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Abstract

In this study, nanocrystallization behavior, thermal stability, mechanical properties, and intermetallics formation of
AlgeCuyY(Co, (at.%) as-spun amorphous ribbons were investigated by X-ray diffraction (XRD), differential scanning
calorimetry (DSC), field emission scanning electron microscopy (FE-SEM) and microhardness. Kissinger, Ozawa, and
Augis- Bennett methods were used to study the kinetics of crystallization. Activation energies for primary crystallization of
the amorphous alloy in non-isothermal conditions using these methods (173-178 kImol~") indicate a relatively high thermal
stability. The mean amount of Avrami index (~2.1) revealed the first stage reaction is controlled by a 3-D diffusional growth
with a reducing nucleation rate. The a-Al nanoparticles and intermetallic phases are embedded evenly into the glassy matrix
during the first (623 K) and second reactions (723 K), respectively. The maximum microhardness of about 310 Hv is achieved
in the AlgsCu¢Y Co, alloy annealed at 623 K due to the enhancement of the solute content and the effect of a-Al nanocrystals.
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Introduction

The rapid solidification process has noticeable profits
compared to the conventional casting processes which led
to a higher demand for advanced materials. Recently, there
is a large interest to produce Al alloys by rapid solidification
[1-4]. Metallic glasses with excellent properties, which make
them a good choice for different advanced applications, can
be produced by a rapid solidification process [5—7].

Transition metal (TM) and rare earth (RE) elements have
been used with high content of Al (>80 at.%) in order to
produce amorphous Al (rich) -TM-RE alloys which were
investigated intensively because of their unique mechanical
properties and high glass-forming ability (GFA). Al
amorphous alloys represent a tensile strength of about
1000 MPa, good ductility, hardness, wear, and corrosion
resistance [8—12].

Al-based alloys as marginal glass formers need more
cooling rates (10°-10° Ks™!) to bypass devitrification.
Rapid solidification methods like melt spinning are essential
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to produce amorphous structures [11, 13—15]. The mono-
lithic metallic glasses show low ductility because of the
local plastic deformation in shear bands, resulting in sud-
den failure. Therefore, a nanocrystalline-amorphous com-
posite material has been introduced to overcome such a
fundamental problem [15]. There are many routes to form
these composites from metallic glasses among them; heat
treatment has attracted more attention due to better control
of the process [16]. Homogeneously distributed nano-sized
fcc a-Al particles in the amorphous matrix enhance even
more the mechanical properties after partial crystallization.
These nanocrystals increase ductility by increasing the num-
ber of the shear bands and suppressing their spreading [15,
17-19]. Besides, the enhancement of the solute content of
the remaining glassy matrix, or considering both parameters
of the a-Al nanoparticles and the remaining glassy matrix
result in high mechanical properties of the alloy [10]. The
behavior of these amorphous-nanocrystalline composites
gets brittle after the formation of the intermetallic phases.
Therefore, studying the first devitrification, thermal stabil-
ity, and glass-forming ability (GFA) of Al-based metallic
glasses has great importance [20, 21]. The controlled crys-
tallization that results in fine microstructures is critical to
increasing their mechanical properties.
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Isothermal and non-isothermal are two routes that are
used to determine the mechanism of crystallization. In an
isothermal approach, the instrument keeps at the desired
temperature for a while then the reaction events collect,
in the non-isothermal approach the temperature increases
isochronal. As the non-isothermal methods are faster and
have the ability to apply higher temperatures, they have been
recently intensively studied. In addition, the thermal history
has no effect on the non-isothermal routes [8, 22].

Although many studies have been done on the AI-Ni-RE
metallic glasses [7-9, 13, 20], there are few in the fields
of AI-Cu-RE alloys with high casting and mechanical
properties. Therefore, in this study, the non-isothermal
devitrification and determination of each crystallization
product of AlgcCu,YCo, (at.%) metallic glass were studied.
In order to determine the mechanism of the crystallization
process through a comprehensive study of the crystallization
kinetics, various methods have been applied to determine
the crystallization activation energies and the precision
of each technique has been discussed. The fraction of the
crystalline phases is related to the annealing temperature.
In addition, the relation between the mechanical properties
and crystalline phases related to each reaction stage in
heat-treated Al amorphous alloy was analyzed. For this
purpose, microhardness tests have been applied for samples
at as-spun and annealed conditions, and the effect of
microstructural changes after each crystallization reaction
on the microhardness is discussed.

