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Effect of Cu as Minority Alloying Element on
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Behavior of Rapidly Solidified Al-Si-Ni Ribbons
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Abstract. The influence of copper as a minority alloying
element in the process of rapid solidification of Al-Si-Ni
ribbons produced by Chill Block Melt Spinning (CBMS) was
investigated. XRD and TEM analyses proved a completely
amorphous structure of the alloys AluNii6Siio and
(Al74Ni16Si10)9sCuz. The crystallization behaviour of these
alloys was studied by DSC analysis. It was found that the
crystallization of the amorphous alloys (Al74Ni16Si10)100-xCuy,
x=0, 2 runs in two steps. The temperatures Tx1 and Tx2 of
each of the crystallization steps were determined. It was
proven that the addition of 2 at. % copper does not
significantly change Tx temperatures. The temperature
difference ATx was calculated and it showed that more
thermally stable is the copper containing alloy. Crystalline
analogues of the amorphous alloys were obtained by
annealing of the melt-spun amorphous ribbons at a
temperature which exceeded by 170°C the onset
crystallization temperature. The type and size of separated
crystalline phases were determined by XRD. It was found
that the addition of 2 at. % Cu to Al74Nii6Si1o alloy causes a
separation of new phases - Cu3.sNi and (Al, Cu)Ni3 and 54%,
24% and 7% size increase of the phases Al, AlzNi, NiSiz
respectively.
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L INTRODUCTION

The first amorphous alloys were obtained as ribbons
about sixty years ago, but the interest in them continues to
be great, due to their good mechanical and physical
properties and their high corrosion resistance. The most
promising applications of amorphous alloys are
considered to be in the field of electronics and electrical
engineering. Initially, mainly iron-based amorphous alloys
were studied, but in recent decades the interest in
aluminum-based amorphous alloys is constantly growing
[1] — [4]. Over the past decade, scientists' research has
focused on studying the properties of both amorphous
composites [5] and amorphous foams [6].

Amorphous aluminum alloys are generally produced
from various AI-TM-RE ternary alloy compositions (TM
are transition metals, RE are rare earth elements). The
resulting alloys show great glass-forming ability (GFA)
and high mechanical strength [7] — [11], but they contain
expensive rare earth elements, which we tried to replace
with cheaper ones. In our previous studies, we obtained
rapidly solidified ribbons of the Al-Cu-Mg system alloyed
with minority amounts of Zn, Zr and Ni and studied the
influence of these elements on the GFA, crystallization
and corrosion behavior on the newly produced alloys
[12] - [14].
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The aim of this research is to obtain amorphous alloys
from the Al-Si-Ni system and study the influence of Cu as
aminority alloying element on the GFA and crystallization
behavior on the Al-Si-Ni-Cu rapidly solidified amorphous
ribbons.

II. MATERIALS AND METHODS

The base Al-Si-Ni and AI-Si-Ni-Cu alloy were
synthesized from pure metals Al 99.99 %, Ni 99,99, Cu
99.99 and pure Si 99.99% in a plant comprising a
resistance electric furnace installed in a water-cooled
pneumo-vacuum chamber in argon atmosphere of 99.998
% purity.

The Chill Block Melt Spinning (CBMS) method was
used to obtain rapidly solidified ribbons about 3 - 4 mm
wide and 26 - 40 um thick. The production processes of
the ligatures and the rapidly solidified ribbons are
described in details in our previous publications [12] —
[14].

Samples of the base Al-Si-Ni and of the Al-Si-Ni-Cu
rapidly solidified ribbons were annealed for 2 hours at
350°C in argon atmosphere for the purposes of devitrificat
The chemical composition of the produced rapidly
solidified ribbons was determined by Energy Dispersive
X-ray Spectroscopy (EXDS) analysis using a scanning
electron microscope HIROX 5500 with EXDS system
BRUCKER at a magnification of 100x in 10 fields with a
field area of 2.5 mm?.

X-ray diffraction (XRD) analysis was performed to
characterize the amount of amorphous and crystalline
phases and to determine the phase composition of the
crystalline part of the ribbons before and after
devitrification. A Bruker D8 Advance powder X-ray
diffractometer with Cu Ka radiation (Ni filter) and
LynxEye recording in a solid-state position-sensitive
detector was applied. The PDF-2 (2009) database of the
International Data Diffraction Center (ICDD) and the
DiffracPlusEVA software package were used to perform
the qualitative phase analysis.

