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EFFECT OF Ni AS MINORITY ALLOYING ELEMENT ON GLASS FORMING 
ABILITY AND CRYSTALLIZATION BEHAVIOR OF RAPIDLY SOLIDIFIED 
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ABSTRACT

А series of rapidly solidified alloys (Al-Cu-Mg)100-xNix , x = 0, 1, 2, 3 at. % were obtained by the Chill Block 
Melt Spinning (CBMS). XRD and TEM analyzes showed a completely amorphous structure of the alloys. The glass 
transition temperature (Tg), crystallization temperature (Tx), solidus Ts and melting temperatures (liquidus) Tl were 
determined by DSC analyses. It was found that Tg and Tx increased with increasing the nickel content in the alloys. 
The reduced glass transition temperature (Trg), temperature difference ΔTx and the Hruby criterion KH were calculated. 
It was found that the alloy (Al-Cu-Mg)97Ni3 is most thermally stable. Crystalline analogues of the amorphous alloys 
were obtained by annealing of melt-spun ribbons. The type and size of the separated crystal phases were determined 
by XRD analysis and a tendency for size diminishing with the nickel content increase was established.
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INTRODUCTION

Amorphous metals have been of interest to researchers 
since they were synthesized in the 1960s [1] until today 
due to their unique properties - higher strength, lower 
internal friction compared to their crystalline analogues 
[2, 3]. Aluminium based amorphous alloys have potential 
applications in various fields due to their static and 
dynamic thermal properties [4]. Amorphous alloys are 
a basis for production of high-strength nanoamorphous 
composites that makes them promising structural materials 
[5]. Aluminum-based amorphous alloys are grouped into 
two categories: (i) Al-LTM-ETM and (ii) Al-LTM-RE, 
where LTM, ETM, and RE are late transition metals (LTM: 
Fe, Co, Ni,), early transition metals (ETM: Ti, Zr, Hf, V, 
Nb, Ta, Cr, Mo, W) and rare earth elements (RE: Y, La, Ce, 
Pr, Nd Sm, Gd, Tb, Dy , Ho, Er, Yb ), that are relatively 
expensive. The research today is aimed at producing new 
chipper alloys without rare earth metals. We suppose that 
microalloying with small amounts of a fourth element as 

e.g. transition metal would enhance glass forming ability 
(GFA) and stabilizes the ternary amorphous alloys [6].

As a starting system for the synthesis of amorphous 
alloys, we have chosen the Al-Cu-Mg system because 
the ternary eutectic Al74Cu16Mg10 vitrifies relatively 
easily. In previous studies, we obtained rapidly solidified 
ribbons (amorphous and nanocrystalline) in the Al-Cu-
Mg system alloyed with different amounts of zirconium 
and zinc and studied their crystallization behavior [7, 8]. 
There are some data on the influence of Ag and Ni on the 
GFA of alloys of this system [9, 10]. It was established 
that the presence more than 5 at. % nickel improves the 
GFA of Al-Cu-Mg metallic glass (MG) and that Ni is 
the most powerful micro alloying element to increase 
its hardness and strength.

The aim of this work is to study the influence of 
nickel as a minority-alloying element on the possibility 
to produce amorphous alloys in the Al-Cu-Mg-Ni system, 
to obtain data on the crystallization behavior of the new 
amorphous alloys and to determine their thermal stability.
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EXPERIMENTAL

Tested materials
It is known that usually the alloys have the highest 

GFA when their composition is close to the eutectic 
point [11]. For this investigation, we chose the alloy 
Al74Cu16Mg10, which is close to point E5 of the ternary 
Al-Cu-Mg state diagram [12]. Small amounts of nickel 
were added to the ternary eutectic alloy and its influence 
on the glass-forming ability was investigated.

Methods of synthesis of ligatures and production of 
amorphous ribbons

The base Al74Cu16Mg10 alloy was synthesized from 
pure metals Al - 99.99 %, Cu - 99.99 %, Mg - 99.8 % in 
a plant comprising a resistance electric furnace installed 
in a water-cooled pneumovacuum chamber in argon 
atmosphere with 99.998 % purity [7]. To each of the 
obtained ingots, 1, 2 and 3 at. % of high purity nickel 
was added, respectively. The Chill Block Melt Spinning 
(CBMS) method was used to obtain rapidly solidified 
ribbons about 3 - 4 mm wide and 26 - 40 µm thick.

