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Abstract. In this work, computer simulation of mechanical properties such as elastic constants
and moduli as well as intrinsic hardness of Al, AlzX and AlX3 having crystal lattice structure of the
type L1, is presented. To describe the energy of interaction in metals and alloys, the Sutton-Chen
semi-empirical inter-atomic potential was utilized. The simulation was run using the geometry
optimization method with the General Utility Lattice Program (GULP) 5.1. From the six different
alloys studied, the alloy with highest intrinsic hardness is AlAgs while with the lowest value for
CuAlz. The findings show that Al-based alloys have values of mechanical characteristics that are
higher than the pure aluminium metal. The values of mechanical characteristics of the alloys are
indirectly proportional to the percentage of aluminium in a given alloy system. The work further
confirms that the percentage of aluminium in the alloy systems have significant impact on the
mechanical properties.
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AHHOTaHI/Iﬂ. B ,I[aHHofI pa60Te npeaACTaBJICHO KOMIIBIOTEPHOC  MOJACIIMPOBAHUC
MECXaHHNYCCKUX CBOf/iCTB, TAKUX KaK KOHCTAHTBI WU MOIAYJIH YIIPYTIOCTH, a TaKKCe coOcTBEHHAs
tBeprocth Al, AlsX u AlX3, uMeronmx CTpyKTypy KpHCTaJUTMuecKoi pemietku tuma L1z, J{ns
OIMMCAaHUS SHCPTHUU BSaHMOI[GfICTBHﬂ B MCTaJlJIaX U CIlJIaBax HCIIOJIb30BaJICS HOJ'IyBMHI/IpI/I‘IGCKI/Iﬁ
MeKaTOMHBIN noTeHiman Carrona-Yena. MosienupoBaHue NpoOBOUIIOCH C UCIIOIB30BAHUEM METO1a
ONTUMU3AINH TeOMETPHH ¢ moMoIIbio mporpammbl General Utility Lattice Program (GULP) 5.1. U3
IIECTH PAa3JIUYHBIX UCCIICIOBAHHBIX CIUIABOB CaMYI0 BBICOKYIO BHYTPEHHIOIO TBepIocTh uMmeeT AlAgs,
a4 HAUMCHBIIYIO — CUA|3. HOJIy‘{CHHBIe JAaHHBIC IMOKA3bIBAKOT, YTO CIIJIaBBI HA OCHOBC aJIFOMUHHA
AMEIOT OO0Jiee BBICOKHE 3HAUYEHUS MEXAHUUYECKUX XapaKTCPUCTHUK, YCM YUCTBII METaJIMUECKUU

aTIOMHUHUN. 3HAYCHUS MEXaHMYCCKUX XapaKTCPUCTUK CIIJIAaBOB KOCBCHHO HNPONOPHHOHAIBHBI
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MPOLIEHTHOMY COJICP’KaHUIO AFOMHUHFSI B IAaHHOM CHCTeMe CIUIaBOB. PaboTa Takke moATBEpIKIACT,
qTo HpOI_IeHTHOC COI[Cp)KaHI/Ie AJIJFOMHUHHA B CUCTCEMAaX CIIJIABOB OKA3bIBACT 3HAYUTCIHbHOC BIIMSIHHUEC HA
MeXaHHUYeCKHNEe CBOMCTBA.

KawueBble cjoBa: OOBEMHBIH MOIYyJdb, MOIYJIb CIOBUTA, IIOCTOSHHAs YIPYroOCTH,

cOOCTBEHHAs TBEPAOCTD.

Introduction

Aluminium’s application has been limited due to its low strength and poor corrosion
resistance. Certain alloying elements can improve both of these qualities. The high melting
temperature, comparatively low density, superior oxidation resistance, increase in yield strength with
increasing temperature, and extreme hardness of aluminium-based inter-metallic systems are all key
qualities for possible technological applications [1]. It is imperative to find ways of improving the
mechanical properties of aluminium by different means.

Aluminium (Al) is a light metal whose strength can be increased through alloying, mechanical,
and thermal treatment, resulting in better mechanical properties [2]. Aluminium alloys are a
significant class of materials due to their high technological value and wide range of applications,
particularly in aerospace, microelectronics, motorized vehicles, and domestic industries.

