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Abstract. Effect of minority alloying elements Zn and Zr
on the hardness and modulus of elasticity of amorphous alloys
AlCuMg(Zn) and AlCuMg(Zr) and their nanocrystalline ana-
logues was investigated by nanoindentation. It was found that
the microalloying of Al74Cu16Mg10 with less than 1 at.% Zr in-
creases the modulus of elasticity of the amorphous and nanocrys-
talline alloys (Al74Cu16Mg10)99.7Zr0.3 compared to the amorphous
and nanocrystalline alloys Al74Cu16Mg10. The microalloying of
Al74Cu16Mg10 with 1 at.% Zn reduces the modulus of elasticity of
both amorphous and nanocrystalline alloys (Al74Cu16Mg10)99Zn
compared to their base alloys.
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1. INTRODUCTION

Metal glasses (amorphous metals) were discovered in 1960, but interest in
them is still high [1]. Metallic glasses show unique physical and mechanical
properties compared to their crystalline analogues [2–3]. They have an unusual
combination of high yield strength and low modulus of Young, high limit of
elastic strain and toughness [4]. But the lack of significant plastic deformation
at room temperature is one of the reasons why their potential applications are
limited [5–6].
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Therefore, more and more attention is being paid to the study of the me-
chanical properties and deformation of metallic glass. In addition, the anneal-
ing of amorphous metals is one of the methods of obtaining materials with
nanoscale microstructure.

One of the methods of studying the mechanical properties of amorphous and
nanocrystalline materials is nanoidentation. The application of this method
of research in quasi-brittle materials results in the accumulation of significant
plastic deformation in localized areas, which is the basis for studying the
mechanical response of the studied materials such as hardness and modulus
of elasticity [7–9].

The aim of our study was to obtain data on the mechanical characteristics
of the indentation hardness HIT and the modulus of elasticity EIT of the
Al-Cu-Mg system amorphous alloys, with small amounts of Zn and Zr, and
of their nanocrystalline analogues. We expect that our study will add new
information on the influence of the chemical composition and microstructure of
alloys on mechanical properties such as nanoindentation hardness and modulus
of elasticity.

2. EXPERIMENTAL PART

2.1. Tested materials

Rapidly solidified and nanocrystalline Al-Cu-Mg alloys with minority
amounts of Zn and Zr were studied. The alloy Al74Cu16Mg10 was chosen in
our work as a base alloy because it is known that metallic glasses are most eas-
ily obtained from alloys with eutectic composition [10]. One at.% Zn and 0.3
at.% Zr were added to the base alloy. Rapidly solidified alloys were obtained
by the Chill Block Melt Spinning (CBMS) method in the form of ribbons from
42 to 120 µm thick. The synthesis of Al-Cu-Mg-Zn and Al-Cu-Mg-Zr alloys
and the process of obtaining the ribbons are described in detail in our previous
publications [11–12]. In order to transform the structure from amorphous to
nanocrystalline, part of the ribbons were annealed at 300 ◦C for 1.5 h in argon
environment in an electric arc furnace.

The tested specimens of rapidly solidified ribbons (r) and annealed speci-
mens (a) are designated as follows:
(i) Al74Cu16Mg10, or (3r), is the base alloy;

(ii) Al74Cu16Mg10)99Zn, or (3r-1Zn), is the alloy with 1 at.% Zn;
(iii) Al74Cu16Mg10)99,7Zr0,3, or (3r-0.3Zr), is the alloy with 0.3 at.% Zr.
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Further, down in this paper the rapidly solidified amorphous ribbons (r)
will be called “amorphous alloys” and the annealed ribbons (a) will be called
“nanocrystalline alloys”.

The presence of the amorphous phase in all rapidly solidified alloys was
studied and confirmed by X-ray Diffraction (XRD), Transmission Electron
Microscopy (TEM) and Differential Scanning Calorimetry (DSC) [13]. The
nanocrystalline structures of the alloys after annealing were analyzed by XRD
again. The results from of the XRD analysis are given in Table 1.