In order to investigate the behavior of the base alloy 
and Al-Cu-Mg-Ni rapidly solidified ribbons during 
devitrification, samples of each type of ribbons were 
annealed for 2 hours at 300oC in argon atmosphere.

Characterization Methods
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 mm2.

X-ray diffraction (XRD) analyses 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 with a Bruker D8 Advance powder 
X-ray diffractometer with CuKα radiation (Ni filter) and 
LynxEye recording in a solid-state position-sensitive 
detector. 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-Cu-Mg-Ni rapidly 
solidified ribbons was studied by transmission electron 
microscope (TEM) JEOL 1011 at accelerating voltage 
of 100 kV. TEM foils were thinned by electrolitic jet-
polishing in 40 % CH3COON - 30 % H3PO4 - 20 % 
HNO3 – 10 % H2O solution.

Differential scanning calorimetry (DSC) analysis was 
performed on STA 449 F3 Jupiter calorimeter connected 
to a QMS 403 Aëolos Quadro mass spectrometer in Ar 
environment. The rate of the protective Ar flow in the 
apparatus during the analysis was 30 mL s-1 and the flow 
rate of the purge Ar through the studied samples was 20 
mL s-1. The heating rate was 20 K min-1.

RESULTS AND DISCUSSION

The results of EXDS analyses of the chemical 
composition of rapidly solidified ribbons Al-Cu-Mg-Ni 
are presented in Table 1.

The EXDS analysis showed that the Ni content in 
the obtained rapidly solidified ribbons was close to 1, 
2 or 3 at. % Ni, therefore, further on in our work they 
will be denoted respectively (Al74Cu16Mg10)100-xNix, x 

Designation of ribbons 
Al, [%] Cu, [%] Mg, [%] Ni, [%]

Mass. At. Mass. At. Mass. At. Mass. At.

Al74Cu16Mg10 65.04 76.60 27.63 13.82 7.33 9.59 - -

(Al74Cu16Mg10)99Ni 61.50 74.45 29.46 15.14 6.82 9.16 2.23 1.24

(Al74Cu16Mg10)98Ni2 61.28 74.54 28.84 14.90 6.38 8.61 3.50 1.96

(Al74Cu16Mg10)97Ni3 59.53 73.23 28.40 14.84 6.39 8.72 5.67 3.21

Table 1. Chemical composition of the rapidly solidified ribbons Al-Cu-Mg-Ni.
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= 1, 2, 3 at. %.
The XRD patterns of (Al74Cu16Mg10)100-хNiх ribbons 

before and after annealing and XRD-results on their 
structural characteristics are presented in Fig. 1 and 
Table 2. 

A well-defined halo is present in the diffractogram 
of each of the three studied (Al74Cu16Mg10)100-xNix rapidly 
solidified ribbons before annealing (Fig. 1(a)), which is 
evidence of their amorphous structure. Further, in our 

Designation
of the alloy

Amorphous
part 

Crystal part Components of the crystal part 

[%] [%]
Types of
phases

Quantity of 
the phase 
[mass. %] 

Phase size 
[nm] 

Al74Cu16Mg10 - am 98 2
Al

Al2CuMg
1
1

Al74Cu16Mg10 -ufcr - 100
Al

Al2CuMg
74
26

150
60

(Al74Cu16Mg10)99Ni - am 100 - - - -

(Al74Cu16Mg10)99Ni - ufcr - 100
Al

Al2CuMg
Ni3Al+NiAl

35
46
19

177
88
69

(Al74Cu16Mg10)98Ni2 - am 100 - - - -

(Al74Cu16Mg10)98Ni2 -  ufcr - 100
Al

Al2CuMg
Ni3Al+NiAl

35
44
21

139
88
44

(Al74Cu16Mg10)97Ni3 - am 100 0 - - -

(Al74Cu16Mg10)97Ni3 - ufcr - 100
Al

Al2CuMg
Ni3Al+NiAl

37
45
18

136
77
27

Table 2. Structural characteristics of amorphous and ultrafine crystalline alloys (Al74Cu16Mg10)100-xNix .

