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This article reports the effect of silicon (Si) addition upon the crystallization behavior and mechanical
properties of an amorphous AIYNi alloy. An amount of 1 at.% Si was added to a base alloy of Alg;Y:Ni,,
either by substitution for yttrium (Y) to form AlgY,Ni,(Si,, or by substitution for nickel (Ni) to form
AlgsYsNiySi,. Differential scanning calorimetry (DSC) of all three alloys showed three exothermic peaks.
Comparing the peak temperature for the first exothermic peak, a significant shift occurs toward the lower
temperature. This indicates that 1 at.% substitutions of Y or Ni by Si decreases the stability of the
amorphous phase. DSC study of these amorphous alloys during isothermal annealing at temperatures
about 5-15 K lower than their first crystallization peaks showed that the formation of a-Al nanocrystals
via primary crystallization occurred without an incubation period. The Avrami time exponent (n) of the
primary crystallization from the amorphous structure was determined to be 1.00-1.16 using the Johnson-
Mehl-Avrami (JMA) analysis. This suggested a diffusion-controlled growth without nucleation. However,
a DSC study of these amorphous alloys during isothermal annealing at higher temperatures between 585
and 605 K showed a clear incubation period during the formation of the AL;Ni and ALY intermetallic
phases. An n value of 3.00-3.45 was determined using JMA analysis. This suggested that the transformation
reaction involved a decreasing nucleation rate and interface-controlled growth behavior. The tensile
strength o, and Vickers hardness for these amorphous alloys are in the range 1050-1250 MPa and 380-398
diamond pyramid hardness number (1 diamond pyramid hardness number = 1 kg/mm* = 9.8 MPa),

©ASM International
1059-9495/$19.00

respectively.
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1. Introduction

Aluminum (Al)-based amorphous alloys manufactured by
rapid solidification, particularly those containing rare earths
and transition metals, have attracted much attention due to their
remarkable mechanical properties such as high tensile strength,
hardness, and good ductility.'"*! Furthermore, partial crystal-
lization of the Al-based amorphous alloys has led to the for-
mation of a composite microstructure of nanocrystalline a-Al
particles dispersed in an amorphous matrix. Such a composite
microstructure exhibits ultra high tensile mechanical properties
compared with either its fully amorphous or crystalline coun-
terparts. The study of these alloys with high mechanical
strength and good ductility, even in a coexistent state of amor-
phous and crystalline phase, is therefore important for the fu-
ture development of the light and strong materials. Although
the effects of Cu,'*! Co,'>°! Sr,/”! Fe, or Mn'®! additions on
crystallization behavior or microstructure of rapidly solidified
AlYN:i alloys have been investigated, the effect of Si addition
has not been investigated in detail.

The density of silicon (Si) is 2.3 kg cm™, and that of Al is
2.7 kg cm™, so Si is one of the few elements that may be added
to Al without an increase in density. In applications in which
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Al-based alloys are used, low density is often more important
than high strength. Thus, the general density of AIYNi amor-
phous alloys can be reduced by additions of Si for Y and Ni.
In the present investigation, the effect of Si addition on the
crystallization behavior and mechanical properties of an amor-
phous AlgsYsNi,, alloy has been investigated by substituting
1 at.% Si for yttrium (Y) and nickel (Ni), and using a combi-
nation of differential scanning calorimetry (DSC) and x-ray
diffraction (XRD) to investigate the resulting effects.

2. Experimental

Amorphous AlgsYsNi;y, AlgsY,4Ni;Si;, and AlgsYsNigSi;
alloy ribbons were manufactured from a mixture of pure Al
(99.99%), Ni (99.95%), Y (99.9%), and Si (99.99%) by melt
spinning with a wheel surface velocity of 45 ms under Ar
atmosphere. The compositions are given in nominal at.%. The
resulting melt-spun ribbons were typically 30 wm in thickness
and 3 mm in width. The crystallization behavior of the as-melt-
spun ribbons were studied by DSC (using a TA2200 thermal
analyzer with TA2010 DSC cell) using a combination of con-
tinuous heating from 350-750 K at a constant heating rate of 20
K min™"' and isothermal annealing at different temperatures.
The structures of the as-melt-spun and annealed ribbons were
examined by XRD (PW 1729 diffractometer with filtered Cu-
Ka, Philips, Amsterdam, The Netherlands). The microhardness
and tensile strength of the ribbons were measured using a Vick-
ers microhardness tester at a 50 g load and Instron-type tensile
testing machine at a strain rate of 8.3 x 10™ s™'. Ten sym-
metrical indentations and five tensiles were used to determine
the average microhardness value and tensile fracture strength.
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3. Results and Discussion

