spun 
and after HP at T = 723 K and P = 700 MPa in Fig. 7 show the amorphous 
alloy indicates the hardness value (~ 362.4) more than two times that of 
conventional cast one (~174.9 HV). The extended solubility of elements 
in the matrix as the results of rapid solidification process, which leads to 
formation of metallic glasses, can contribute to enhanced microhardness 

of the rapidly solidified ribbons. The hardness changes largely after heat 
treatment of the amorphous Al86Cu6Y6La2 ribbons related to the 
different crystallization products. The fcc-Al nanocrystals formation 
during isochronal annealing at 610 K effects significantly on the 
enhancement of the hardness (~377.9 Hv). In the other words, the 
amorphous ribbons after heat treatment at about end temperature of the 
first reaction peak, shows a gradual increase in the microhardness, 
attributed to the crystallization onset: [amorphous]→ [amorphous+
α-Al]. The residual amorphous matrix is enriched in solute content 
which is an important factor in the hardening during annealing [39,40]. 
In addition, nano-sized α-Al nanocrystals distributed evenly in the 
amorphous matrix enhance the hardness by precipitation hardening 
during the primary reaction. Also, the hardness of the Al86Cu6Y6La2 
amorphous alloy after the second DSC reaction decreases (~301.9). 
Formation of some weak intermetallic compounds and Al particles 
growth during the heat- treatment may lead to decrease of hardness. 
Complete crystallization of the amorphous matrix may also contribute to 
decrease the hardness after the third crystallization stage. Moreover, the 
bulk consolidated sample synthesized at 723 K and P = 700 MPa shows 
the hardness of about 345.1 HV which is more than two times that of 
conventional cast ones. Rapid solidification process and then formation 
of nano-size precipitates results in ultra-fine microstructure in the final 
bulk sample. The ultra-fine microstructure produced by melt spinning 
and hot consolidation can have a significant effect on the mechanical 
properties. The completely bulk sample produced by consolidation 
cannot be achieved without full devitrification resulting in enhanced 
mechanical properties. The mechanical properties of materials are 
influenced by hardness, strength and plastic strain. The tensile and 
compression tests were performed on the amorphous Al86Cu6Y6La2 RS 
ribbons and hot consolidated samples, respectively (Fig. 8). During the 
tensile test, the ribbons show YS of 680±21 and UTS of 910 ± 18 MPa 
and small specific plastic strain. This high strength level is due to its 
non-crystalline structure with no type of any defects (such as disloca
tions) which limit the strength of crystalline alloys. 

Compression deformation of the bulk sample consolidated at press
ing conditions of T = 723 K and P = 700 MPa, results in the yield 
strength of 460 ± 10 MPa, and a plastic strain of about 4 pct. Whereas, 
the as- cast sample indicates a yield strength of 184 ± 10 MPa and about 
10 pct plastic strain. Structural refinement due to RS and ultra-fine 
intermetallic phases which are distributed uniformly together with 
nanocrystalline Al particles lead to such high strength enhancement. 
Crystallization entirely and formation of a network of fcc-Al inter
connected partially or fully lead to increase the strength and hardness. 
However, the plastic deformation decreases. Therefore, high strength Al- 
based materials can be obtained through the consolidation of the 
amorphous alloys. Based on the microstructure and techniques of 
consolidation, it is possible to control the mechanical properties of the 
bulk materials. 

4. Conclusion  

1 The Al86Cu6Y6La2 alloy at as-spun condition has a fully amorphous 
structure. Annealing of the as-spun ribbons at different temperatures 
(610, 720 and 790 K) corresponding to each DSC stage shows 
different crystallization products. The first crystallization reaction 
corresponds to α-Al nanoparticles formation; whereas, the matrix is 
decomposed into different intermetallic compounds (Al3Y, AlCu3, 
AlCu and Al3Y5) after complete crystallization.  

2 According to the DSC analysis, the onset crystallization temperatures 
and ΔTX of Al86Cu6Y6La2 amorphous ribbons for different heating 
rates, are in the range of 596- 765 K and 24–25 K respectively, which 
shows high thermal stability and GFA of the produced amorphous 
alloy.  

3 The activation energies Ea estimated from Kissinger, Ozawa, Aguis & 
Bennet and Moynihan methods for the primary, secondary and ter
tiary crystallization of the Al86Cu6Y6La2 amorphous alloy, are in the 
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range of about 254- 267 KJ.mol− 1, 198–203 KJ.mol− 1 and 181- 186 
KJ.mol− 1, respectively indicating the high thermal stability of the 
alloy. Moreover, the average Avrami exponent (n ~ 2.6) indicates 
that the growth of the amorphous alloy during primary crystalliza
tion is controlled by a three-dimensional process.  

4 The Al86Cu6Y6La2 alloy at as- spun condition indicates the hardness 
value (~ 362.4) more than two times that of conventional cast one 
(~174.9 HV) due to extended solid solubility of the elements. The 
hardness reaches to ~377.9 Hv after the primary crystallization of 
fcc-Al nanocrystals at 610 K due to the precipitation hardening. 
However, after the second DSC peak, the hardness decreases 
(~301.9) as the result of some weak intermetallic compound for
mation, Al particles growth and complete devitrification of the 
amorphous matrix.  

5 HP consolidated sample synthesized at 723 K and P = 700 MPa 
shows the hardness of about  345.1 HV which is more than two times 
that of conventional cast ones. The bulk sample indicates compres
sion strength of 460 ± 10 MPa, and a plastic strain of about 4 pct. 
The ultra-fine microstructure induced by the rapid solidification 
process and hot consolidation has a significant effect on the me
chanical properties. 
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