Fig. 1. XRD diagrams of (Al74Cu16Mg10)100-xNix ribbons before (a) and after (b) annealing. a. Amorphous alloys; b. Ultrafine 
crystalline alloys.

a)							       b)

work, these alloys will be denoted by the index “am”.
XRD analysis of the ribbons after annealing 

showed complete crystallization with peaks of four 
types of crystalline phases: Al, Al2CuMg, Ni3Al and 
NiAl (Fig. 1(b)). The quantity and the size of the 
separated crystalline phases were determined both as 
nanosized and ultrafined in all three types of annealed 
alloys (Table 2). This gives us the reason to designate 
all annealed alloys as ultrafine crystalline (crystalline 
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alloys with ultrafine grains) and to use for them the 
index “ufcr” [13]. In our previous studies we proved 
that the base rapidly solidified ribbon Al74Cu16Mg10 is 
98 % amorphous [7, 8]. Further, in our work we will use 
the obtained data to compare this base ribbon with the 
Ni-containing ribbons obtained in this study. 

XRD results showed that the addition of only 1 
at. % Ni to the amorphous base Al74Cu16Mg10 alloy is 
sufficient to obtain a completely amorphous structure. 
When increasing the Ni content from 1 % to 3 % in 
(Al74Cu16Mg10)100-xNix alloys, the quantitative ratio of 
crystalline phases content remains relatively constant: 
(35 - 37) % Al, (44 - 46) % Al2CuMg, (18 - 24) % 
Ni3Al+NiAl, but the grain size of all phases decreases 

by 25 % for Al, by 12 % for Al2CuMg, and by 60 % for 
Ni3Al+NiAl. 

The results of XRD analyzes of the amorphous 
alloys (Al74Cu16Mg10)100-xNix were confirmed by TEM 
observations and electron diffraction (Fig. 2 (a), (c), (d)). 
The diffractogram of the three alloys showed a well-
defined diffraction halo, which proved that their structure 
was completely amorphous. All TEM micrographs 
showed uniform field with areas of varying brightness 
intensity, ranging from dark gray to white. We believe 
that the bright areas are zones with higher aluminium 
content, which have dissolved more intensively during 
the electrochemical preparation of TEM thin foils. 
Conversely, the darker areas on the micrographs are 

a. b.

c. d.

e. f. 
Fig. 2. Microstructure of the amorphous and ultrafine crystalline (Al74Cu16Mg10)100-хNх, х = 1, 2, 3 alloys, TEM.
a. Amorphous alloy (Al74Cu16Mg10)99Ni, b. Ultrafine crystalline alloy (Al74Cu16Mg10)99Ni, c. Amorphous alloy 
(Al74Cu16Mg10)98Ni2, d. Ultrafine crystalline alloy Al74Cu16Mg10)98Ni2, e. Amorphous alloy (Al74Cu16Mg10)97Ni3, f. Ultrafine 
crystalline alloy (Al74Cu16Mg10)97Ni3.



Vanya Dyakova, Yana Mourdjeva, Nikolay Marinkov, Georgi Stefanov, Yoanna Kostova, Stoyko Gyurov

985

zones rich in copper, magnesium or nickel, which 
remained thicker during electropolishing. In addition, 
Cu and Ni are elements of higher atomic numbers, which 
contribute to the darker contrast also. The observation of 
zones of different thickness indicates to the existence of 
some chemical inhomogeneity of the amorphous alloys.

The microstructures of the three ultrafine crystalline 
alloys after devitrification by annealing are presented in 
Fig. 2(b), (d), (f). TEM micrographs confirm the results 
of XRD analysis about microstructure refinement, 
especially of Ni-containing phases, with the Ni content 
increase.

The results of the DSC analyses are presented 
in Fig. 3. The glass transition temperature Tg, the 
crystallization temperature Tx, the solidus temperature 
Ts and the liquidus temperature Tl, were determined and 
summarized in Table 3. These temperatures were found 

to increase with increasing nickel content in the alloys.
The crystallization of the three studied amorphous 

alloys (Al74Cu16Mg10)100-xNix-am, is characterized by 
one main exothermic peak in the temperature range 
(479 - 499) K, which is a proof that the alloys are in the 
eutectic region. 