Figure 1 shows typical XRD spectra of the as-melt-spun
AlgsYsNi,, AlgsY4NiSi;, and AlgsYsNigSi, alloys produced
in the same conditions. The XRD spectra of all three alloys
consisted of a broad diffraction peak (20 = 38°) with an ad-
ditional smaller overlapping broad peak at a higher angle (20
= 44°), which is typical of an amorphous Al alloy with a low
concentration of rare earth elements. The smaller overlapping
broad peak is very close to the expected position of the {200}
Al peak, and the Scherrer equation'® was used to interpret this
peak as being due to very small crystalline Al particles of about
3 nm in size. Therefore, this observation indicates the presence
of a crystalline fraction inside the amorphous matrix.

Figure 2 shows typical DSC traces obtained from the as-
melt-spun AlgsYsNi, o, AlgsY4Ni;(Si;, and AlgsYsNigSi; alloys
using continuous heating at 20 K min™". The data for different
compositions are shifted vertically to avoid overlap. Each DSC
trace consisted of three exothermic peaks. AlgsYsNi;, exhib-
ited a broad exothermic peak at about 500 K, and second and
third exothermic peaks at 610 and 640 K, respectively.
AlgsY,Ni (Si; exhibited a first exothermic peak at 473 K
followed by two exothermic peaks at 620 and 660 K.
AlgsYsNigSi; exhibited a small broad exothermic peak at 470
K, followed by peaks at 620 and 700 K. Comparing the peak
temperature for the first exothermic peaks, a significant shift
occurred toward a lower temperature with the addition of
1 at.% Si. This indicates that 1 at.% substitutions of Si for Y or
Ni decreases the stability of the amorphous phase. In general,
fully amorphous alloys exhibit a clear glass-transition tempera-
ture prior to the first crystallization peak, however, it is well-
known that amorphous Al alloys with low solute contents do
not exhibit a glass-transition temperature. In these alloys, pri-
mary crystallization occurs at pre-existing nuclei.!'"!

Two temperatures close to the first and second exothermic
reactions were chosen for subsequent isothermal heating DSC
studies. Figure 3 shows typical calorimetry traces of the amor-
phous AlgsYsNi o, AlgsY,4Ni;(Si;, and AlgsYsNigSi; alloys ob-
tained from isothermal annealing at temperatures about 5-15 K
lower than their first crystallization peak. As seen in Fig. 3,
isothermal annealing calorimetry traces of the first exothermic
reaction showed that the reaction occurred with no incubation
period. Isothermal calorimetry curves without an incubation
stage have been observed previously for AINiCe!''" and
AINiY" ternary alloy systems. This absence of an incubation
stage was interpreted as an indication that the reaction oc-
curs entirely by thermally activated growth from pre-existing
nuclei in the amorphous phase. Therefore, the absence of
an incubation period in the AlgsYsNi;y, AlgsY,Ni;,Si;, and
AlgsYsNigSi, alloys indicates that the transformation probably
occurs through a growth process without nucleation.

Using the data obtained from the isothermal calorimetry
experiments, the transformation kinetics can be analyzed using
the Johnson-Mehl-Avrami (JMA) equation!'?!:

X =1-exp(—Kt")
where X is the volume fraction crystallized in time ¢, n is the

Avrami time exponent that indicates the nature of the reaction
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Fig. 1 XRD spectra from the as-melt-spun (a) AlgsYsNi, (b)
AlgsY,Ni (Si;, and (¢) AlgsYsNigSi, alloys

Heat Flow(Arb. Unit)

| ] ] ! | |
400 450 500 550 600 650 700

Temperature (K)