The eutectic base alloy Al74Cu16Mg10 is 98% amorphous. It was found that
the addition of only 0.3 at.% zirconium to the base alloy is sufficient to achieve
a 100% amorphous state in (Al74Cu16Mg10)99.7Zr0.3 under the same conditions
of rapid solidification. And contrariwise, the addition of 1 at.% Zn reduces the
amorphous part of the base alloy from 98% to 71% in (Al74Cu16Mg10)99Zn.
Previous studies with higher amounts of Zn have shown that with the increase
of Zn amount to 2% and 3% the amorphous part of the ribbons decreases
to 49% and 45%, respectively. The results were explained in terms of Free
Volume Model (FVM) [14].

Table 1. Structural characteristics of Al74Cu16Mg10, (Al74Cu16Mg10)99Zn
and (Al74Cu16Mg10)99.7Zr0.3 amorphous and nanocrystalline alloys

Designations Designations Amorphous Crystalline Types of
of alloys of specimens part, [%] part, [%] crystalline phases

Al74Cu16Mg10-r 3r 98 2 Al; Al2CuMg
Al74Cu16Mg10-a 3ra – 100 Al; Al2CuMg

(Al74Cu16Mg10)99Zn-r 3r-1Zn 71 29
Al; Al2(Cu,Zn);
Al2(Cu,Zn)Mg

(Al74Cu16Mg10)99Zn-a 3r-1Zn-a – 100
Al; (Cu,Zn) Al2;
Al2(Cu,Zn)Mg

(Al74Cu16Mg10)99.7Zr0.3-r 3r-0.3Zr 100 – –

(Al74Cu16Mg10)99.7Zr0.3-a 3r-0.3Zr-a – 100
Al; Al2CuMg;
CuAl2; Al3Zr4

2.2. Nanoindentation as test method

Nanoindentation is a new type of mechanical testing. The tested material
is loaded gradually. High-resolution devices perform continuous control of the
loads and displacements of the indenter from its pressing into the material
until it is pulled out of it. The mechanical characteristics of the material
are obtained from the load–displacement curve. They are determined by the
indenter footprint smaller than 1 micron and only a few nanometers deep.
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Fig. 1. Nanoindentor G200

Fig. 2. Load–displacement curve
obtained by nanoindentation

In our studies, the measurements were made with Nano Indenter G200
(KLA Corporation, California, USA) Fig. 1, equipped with a three-walled
diamond pyramid of Berkovich with 20 nm rounding at the top in accordance
with ISO 14577. Between 15 and 18 indentations were made on each sample
at 100 mN maximum load.

When the indenter penetrates the material, processes of elastic and plastic
deformation take place and an imprint with contact depth hc and radius a
is obtained. When the indenter is pulled out, only the elastic part of the
displacements is restored, which allows for highly effective separation of the
elastic properties of the material from the plastic ones.

The curves obtained during a complete cycle of loading and unloading of
the indenter are shown schematically in Fig. 2.

The values on the basis of which the mechanical characteristics of hardness
H and modulus of elasticity E are determined are as follows: maximum load
Pmax, maximum penetration depth hmax, residual depth after unloading hf ,
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and slope of the unloading curve S (S = dP/dh). The parameter S has a
dimension of force per unit distance and is known as elastic contact stiffness.

The main relationships that determine H and E are:

H =
P

A
, (1)

where A is the contact area at this load,

Er =

√
π

2β

S√
A
, (2)

where Er is the reduced elastic modulus and β is a constant that depends on
the geometry of the indenter.

The elastic modulus E of the test material is calculated from the reduced
elastic modulus Er:

1

Er
=

1− ν2

E
+

1− ν2i
Ei

, (3)

where ν is Poisson’s ratio of the tested material, and Ei and νi are the elastic
modulus and Poisson’s ratio of the material from which the indenter is made,
respectively.