The microstructure of Al-Si-Ni and Al-Si-Ni-Cu
rapidly solidified ribbons was studied by transmission
electron microscope (TEM) JEOL 1011 at accelerating
voltage of 100 kV.

Differential scanning calorimetry (DSC) analysis was
performed on STA 449 F3 Jupiter calorimeter connected
to a QMS 403 Aéolos Quadro mass spectrometer in Ar
environment. The rate of the protective Ar flow in the
apparatus during the analysis was 30 mL s! and the flow
rate of the purge Ar through the studied samples was 20
mL s, The heating rate was 20 K min™.

III. RESULTS AND DISCUSSIONS

The results of EXDS analyses of the chemical
composition of rapidly solidified ribbons Al-Si-Ni and Al-
Si-Ni-Cu are presented in Table 1. Based on the obtained
EXDS results the AI-Ni-Si alloy will be denoted further as
Al74Ni;6Si10. EXDS analysis showed that the Cu content in
the Al-Si-Ni-Cu rapidly solidified ribbon was close to 2 at.
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% Cu, therefore, in our work, it will be denoted
respectively (A174Ni16$i10)9gCu2.

TABLE 1 CHEMICAL COMPOSITION OF THE RAPIDLY SOLIDIFIED
RIBBONS AL-NI-SI AND AL-NI-SI-CU

Designation of Al Ni Si Cu
ribbons [at. %] [at. %] [at. %] [at. %]
Al74Niy6Siio 73.50 16.08 10.42 -
(A174Ni16Si10)9sCus 73.97 14.94 8.76 2.33
The XRD patterns of  AluNieSiip  and

(Al174Ni16S110)0sCu, ribbons before and after annealing and
XRD-results on their structural characteristics are
presented in Fig. 1 and in Table 2.

A well-defined halo is present in the XRD patterns of
each of the two studied rapidly solidified ribbons (Fig. 1
(a), Fig. 1 (b), which is an evidence of their amorphous
structure. Further, in our work, these alloys will be denoted
by the index "am".

The results of XRD analyzes of the amorphous
structure of the rapidly solidified Al74NieSip and
(Al174Ni16S110)0sCu, ribbons were confirmed by TEM
observations and electron diffraction. The diffractograms
of the two alloys showed a well-defined diffraction halo
and no diffraction spots, which proved that their structure
was completely amorphous.

The TEM image of the microstructure of Al7aNii6Siio
alloy (Fig. 2 (a) showed the typical for metallic glass
uniform matrix. Small white spots were observed in the
dark matrix of (Al.NisSijo)esCuz. The absence of phase
boundaries and of diffraction pixels makes us to consider
they are clusters of atoms of smaller atom number
(probably Al) which have formed during rapid
solidification but have not succeeded to combine into a
crystal lattice. The bright contrast in TEM image is due to
the lower electron absorption resulting on the smaller atom
number of aluminium (Fig. 2 (b)

XRD analysis of the amorphous alloys subject to
annealing at 350°C showed complete crystallization.
Peaks of three types of crystalline phases were found in
Al7aNij6Siio alloy: Al, AlsNi and NiSi; (Fig. 1 (a) and five
types of crystalline phases in (Al74Ni16Si10)9sCus

alloy: Al, Al3Ni, NiSi,, Cus sNi and traces of (Al, Cu)Nis
(Fig. 1 (b).

The quantity and the size of the crystalline phases were
determined as nanosized in Al74Ni;6Siio and as ultrafine in
(Al174Ni16S110)9sCu, (Table 2). This gives us the reason to
designate the annealed AlwuNiSijp alloy as
nanocrystalline and the annealed (Al74Nii6Sii0)9sCus alloy
as ultrafine and to use for them the indexes “ncr” and
“ufcr”, respectively [15].
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TABLE 2 STRUCTURAL CHARACTERISTICS OF AMORPHOUS AND
CRYSTALLINE AL74NI;6SI;0 AND (AL74N1165110)98CU2 ALLOYS

Components of the crystal part
Designati -
esignation Types of Quantity of Phase size
of the alloy hases the phase Jnm]
p [mass. %]
A174Nilbsi10 _ _ _
am
Al -fcc 16 88
A174Ni16$i10 AlgNl
ner Orthorombic 2 7
NiSi, . fec 12 43
(A174Ni;6S110)esCus ) ) )
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AN
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ufer NiSi2 13 45
Cus.gNi - fee 4 60
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(b) (A174Ni168i10)9gcu2
Flg 1. XRD diagrams of A174Ni155i10 and (Al74Ni155i10)93CU2 alloys.

ao

XRD results showed that the addition of only 2 at. %
Cu to Al7aNi;6Siio alloy caused a 54%, 24% and 7% size
increase of the nanocrystalline phases Al, AlsNi, NiSi,
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respectively, and a separation of two new phases — Cus gNi
and (Al, Cu)Nis. The increased sizes, especially of the Al-
containing phases can be well seen when comparing the
TEM images of the two alloys (Fig. 2 (c) and 2 (d).