Fig. 2 DSC traces obtained from as-melt-spun (a) AlgsYsNiq, (b)
AlgsY,Ni (Si;, and (¢) AlgsYsNigSi, alloys

and has a value related to the nucleation and growth behavior
during transformation, and K is the kinetic coefficient. The
Avrami exponent n is obtained from plots of In[-In(1 — X)]
versus In(7). For the first stage of crystallization, JMA analysis
gave a low value of the Avrami time exponent (i.e., in the range
of 1.00-1.16). These values indicate that the reaction occurred
by diffusion-controlled growth of the a-Al nanocrystals. Given
that the particles are approximately spherical, the particle ra-
dius in one dimension increases according to D « >3, Simple
diffusion-controlled growth is usually proportionally to .
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Fig. 3 DSC traces from amorphous (a) AlgsYsNi,q, (b)
AlgsY,Ni (Si;, and (¢) AlgsYsNigSi, alloys during isothermal anneal-
ing at temperatures about 5-15 K lower then their first crystallization
peaks
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Fig.4 XRD spectra from (a) AlgsYsNi,(, (b) AlgsY,Ni,,Si,, and (¢)
AlgsYsNigSi, alloys after heating to the temperatures above the first
crystallization peaks

Clearly, the growth of the particles is slower than predicted,
however, this may be explained by considering soft impinge-
ment of the diffusion field between two particles. This descrip-
tion is also consistent with the model,!'*) whereby as the Al
particles crystallize, growth is limited by the diffusion of the
rejected Y and Ni solute atoms. On the other hand, the growth
process is also characterized by the small activation energy in
the Al-based amorphous alloys. The activation energy was de-
termined from the variation of the peak temperature with heat-
ing rate as determined by the Kissinger method.!'>! The acti-
vation energies are about 200 kJ mol™' and 250 kJ mol™’,
respectively, for the first crystallization peaks and second crys-
tallization peaks. The activation energy for the growth of
nanocrystal Al particles is very close to that for diffusion ac-
tivation energy in Fe,(NiyoB,, (i.e., Q = 2.1 eV = 202 kJ
mol™").1"® In contrast, the activation energy was about 242 kJ
mol™' (~2.52 eV) for the growth process of quasi-crystals in the
amorphous phase and about 180 kJ mol™" (~1.87 eV) for the
transformation of quasi-crystals to the crystalline phase in Al-
Mn films.""”! Therefore, it appears that the growth mechanism
is dominated by different factors in different alloy systems. On
the other hand, the measured values of the activation energy for
the second exothermic peak were higher than that of the first
exothermic peak, indicating a comparatively more stable amor-
phous matrix after the primary crystallization of the a-Al
phase.

To determine the products of crystallization, the melt-spun
ribbons were annealed at different temperatures, corresponding
to the end temperatures of the first and the second exothermic
reactions as shown in Fig. 2. Then the annealed samples were
investigated using XRD. Figure 4 shows XRD spectra from
AlgsY5Ni, g, AlgsY,4Ni(Si;, and AlgsYsNigSi, alloys after heat-
ing to the temperatures above the first crystallization peak.
XRD traces consisted of an amorphous halo pattern and dif-
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Fig.5 XRD spectra from (a) AlgsYsNi,(, (b) AlgsY,Ni,,Si;, and (¢)
AlgsYsNigSi, alloys after heating to the temperatures above the second
crystallization peaks

fraction peaks from a crystalline phase. The diffraction peaks
were analyzed as corresponding to a face-centered cubic solid
solution with a lattice constant of 0.4055 nm, slightly larger
than the lattice constant of pure Al. Thus, the XRD result
revealed that for AlgsYsNi; o, AlgsY,Ni (Si;, and AlgsYsNigSi;
alloys the first crystallization peak corresponded to the forma-
tion of a-Al nanocrystals in the amorphous matrix. This is in
good agreement with previous results obtained by Goge-
bakan."'?! The size of the a-Al particles determined by using
the broadening of XRD peaks was about 25 nm. Figure 5
shows XRD spectra from AlgsYsNi;,, AlgsY,Ni;,Si;, and
AlgsYsNigSi, alloys after heating to temperatures above the
second crystallization peak. The XRD result revealed that for
AlgsYsNijg, AlgsY,4Ni (Si;, and AlgsYsNigSi; alloys the sec-
ond crystallization peak corresponded to the formation of a
mixture of Al-rich intermetallic phases such as hexagonal Al;Y
with lattice constants of a = 6.192 A and ¢ = 21.125 A, and
orthorhombic Al;Ni with lattice constants of a = 6.5796 10\, b
= 7352 A, and ¢ = 4.802 A. This is again in good agreement
with the previous study on the AIYNi alloy.!"*