Equations (1) and (2) show that in order to calculate the hardness and
elastic moduli, there must be accurately measured elastic contact stiffness S
and contact area A. The most widely used method of determining the contact
area was developed by Oliver & Pharr.

Oliver & Pharr’s method begins with an approximation of that part of
the load-displacement curve that corresponds to the unloading by the power
relation:

P = B(h− hf )m, (4)

where B and m are empirically determined parameters of the approximation,
and hf is the final displacement of the indenter after unloading is completed.
The contact stiffness S is determined by analytical differentiation of equation
(4) and calculation of the result at maximum penetration depth h = hmax,
i.e.:

S =

(
dP

dh

)
(hmax, Pmax)

= Bm (hmax − hf )m−1 , (5)

The next step is to determine the contact depth hc:

hc = h− εP
S
, (6)
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where ε is a constant that depends on the geometry of the indenter.
The last step in the analysis is to calculate the contact area using:

A = π

(
hmax − 0.75

Pmax

S

)2

tan2(ϕ), (7)

where ϕ is the angle of the indenter.
Once A and S are determined, the stiffness and elastic moduli are deter-

mined by equations (1) and (3).

3. RESULTS AND DISCUSSION

As a result of the nanoindentation experiment, the load–displacement curves
for each of the studied amorphous and nanocrystalline alloys were obtained
(Figs 3–8) and the indentation hardness HIT and modulus EIT were calculated
using the Oliver & Pharr approximation method.

Calculated indentation hardness HIT [GPa] and modulus EIT [GPa] of the
tested alloys are presented in Figs 9–10 and Table 2.

The following indicators are introduced for comparison between the ob-
tained results for the studied amorphous and nanocrystalline alloys:

AH =
Hr

Ha
indicates how many times the hardness of each amorphous

alloy is bigger (> 1) or smaller (< 1) than the hardness of its nanocrystalline
analogue;

BH =
Hr

Hrb
indicates how many times the hardness of the amorphous alloy

is bigger (> 1) or smaller (< 1) than the hardness of its base amorphous
analogue;

CH =
Ha

Hab
indicates how many times the hardness of the nanocrystalline

alloy is bigger (> 1) or smaller (< 1) than the hardness of its base nanocrys-
talline analogue;

AE =
Er

Ea
indicates how many times the modulus of elasticity of the amor-

phous alloy is bigger (> 1) or smaller (< 1) than the modulus of elasticity of
its nanocrystalline analogue;

BE =
Er

Erb
indicates how many times the modulus of elasticity of the

amorphous alloy is bigger (> 1) or smaller (< 1) than the modulus of elasticity
of its base amorphous analogue;

CE =
Ea

Eab
indicates how many times the modulus of elasticity of the
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Fig. 3. Experimental load–displacemen
curve for a sample 3r

Fig. 4. Experimental load–displacement
curve for a sample 3ra

Fig. 5. Experimental load–displacement
curve for a sample 3r-1Zn
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Fig. 6. Experimental load–displacement
curve for a sample 3r-1Zn-a

Fig.7. Experimental load–displacement
curve for a sample 3r-0.3Zr

Fig. 8. Experimental load–displacement
curve for a sample 3r-0.3Zr-a
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Fig. 9. Indentation hardness HIT of the studied specimens

Fig. 10. Indentation modulus EIT of the studied specimens

nanocrystalline alloy is bigger (> 1) or smaller (< 1) than the modulus of
elasticity of its base nanocrystalline analogue.