Experimental
Materials and melt spinning technique

Ingot of AlgcCuYCo, alloy (atomic nominal composition)
was produced using high-frequency induction melting
under a high-purity Ar atmosphere, repeated three times to
obtain a homogeneous composition. All the elements used
were pure metals (purity >99.9%). A melt spinning device
with the speed of 40 ms™' was used for the as-cast sample
under an Ar atmosphere to produce amorphous melt-spun
ribbons. The machine consists of a melting system and a
spinning copper wheel. After melting in a nozzle, the alloy
was poured on the surface of a spinning wheel (32 cm
diameter). The spinning operation produced ribbons with a
typical thickness of 15-22 pm, a width of 1-1.5 mm, and a
length of more than 2 m.

Structural characterization
The non-isothermal crystallization behavior, GFA, and

thermal stability of the rapidly solidified ribbons have
been studied using differential scanning calorimetry
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(DSC- Mettler Toledo). About 2 mg of the specimen were
annealed inside the DSC instrument up to 873 K under an
Ar atmosphere and heating rates of 10, 20, and 30 Kmin™.
The crystallization activation energies can be determined
through the changes in the transition temperatures of the
amorphous alloy during thermal analysis at various heating
rates. Moreover, in order to determine phases formed during
the crystallization steps, the amorphous alloy was annealed
to the temperatures corresponding to the end position of each
reaction peak at a 20 Kmin~! heating rate. The specimens
were then rapidly cooled preventing extra crystallization.
X-ray diffraction (XRD-Philips, PW1800) at 20 range from
10° to 80° (CuK,, 40 kV, 20 mA) was used to study the phase
evolution of the amorphous and heat-treated samples. The
distribution and morphology of the crystalline phases were
investigated by KYKY-EM 8000F field emission scanning
electron microscope (FE-SEM) at a voltage of 15 kV which
was also attached to an energy-dispersive spectrometry
(EDS Silicon Drift 2017). The specimens were mounted
from longitudinal. A modified Keller’s solution has been
used for about 5 s. MVK-H21 microhardness tester with the
accuracy of +3.75% has been used to determine the hardness
of the samples. The measurements have been done on the
longitudinal sections of the ribbons and at the applied load
of 25 g. Eight microhardness measurements have been done
on each sample and the average amounts were reported.

Results

Figure 1a reveals the XRD pattern of the rapidly solidified
AlgeCugY(Co, (at. %) alloy. As illustrated, a wide diffrac-
tion peak at 20 range of 32—48° has been formed and there
is no sharp peak in the XRD pattern corresponding to the
crystalline phases. Therefore, the ribbons of the as-spun
AlgCuyY4Co, (at. %) alloy are fully amorphous. Figure 2
shows the isochronal DSC curves of the rapidly solidified
alloy at 10 Kmin~!, 20 Kmin~!, and 30 Kmin~' heating
rates. The curves consist of two specific exothermic crys-
tallization peaks. Therefore, the ribbons show a two-stage
crystallization reaction. However, it seems that there is a
small peak between the first and second sharp peaks. This
peak is specified more at the heating rate of 30 Kmin~!. The
crystallization is quite sensitive to composition. Most Al-
TM-RE alloys crystallize in the three stages, but there are
some cases that only show two stages. Moreover, the heating
rate in the DSC experiments influences the transformation
temperatures and the ability to detect the transformations,
especially in the case, they are very close to each other [8,
10]. Only some of the Al metallic glasses demonstrate the
glass transition phenomenon [23]. However, glass transition,
a small endothermic signal, can be observed in the studied
alloy. In Table 1, the transition temperatures (T, Tx;, Tx»,
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Fig. 1 Different conditions in XRD patterns of the AlgcCusYCo, rib-
bons: (a) as-solidified ribbons and (b and c) samples heating up to
623 K and 723 K (20 Kmin™') related to each crystallization stage
revealing various phase evolution during annealing

Tp,. Tpy) and supercooled liquid region (ATy, =Tx;-T,) at
10- 30 Kmin~! heating rates are reported. Transition tem-
peratures of the DSC curves and their intensity increase with
increasing heating rates. The relaxation of the amorphous

alloy leads to a transition temperature peak of T, in the
DSC curves. Also, as the crystallization is a thermally acti-
vated process, the transition temperatures advance with the
increasing of the heating rates [24].