Although no incubation stage was seen for the first exother-
mic peak of the AlgsYsNi o, AlgsY4Ni;(Si;, and AlgsYsNigSi,
alloys, isothermal calorimetry experiments for the second exo-
thermic peak showed a clear incubation period, followed by an
exothermic peak. Then a rapid decrease in the reaction oc-
curred, which is typical for a nucleation-and-growth mecha-
nism. This is shown in Fig. 6. This suggests that the formation
of intermetallic phases could be taking place by nucleation and
growth since the existence of the incubation period indicates
the presence of a thermally activated nucleation barrier. Inter-
estingly, isothermal calorimetry traces of the AlgsYsNi,, alloy
show two exothermic peaks corresponding to the second and
third exothermic peaks from the continuous heating DSC trace
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Fig. 6 DSC traces of amorphous (a) AlgsY sNi; o, (b) AlgsY,Ni(Si;,
and (c¢) AlgsYsNigSi; alloys during isothermal annealing at tempera-
tures about 5-15 K lower than their second crystallization peaks

in Fig. 2(a). Analyzing the isothermal curve using the JMA
method gave Avrami time exponents in the range of 3.00-3.45.
A high Avrami time exponent indicates that the crystallization
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Table 1 Mechanical Properties of AIYNiSi Amorphous
Ribbons

Alloys o, MPa H,, DPN
AlgsYsNi 1050 380
AlgsY,Ni; (Si, 1250 398
AlgsYsNigSi, 1230 390

process involved nucleation in addition to growth. Therefore,
the simultaneous formation of two phases at a quite high
Avrami exponent (i.e., 300-3.45) may correspond to interface-
controlled growth by a eutectic reaction with a decreasing
nucleation rate (assuming, of course, that the growth is three-
dimensional).'*!

The tensile fracture strength (o) and Vickers hardness (H,)
of AlgsYsNijy, AlgsY,Ni (Si; and AlgsYsNigSi; amorphous
ribbons are summarized in Table 1. It can be seen from the
Table 1 that these alloys have tensile strengths greater than
1000 MPa, with the highest o; value reaching 1250 MPa for the
AlgsY,Ni; (Si, alloy. The tensile strengths of these amorphous
alloys are about two to three times higher than the highest
values'"® of commercial Al-based crystalline alloys. H, values
are about 390 diamond pyramid hardness number (DPH)
(1 DPH = 1 kg/mm* = 9.8 MPa), which is twice as large as
conventional Al-based crystalline alloys."'®! Therefore, we can
say that the rapidly solidified AlgsYsNio, AlgsY4NioSi; and
AlgsYsNipSi; amorphous ribbons have very high tensile
strengths, and very high H, values. On the other hand, it ap-
pears that 1 at.% substitutions of Si for Y or Ni increase the
mechanical properties of the amorphous ribbons. Therefore, the
mechanical properties of these amorphous ribbons have im-
proved by the addition of 1 at.% Si.

4. Conclusions

In the present research, the effect of Si additions on the
crystallization behavior of amorphous AlgsYsNi,, has been in-
vestigated by replacing Y and Ni by 1 at.% Si. Continuous
DSC traces from as-melt-spun ribbons consisted of three exo-
thermic peaks and showed no glass transition prior to crystal-
lization. Substitutions of Si for Y or Ni were found to decrease
the thermal stability of the amorphous phase. The first exother-
mic peak for all alloys corresponded to the formation of a-Al
phases. The second exothermic peak occurred at relatively high
temperatures, and corresponded to the formation of intermetal-
lic phases such as Al;Ni and AlyY. Isothermal calorimetry
traces for the first exothermic peak showed that the reaction
occurred without any incubation period, and JMA analyses
gave an Avrami time exponent between 1.00 and 1.16. This
Avrami time exponent indicated that the transformation mecha-
nism occurred by the diffusion-controlled growth of o-Al
nanocrystals with soft impingement of the diffusion field be-
tween particles. Isothermal calorimetry traces for the second
exothermic peaks showed that reactions occur with an incuba-
tion period. JMA analyses gave Avrami time exponent values
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between 3.00 and 3.45. These high Avrami values indicated
that the transformation process takes place by a decreasing the
nucleation rate with interface-controlled growth. o and H,
values for AIYNiSi amorphous ribbons are in the range 1050-
1250 MPa and 380-398 DPH, respectively, which is approxi-
mately twice as large as those for conventional Al-based crys-
talline alloys. Substitutions of Si for Y or Ni increased the
mechanical properties of the amorphous ribbons.
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