The results of the tested alloys show that:
• The amorphous alloy with 0.3 at.% Zr (Al74Cu16Mg10)99.7Zr0.3-r has the
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Table 2. Results of the nanoindentation test

Designations
of alloys

Hardness
HIT [GPa]

AH BH CH
Modulus
EIT [GPa]

AE BE CE

3r 2.58± 0.25
0.68

– – 62.91± 7.76
1.41

– –

3ra 3.77± 0.28 – – 44.49± 3.06 – –

3r-1Zn 4.47± 0.84
2.29

1.73 – 38.70± 4.30
1.07

0.62 –

3r-1Zn-a 1.95± 0.28 – 0.52 36.23± 4.23 – 0.81

3r-0.3Zr 6.86± 0.26
1.24

2.66 – 82.93± 6.61
0.99

1.32 –

3r-0.3Zr-a 5.53± 0.15 – 1.46 84.05± 7.07 – 1.89

highest indentation hardness, followed by the nanocrystalline alloy with
the same composition;

• The nanocrystalline alloy with 1 at.% Zn (Al74Cu16Mg10)99Zn has the lowest
indentation hardness;

• The amorphous alloy (Al74Cu16Mg10)99.7Zr0.3-r has the highest indentation
modulus of elasticity of the amorphous alloys, but the modulus of elasticity
of the nanocrystalline alloy (Al74Cu16Mg10)99.7Zr0.3-a is 1.13% higher than
that of the amorphous alloy with the same composition

• The nanocrystalline alloy (Al74Cu16Mg10)99Zn-a has the lowest indentation
modulus of elasticity of the tested alloys. The modulus of elasticity of the
amorphous alloy (Al74Cu16Mg10)99Zn-r is higher than that of the nanocrys-
talline alloy (Al74Cu16Mg10)99Zn-a by 5.17%.

• The modulus of elasticity of the basic amorphous alloy Al74Cu16Mg10 is
about 30% higher than of its nanocrystalline analogue.
The results of HIT and EIT obtained for the amorphous alloys

(Al74Cu16Mg10)99Zn and (Al74Cu16Mg10)99.7Zr0.3, except the result of the
hardness for amorphous (Al74Cu16Mg10)99Zn alloy, can be explained by the
efficiency of the cluster packaging and the degree of amorphousness of alloys
after the introduction of Zn and Zr atoms in AlCuMg system. The atomic
radius of Zn – 134 pm is slightly smaller than the atomic radius of Al – 143
pm. Addition of Zn atoms in Al74Cu16Mg10 alloy increases the free volume
in the atomic clusters and reduces the packaging efficiency. The introduction
of Zr atoms with a radius of 160 pm into the Al74Cu16Mg10 alloy reduces the
free volume in the clusters and increases the efficiency of the cluster package
in the (Al74Cu16Mg10)99.7Zr0.3 alloy. Probably this is the main reason for the
increasing the hardness and modulus of elasticity of the alloy containing Zr
compared to base Al74Cu16Mg10 alloy.
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CONCLUSIONS

The microalloying of Al74Cu16Mg10 with less than 1 at.% Zr increases the
degree of amorphousness of the rapidly solidified alloy (Al74Cu16Mg10)99.7Zr0.3
to 100%; increases the hardness of the amorphous and nanocrystalline alloys
(Al74Cu16Mg10)99.7Zr0.3 2.7 and 1.5 times and the modulus of elasticity of
these alloys 1.3 and 1.9 times, respectively, compared to the base amorphous
and nanocrystalline alloys Al74Cu16Mg10.

The microalloying of Al74Cu16Mg10 with 1 at.% Zn reduces the degree
of amorphousness of the rapidly solidified alloy (Al74Cu16Mg10)99Zn to
71%; increases the hardness of the amorphous alloy (Al74Cu16Mg10)99Zn
1.73 times and reduces the hardness of the nanocrystalline alloy
(Al74Cu16Mg10)99Zn-a 0.52 times compared to the base amorphous and nano-
crystalline alloys Al74Cu16Mg10; reduces the modulus of elasticity of the amor-
phous and nanocrystalline alloys (Al74Cu16Mg10)99Zn 0.62 and 0.81 times, re-
spectively, compared to the base amorphous and nanocrystalline alloys
Al74Cu16Mg10.
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