The results show that the AlggCu,YCo, amorphous alloy
demonstrates higher transition temperatures with respect to
AlgNigY (Ce, amorphous alloy with the same Al atomic
percent, and it is comparable to Alg,NisYCe, glassy alloy
[17] indicating high thermal stability of the studied ribbons.

The AlgcCusY¢Co, ribbons annealed at the end
temperature of each reaction have been studied by the XRD
analysis to determine the phases which form during the
crystallization. For this purpose, the melt-spun ribbons were
annealed in the range of 623-723 K and 20 Kmin~! heating
rate. From isochronal DSC curves (Fig. 2), the temperature
and time of annealing were estimated. The results indicate
that the fcc a-Al nanoparticles are precipitated during the
first DSC reaction (Fig. 1b); whereas, the XRD result of
the alloy after complete crystallization is assigned to the
intermetallic phases formation, Al;Y, AlCus;, Al;,Y; phases
and some unidentified phases observed at 723 K (Fig. 1c).
The fcc a-Al nanocrystals growth throughout the second
crystallization can be defined from the more peak intensity
of the a-Al phase.

Figure 3 shows FE-SEM images of as-spun amorphous
AlgCugYCo, (at. %) alloy and samples continuously heated

Fig.2 DSC curves of 1.5
AlggCuyY(Co, (at. %) amor-
phous alloy with a two stages
crystallization reaction at 10- 30
Kmin~! heating rates 1
z
& 05 ’t
3 i T,
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- x1
<
o 0 \
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Txl \
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Table 1 Transition temperatures AT, K/TPZ K/Tpl KT, K/T,, K/Tg K/min/p
of AlgcCusYCo, (at. %)
as-spun ribbons 26 642 574 632 566 540 10
24 653 584 769 576 552 20
23 662 591 652 582 559 30
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to 623 K and 723 K (the end temperature of each reaction).
As can be seen from Fig. 3a, the as-spun alloy shows an
amorphous structure. This is in accordance with the XRD
results of the melt-spun ribbon shown in Fig. 1a. An example
obtained for the AlgCuY;Co, amorphous alloy annealed to
623 K is shown in Fig. 3b. It is quite clear that a high-density
of the nanometer scale a-Al crystals with a globular geom-
etry are dispersed in the as-prepared amorphous matrix. The
EDS pattern (Fig. 3d) shows the precipitation of a-Al. How-
ever, EDS analysis due to the effect of matrix composition
in the analysis of small phases is rather inaccurate. The fine
bright phases have been considered to be fcc a-Al nanocrys-
tals (Fig. 3d) which are in accordance with the XRD analysis
(Fig. 1b). Large Y atoms lead to a decrease in the diffusion at
fronts of the crystal growth and suppression of more growth
of the a-Al nanoparticles; therefore, a nanocrystalline (fcc-
Al)-amorphous composite has been formed. The heat treat-
ment of the amorphous alloy at this specific temperature
leads to the production of the nanocrystalline-amorphous
composite. Moreover, Fig. 3c shows the FE-SEM image of
the AlgcCugY¢Co, amorphous sample annealed to 723 K.
According to the XRD pattern, the second crystallization
onset is [amorphous] — [a-Al+ (AlyY, AlCu;, Aly;Y; and
some unknown phases)]. Based on the chemical analysis of
a completely crystallized sample (Fig. 3e and f), white and
dark particles were identified as phases containing Al and
rich in Al, Cu, Co, and Y elements, respectively. There are
homogeneously dispersed fine a- Al and intermetallic phases
with sizes less than 50 nm along grain boundaries and inside
the grain regions of the alloy. Moreover, the disappearance
of the amorphous phase and fcc-Al nanocrystals coarsen-
ing can be observed. It has been found that in the AlI-TM-
RE metallic glasses, the presence of intermetallics between
AI-TM and Al-RE has an unpleasant effect on the materials’
properties which leads to a decrease in their ductility [25].
Table 2 represents the microhardness results with typical
optical images of indentation marks of the as-cast and as-
spun specimens of the AlgcCuyY(Co, alloy. The microhard-
ness amount of AlgcCu,Y4Co, as-spun ribbons following
isochronal heating at various temperatures is also observed
in Table 2. The results show that Alg,Cu,Y;Co, as-spun rib-
bons with amorphous microstructure reveal higher hardness
values than the as-cast sample. A microhardness of about
265 Hv has been achieved for the amorphous melt-spun alloy
which is more than three times that of the conventional cast
one. Moreover, the hardness of AlggCusYCo, amorphous
alloy alters based on the crystallization reactions, where it
increases noticeably (~310 HV) after heating at 623 K (the
first crystallization step) and decreases (~285 HV) during
the second stage (723 K). According to Table 2, it can be
found that the maximum value of the hardness is related to
the first crystallization stage with the composite microstruc-
ture of nano-sized fcc a-Al phase and an amorphous matrix.
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Discussion
Structural study