It is known that the formation of amorphous 
metal is more likely when the reduced glass transition 
temperature Trg = Tg/Tl ≥ 0.5 [14]. In our case, the values 
of Trg of the three studied (Al74Cu16Mg10)100-xNix alloys 
are in the range (0.565 - 0.577) and slightly increase 
with the Ni content from 1 to 3 %. The difference ∆Tx 
between the crystallization temperature and the glass 
transition temperature ∆Tx = Tx -Tg, determines the 
so-called supercooled liquid region of the amorphous 
alloy. The parameter ∆Tx is directly associated with the 
glass stability (GS) of the alloy and is an indication of 

Designation
of alloys

Tg

(К)
Tx

(К)
Тs

(K)
Tl

(К)
ΔTx,

 (К)
Trg Tl-Tx Tl-Tg KH 

(Al74Cu16Mg10)99Ni-am 455 479 783 805 24 0.565 326 350 7,36.10-2

(Al74Cu16Mg10)98Ni2-am 456 484 782 803 28 0.568 319 347 8,78.10-2

(Al74Cu16Mg10)97Ni3-am 468 499 784 811 31 0.577 312 343 9,93.10-2

Table 3. Results of DSC analysis of amorphous alloys.

Fig. 3. DSC diagrams of the amorphous (solid line) and ultrafine crystalline (dot line) alloys. a. (Al74Cu16Mg10)99Ni, b. 
(Al74Cu16Mg10)98Ni2, (Al74Cu16Mg10)97Ni3.
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the resistance to devitrification by the annealing above 
Tg. For our amorphous ribbons the values of ∆Tx are 
in the range of (24 - 31) K. The thermal stability of 
amorphous alloys (Al74Cu16Mg10)100-xNix, x = 1, 2, 3 at. 
% was estimated according to the Hruby criterion КH, KH 

= (Tx-Tg)/(Tl-Tx) [15, 16]. According to the calculated 
Hruby criterion, the produced amorphous alloys are 
thermally stable and their resistance is comparable to 
the most resistant amorphous alloys [17].

Despite the relatively low value of ∆Tx the reported 
GFA is relatively good as Trg ≥ 0.5 and KH has values 
close to 0.1. Based on the obtained results, we can 
conclude that all three studied alloys (Al74Cu16Mg10)100-

xNix have relatively good glass stability [18] and the 
most stable is the alloy with 3 at. % Ni.

The addition of even minority amounts of nickel 
tightens the cluster packing because of the larger atomic 
radius of Ni (149 pm) compared to Al (143 pm). Less 
free volume remains in the clusters, preventing atoms 
from diffusing freely and limiting both the occurrence of 
crystallization centres and crystal growth rates [19, 20]. 
The adding of larger Ni atoms in AlCuMg alloys inhibits 
the formation of crystalline phases in the microstructure 
of the amorphous rapidly solidified ribbons [19, 21]. The 
conclusion is that Ni is suitable for use as a minority 
alloying element (< 3 at. %) for the production of 
(Al74Cu16Mg10)100-xNix amorphous alloys.

CONCLUSIONS

Rapidly solidified amorphous ribbons of 26 to 40 
mm thickness based on the eutectic alloy Al74Cu16Mg10 
with addition of 1, 2 and 3 at. % Ni were produced. The 
glass transition temperature Tg, reduced glass transition 
temperature Trg, temperature difference ΔTx and Hruby 
criterion of the amorphous (Al74Cu16Mg10)100-хNх, х = 
1, 2, 3 at. % alloys were determined. It was found that: 
(i) despite the completely amorphous structure, there 
are zones in the alloys in which Al atoms predominate, 
as well as zones with accumulation of Cu, Mg and 
Ni atoms, i.e. the amorphous alloys are not strictly 
chemically homogeneous; (ii) when increasing the Ni 
content of the alloys, the glass transition temperature 
Tg and the crystallization temperature Tx increase, i.e. 
the thermal stability of the glasses increases; (iii)  the 
increase of Ni content refines the microstructure of the 
ultrafine crystalline alloys (Al74Cu16Mg10)100-xNix, x = 

1, 2, 3 at. % after devitrification; (iv) Ni is suitable for 
use as minority alloying element (≤ 3 at. %) to produce 
amorphous alloys in the Al-Cu-Mg-Ni system.
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