Fig. 3 and Fig. 4 show DSC diagrams of Al.NijsSijo
and (Al74Ni6Sii0)9sCu, alloys in amorphous (a)-solid line)
and in crystalline (b) - dotted line) state. The results of the
DSC analyses are presented in Table 3. The DSC diagrams
of each of the amorphous alloys have two exothermic
peaks, indicating that crystallization takes place in two
separate steps. There is no clear evidence of the glass
transition effect before the temperatures of the first
exothermic crystallization peak of both alloys. The
absence of a glass transition (GT) feature can be explained
by the formation of significant number of clusters during
rapid solidification, evidence of which we observed in Fig.
2 (b). With continued heating, clusters of size above the
critical nucleation size grow even at lower temperatures.
Therefore, we assume that Tg=Tx1peak and that the GT
effect is hidden below the first crystallization peak. The
same vitrification effect has been observed in amorphous
aluminum-based alloys by other researchers [16], [17].

They assumed that the difference ATx between the
crystallization temperature and the glass transition
temperature, which mostly determines the so called
supercooled liquid region of the amorphous alloy, in this
case can be calculated as ATx = Tx2peak - Tx1peak [17].
The parameter ATx is directly associated with the glass
stability (GS) of the alloy and it is an indication of the
resistance to devitrification by the annealing above Tg. For
our amorphous alloys the values of ATx are 64K and 92K
for the AlNieSiio and (AlNiieSiig)esCus alloys
respectively. This clearly indicates that the partial
replacement of Si and Ni atoms by Cu improves the ability
of the melt to form glasses [17].

(a) A174Ni168i10 -am

(b) (Al74Ni;6Si10)9gCur- am
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(C) A174Ni16Si10— ncr

T -

(d) (Al74Ni;6Sii0)9sCus - ufer

Fig. 2. Microstructure of the amorphous (a), (b) and crystalline (c), (d)
Al74Ni168Si10 and (A174Ni165i10)9gCuZ alloys, TEM.
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Fig. 3. DSC diagrams of AluNi6Sijo alloy (a) amorphous; (b)
nanocrystalline.
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Fig. 4. DSC diagrams of (Al74Ni;6Sii0)esCu, alloy (a) amorphous; (b)
ultrafinecrystalline.
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TABLE 3 RESULTS OF DSC ANALYSIS OF AMORPHOUS AL74NI;6ST;o
AND (AL74NI;6S110)9sCU» ALLOYS

AlNigSio - | (Al4NigeSiz)esCus -
am am
Tx1, [K] 453 452
Tpeak, [K] 465 453
Tx2, [K] 529 535
Tpeak2, [K] 529 544
Ts, [K] 838 819
T, [K] 965 954
AT, [K] 64 92

IV. CONCLUSIONS

Rapidly solidified amorphous ribbons Al74Nij6Siio and
(Al74Ni16S110)0sCuz and their crystalline analogues were
produced by the Chill Block Melt Spinning (CBMS)
method and by subsequent annealing of the amorphous
alloys for 2 hours at 350°C.

It was found by DSC analyses that the crystallization
of the amorphous alloys Al74Nil6Sil0 and
(Al74Ni16S110)0sCu, takes place in two steps. It was proven
that the addition of 2 at. % copper to the Al74Ni;6Siio alloy
does not significantly change the Tg temperature, but
improve the glass forming ability of (Al74NiisSii0)esCuz
alloy.

It was found that the addition of 2 at. % Cu to
nanocrystalline Al74Ni6Siio alloy causes a 54%, 24% and
7% size increase of the separated crystalline phases Al,
Al3Ni, NiSi respectively, and a separation of new Cus gNi
and (Al Cu)Ni3 phases in the ultrafine crystalline
(A174Ni168i10)9gcu2 alloy.
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DSC analyzes of the alloys.
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