The XRD pattern of the as-quenched alloy is shown in
Fig. 1a. A broad halo confirming the amorphous structure
can be observed in the pattern. In some Al-TM-RE
systems, a little shoulder may be considered on the
wide peak due to the short-range local arrangement of
constituents which is not observed in the studied material.
Based on the XRD analysis, it can be demonstrated that
the AlgCuyYCo, as-spun alloy produced in this work has
an amorphous structure. According to the FE-SEM image
of the as-spun alloy (Fig. 3a), there is no apparent crystal
in the microstructure which approves the amorphous
structure of the ribbons. The empirical guidelines of
Inoue can be attributed to explaining high GFA in the
alloy [26]. Having a multicomponent system with a large
atomic size mismatch (i.e.,> 12%) and negative heat of
mixing contributes to better glass formation in the alloy
system. In addition, according to the confusion principle
[10], the GFA is high in alloys with more components. In
an alloy, the presence of more elements (Cu, Co, Y) leads
to a decrease in the stability of the possible crystalline
phases which form and suppress the long-range ordered
crystalline structures.

Atomic size mismatch and negative heat of mixing
between the constituent elements (Al, Cu, Co, and Y)
enhance the GFA of the Al alloys because of the influence of
Al atoms on dissimilar atoms. The bond Al-TM (TM =Cu
and Co) length is noticeably small. Therefore, the molten
alloy represents lower shear viscosity and refuses the
nucleation process. In addition, the random order of the RE
(Y) atoms stabilizes the amorphous structure [8].

There are two specific stages in the crystallization process
of AlgsCucY4Co, (at. %) amorphous alloy (Fig. 2). How-
ever, a small peak can be identified more at the heating rate
of 30 Kmin~! between two peaks. As this peak is so close
to the first and second specific peaks, its recognition as an
individual crystallization stage is associated with uncer-
tainty. According to the XRD result (Fig. 1b), precipitation
of fcc a-Al nanoparticles from the amorphous matrix occurs
initially. From the positions of the a-Al (cubic lattice) XRD
peaks, the lattice parameter can be calculated. The lattice
parameter of the annealed ribbons (0.4066) is more than the
value for the pure Al (0.4050 nm) indicating an extended
solid solution limit. Therefore, high-cooling rates during the
melt spinning process enhance the alloying elements in the
Al matrix and the primary crystallization of intermetallic
phases is avoided.

There are different criteria for studying the
crystallization kinetics, thermal stability, and GFA of the
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Fig.3 FE-SEM images show the morphological structure of the
AlgeCuyY4Co, (at. %) alloys for (a) as-quenched amorphous alloy and
(b) alloy heated isochronal to 623 K (a temperature at the end posi-
tion of the first peak), (c) alloy heated to 723 K (at the end position
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of the second peak), (d) EDS pattern of the selected light phase in the
(b) and (e and f) EDS patterns of the selected light (spectrum 1) and
dark phases (spectrum 2) in (c), respectively
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Table 2 Hardness (HV) of the AlgCusYCo, alloy with typical opti-
cal images of indentation marks at as-cast, as-quenched and annealed
states at 623 K and 723 K related to each DSC reaction

Hardness/Vickers Optical images
(Indentation

marks)

Ingot 84.86+4.23

As melt-spun 265.54+12.61

Annealed at 623 K 310.17+14.35

Annealed at 723 K 285.08+12.21

alloy systems. One of the well-defined criteria, supercooled
liquid stability [27] is determined by ATy, (T, —T,). The
maximum amount of ATy, of the AlgcCusY4Co, (at. %)
amorphous alloy is 26 K (10 Kmin~") and comparable with
the 24 K reported for AlgsCusY(Co, (at. %) amorphous
alloy [17] which implies the AlgcCusYCo, amorphous
alloy has high thermal stability. Therefore, the alloy
refuses the nucleation and growth processes and represents
more GFA. While ATy in the bulk metallic glasses often
is>50 K [17], in the Al metallic glasses is <30 K.
Figure 2 shows a broad exothermic reaction in the first
crystallization process with the onset crystallization
of 576 K, and reactions are finished at a temperature of
about 670 K. The high onset temperature of the alloy can
be described by the explained empirical rules [26]. The
large Y atoms decrease the diffusion coefficient resulting
in more stability of the amorphous structure.

Kinetics of crystallization

Calculation of activation energy

The kinetics effect and thermal stability of the amorphous
materials were estimated from the activation energy of

crystallization, E,, by various methods [28-31] including
Kissinger, Ozawa, and Augis- Bennet equations.

@ Springer

| B\ _ E, C (Kissi
n T_g _<_R—Tp>+ (Kissinger) Q)

1.0516E,

RT,

In(f) = <— ) + C (Ozawa) )

E
In <Tp f To> = <_RTap> +C (Augis and Bennett) (3)

In these equations, S, Tp, Ty, E,, R, and C are the rate
of heating, the temperature of each DSC peak, the initial
temperature of DSC analysis, activation energy, univer-
sal gas constant (8.314 JK~! mol™!), and a constant value,
respectively. E, implies the required energy to occur in a
crystallization process. The larger the activation energy
indicates the higher thermal stability. The kinetics of crys-
tallization of the AlgsCu¢Y4Co, amorphous ribbons were
studied by Kissinger, Ozawa, and Augis- Bennett methods,
which have been shown in Fig. 4 which displays excellent
linearity. The slope of each plot, which displays excellent
linearity, yields the apparent activation energies E, for the
DSC reaction peaks (Tp; and Tp,) which were reported in
Table 3. It is clear that the second crystallization reaction
in the AlgcCuyY¢Co, ribbons shows more activation energy
than the primary crystallization. It is possibly due to the
formation of products with more complicity during the sec-
ond crystallization stage. In other words, the devitrification
of peak 1 is easier than peak 2 according to all three meth-
ods indicating the easier phase transition of primary a-Al
than intermetallic phases. This may be due to the sluggish
movement of the atoms as the result of decreasing diffusion
after a-Al phase precipitation. The first crystallization of
AlggCuyY¢Co, amorphous alloy shows relatively high acti-
vation energies (Kissinger: 173.4+10.7 kJ.mol~!, Ozawa:
174.1+10.2 kJ.mol ™', Augis- Bennett: 178.2+12.7 kJ.mol™")
and high stability upon crystallization. The results show
that all these methods yield approximately similar values
of activation energies. Despite this, Augis- Bennett and
Ozawa methods represent higher activation energies than
those calculated by others for peak 1 and peak 2, respec-
tively. The activation energy for primary crystallization (Ep,)
of AlgcNigY, and AlggNis Y, sCo,La,; 5 as-cast ribbons (with
similar solute content for the amorphous phase in the present
work) evaluated by Kissinger, Ozawa and Augis-Bennett
equations are reported in the range of 166—183 kJ.mol™!
and 193-207 kJ.mol™", respectively [13].

Crystallized fraction

The fractional area of the DSC exothermic peak can
be applied to determine the volume fraction of the
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Fig.4 The first and second crystallization plots of AlgsCugY ¢Co, amorphous alloy; a Kissinger, b Ozawa and ¢ Augis- Bennet

Table 3 Crystallization activation energies of the AlyCuYCo, alloy
has been studied by Kissinger, Ozawa and Augis-Bennett methods

Ea/KJ.mol ™!

Augis-Bennett Ozawa Kissinger Devitrification
178.2+12.7 174.1+10.2 173.4+10.7 Tp
180.4+14.2 185.6+12.3 184.3+14.1 Tp,

crystallization a, according to the following equation [32,
33]:
J10 <dH/dT>dT
a= T (dH, \ar 4)
J10 ( / dT)dT

In this equation, T, T, and dH/dT are the initial tem-
peratures, temperature at the end of each reaction peak

and heat capacity of the alloy at constant pressure, respec-
tively. Figure 5a and b shows the volume fraction (a) of
the crystallized phases for Peak 1 and Peak 2 of the DSC
curve at various heating rates, respectively. A conventional
sigmoid order can be observed in all the curves. The crys-
tallization occurs with a smaller rate at low annealing
temperature. The nucleation and growth process are con-
ducted the crystallization of the studied amorphous alloy
supporting from the sigmoidal S type curves which usually
consists of three steps [21]: Initially, the crystallization of
the alloy is dominated by formation of the nuclei at low
volume fractions; therefore, there is a low rate of crystal-
lization 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 pro-
cess. Finally, the interface energy reduces which leads to
decrease the rate of the crystallization.
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Fig.5 The crystalized fraction versus crystallization temperature in the amorphous sample (at 10, 20 and 30 Kmin.™! heating rates) for (a) peak

1 and (b) peak 2

Crystallization mechanism

In order to estimate the local Avrami exponent, n, the
Johnson—Mehl—Avrami (JMA) method were applied to
study the crystallization kinetics in isothermal condition
[20, 34]:

a(T) =1 —exp [-K(t - 7)"] )

In the equation, « (7) is the degree of crystallization at
time ¢, 7 is the time lag, n is Avrami exponent (indicating the
crystallization mechanism) and K is an Arrhenius reaction
rate which can be obtained from:

K(T)=A Ly
(T) = Aexp <—ﬁ> (6)

In this equation, A, R, E, and T are the frequency fac-
tor, gas constant, apparent activation energy, and annealing
temperature, respectively.

Although the JMA equation has been performed first for
the isothermal experiments, it can be applied to the crystal-
lization kinetics study in non-isothermal conditions. At the
condition that the nucleation process decreases significantly
over time, the JMA equation has been extended by Hender-
son for the non-isothermal methods [35, 36]:

a(T)=1—-exp [(%) ] 7)

Which can be written as:

In[-In(1 — a)] = —nInf + In K(T) )
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Fig.6 The first crystallization process of the Alg,CusYCo, alloy at
different temperatures determined by the JMA equation

Table 4 Non-isothermal crystallization parameters for the primary
stage in AlggCu,Y4Co, alloy at different temperatures

Temperature/K

583 588 598

=2.0650.16

n 2.170 1.962 2.062 Avrami exponent n
K =0.072 + 0.031

0.023 0.067 0.126 Reaction constant K(T)

The slope of plotting In[-In(1-a)] versus Inf} in Fig. 6 at
various temperatures can be used in order to determine the
Avram exponent (n). Table 4 reports the reaction constant
and mean value of the crystallization index (n) for the first
crystallization of the AlgCugY(Co, amorphous ribbons at
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various rates of heating. The value of n can be calculated
from [37]:

n=a+bc C)

In this equation, a, b and c are the index of nucleation,
growth dimensionality, and index of growth, respectively.
It was reported that the first reaction of most AI-TM-RE
metallic glasses is diffusion-controlled growth in which
diffusion of the solute atoms has an important effect on
the type of the primary phase [17]. Therefore, considering
c=0.5 in the case that growth is controlled by diffusion,
Eq. 9 can be represented as n=a+ 0.5b. Avrami exponent
has been used to determine the mechanism of nucleation
and growth [36]. According to Table 4, the average amount
of n for the first crystallization stage in the Alg,Cu,YCo,
alloy is~2.01 which reveals the crystallization controlled by
three-dimensionally diffusion mechanisms with decreasing
rate of nucleation. It is reported that the composition has
an important effect on the amounts of E and n where, in
some amorphous Al alloys, the Kissinger method yields
the activation energies and Avrami exponent in the
range of 146-317 kJmol™' and 1.6-5.0 for the primary
crystallization, respectively [11]. Although it is reported that
the nucleation process conducts the formation of a primary
nano-sized phase [39], the growth process determines the
size and morphology of the precipitated phases. Large
RE (Y) atoms with small diffusivity from solute atoms
suppress the growth process and the movement of atoms
decreases even more as a result of impingement. This leads
to an increase in the content of TM (Co and Cu) and RE
(Y) elements and redistribution of the solute atoms in the
amorphous matrix after primary crystallization. Therefore,
fcc-Al nanocrystals are formed in the glassy matrix during
the primary crystallization.

Hardness changes

In this study, a microhardness test was used on the
Alg¢Cu,YCo, alloy at as-cast, as-spun, and annealed states.
Table 2 also reports the microhardness values of the heat-
treated ribbons at temperatures corresponding to each DSC
reaction. The amorphous alloy shows a higher hardness
value (265.54+12.61 HV) more than three times that of
as-cast one (84.86+4.23 HV) with coarse microstructure.
Moreover, the extended solubility of elements in the matrix
due to rapid solidification process, which leads to the
presence of metastable crystals and formation of metallic
glasses, can contribute to the enhanced microhardness of the
rapidly solidified ribbons. The hardness of 250 Hv has been
also reported for AlggY,Ni; o M, (M =Fe or Co) amorphous
alloys with about similar solute content for the amorphous
phase in the present work [40].

It is obvious the hardness of amorphous ribbon
(265.54+12.61 HV) changes largely after heat treatment of
the amorphous AlgCu,YCo, ribbons related to the different
crystallization products which are shown in Fig. 1 (XRD
patterns). This is due to the enrichment of the amorphous
matrix with solute content, which is an important factor in
the hardening during annealing [38, 40]. The amorphous
ribbon after isochronal annealing at 623 K shows enhanced
microhardness (310.17 + 14.35 HV) indicating the fcc-Al
nanocrystals influence significantly the hardness of the
amorphous alloy. In the other words, the amorphous ribbons
after heat treatment at the temperature corresponding
to the end position of the first reaction peak show a
gradual increase in the microhardness, attributed to the
crystallization onset: [amorphous] — [amorphous + a-Al].
In addition to the enhanced solute content of the residual
amorphous matrix, precipitation hardening due to
homogeneously precipitated a-Al nanocrystals enhances the
hardness after the first reaction. Also, the hardness of the
AlggCugYCo, amorphous alloy decreases (285.08 +12.21
HV) after the second DSC reaction. Formation of some weak
intermetallic compounds (e.g. Al,;Y3), Al particle growth,
and crystallization of the amorphous matrix completely
may contribute to decreasing the hardness after this stage.
The mechanical properties of the Al metallic glasses after
heat treatment depend strongly on the composition and
content of solutes for the amorphous phase. S. F. Chen et.al
reported the hardness of 363 and 379 Hv for the Alg,Y¢Nis
and (Alg; YgNis)ggCe, ribbons, respectively. It was found that
the hardness increased sharply after heat treatment to the
second crystallization temperature (T,,), but decreased after
the third crystallization temperature (T,;) [41].

Conclusions

The non-isothermal kinetics analysis was applied to study
the thermal stability, mechanical properties, and mechanisms
of the crystallization of the Alg;Cu,Y(Co, (at. %) metallic
glass. The rapidly solidified ribbons show high thermal
stability during the annealing-induced crystallizations
which start at 576 K and 20 Kmin~! indicating high
thermal stability of the amorphous alloy. There are two
stages of crystallization for the studied alloy. Glass
transition temperatures (T,) can be observed prior to the
first reaction temperatures (T, ;) in the amorphous alloy.
The nano-sized fcc-Al crystals and different intermetallic
phases formed from the residual amorphous matrix are the
products of the primary (623 K) and second step (723 K)
crystallization, respectively. In a completely crystallized
sample, the homogeneously distributed fine a- Al and
intermetallic phases rich in Al, Cu, Co, and Y elements
(size less than 50 nm) were formed along the grain
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boundaries and inside the grain regions. The activation
energies of the first exothermic peak have been obtained
by Kissinger (173.4+10.7), Ozawa (174.1+10.2), and
Augis-Bennett (178.2 + 12.7) methods. All thermodynamic
methods yield reliable values which are close to each other.
The primary crystallization of the as-spun ribbons with
relatively high activation energy indicates good stability
against crystallization. The average value of n is about
2.1 which shows the crystallization process is controlled
by a 3-D diffusional growth with reducing nucleation. In
addition, the hardness values of the as-spun amorphous
alloy demonstrate significant improvement after the
devitrification. The fcc a-Al nanocrystals precipitated in the
glassy matrix are an important factor in the hardening of
the AlgCusYCo, alloy during the primary crystallization.
However, the a-Al nanoparticles growth, weak intermetallic
phase formation, and complete crystallization of the
amorphous matrix may contribute to decreasing the
microhardness after the second crystallization stage.
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