The mechanical behavior of alloys has been a subject of different researches due to the
importance of alloys in engineering and basic research [3]. Al-based alloys have been the focus of
many researchers. Guan and his co-authors investigated alloying stability, electrical structure, and
mechanical characteristics of Al-based inter-metallic using first-principles methods [3]. Tian and his
co-authors studied elastic properties of Al-included with L1> crystal lattice structure using Ab initio
calculations [4].

The purpose of this study is to calculate the mechanical properties of the Al-based inter-
metallic compounds having L1, crystal lattice structure. The study will use the geometry optimization
method to conduct a systematic assessment of the mechanical properties of the alloys. It will look at
how different percentages of aluminum in alloys affect mechanical characteristics including elastic
constants and moduli, as well as intrinsic hardness.

1. Computational Method

Atomistic simulation techniques such as molecular dynamics (MD) have become a powerful
tool in the field of nanotechnology because they provide physical insight into various phenomena at
the atomic scale and allow one to predict physical properties such as structure and thermodynamic
properties of the nano-materials [5]. To elucidate the mechanical properties of aluminum alloys
having crystal structures of the type L1, we performed geometry optimization simulations while
keeping the number of particles N, temperature T, and pressure P constant.

In atomistic modelling simulations, the interactions between atoms or molecules must be
defined accurately in order to predict crystal formations and physical properties of materials. The
Sutton-Chen semi empirical atomic potential is one of the methodologies that has been successfully
used to model the many-body interactions in metallic systems. The total potential energy is expressed
as [6, 7]:
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where the first term is the pair-wise repulse potential between atoms i and j, whereas the second term
describes a many body component into the energy summation. The separation distance between atoms
i and j is rjj. Note in equation (1), a is a length-dimensioned lattice parameter, ¢ > 0 is a dimensionless
parameter that scales the cohesive term with respect to the repulsive term, ¢ is an energy parameter,
and n and m are integer material parameters with the property n > m.

The simulation was done using a general utility lattice program (GULP) of code 5.1 [8]. The
simulation algorithm is so adaptable that it can be used for everything from 0-D (molecules and
clusters) to 3-D (periodic solids) simulations, both with and without boundary conditions [8]. Table
1 [9] contains the parameters for pure metals, whereas equation (2) [10] can be used to compute the
parameters for alloys.
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The pure metals used in the simulation have face centered cubic (fcc) crystal lattice structure

[9, 11] while the alloys of the type AlIXz and XAls have L1, structure (see Figure 1) [3]. The unit cell

IS used to create atomic coordinates for the initial configuration of the crystal lattice structure for the

metals and alloys used in the simulation. For instance, the unit cell of alloy was constructed using

the basis vectors: Al: a(0:0; 0:0; 0:0); Au: a(0:5; 0:5; 0:0); Au: a(0:0; 0:5; 0:5); and Au: a(0:5; 0:0;

0:5). The edge of a unit cell is represented by a. The supercell was constructed with 108 atoms by

three-dimensionally translating the fcc unit cell. The simulation was carried out at T = 0 Kelvin and
P =0 GPa.

Table 1 — The parameters of the Sutton-Chen potential for the metals Cu, Al, Auand Ag [9, 11]

Metal v 1 g (eV) c a(A)
Cu 6 9 1.2382:107? 39.432 3.6100
Al 6 7 3.3147-107? 16.39 4.05
Au 8 10 1.2793-1072 34.408 4.0800
Ag 6 12 2.5415-10°° 144.41 4.0900

2. Mechanical properties of Metals and Alloys

Elastic constants can be used to determine a material’s stability, stiffness, brittleness,
ductility, and anisotropy. Elastic constants (Cj;) are key parameters for predicting material physical
characteristics and mechanical stability [12]. Elastic constants are also required when calculating
the values of elastic moduli like bulk and shear moduli. As demonstrated below, elastic constants
are determined using a second derivative of the semi-empirical potential with respect to strain [13]:
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where U is the energy expression, Cjj is a component of the stiffness matrix C, V is the volume of the
unit cell, & and ¢j are strain.

For cubic systems, there are only three constants. The values of these independent elastic
constants in terms of inter-atomic potentials can be calculated using the equation below [14]:
1% 1 U 1 0
Cn=5 2= Cu="r.
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The bulk modulus B and shear modulus G of isotropic polycrystalline materials can be
calculated using elastic constants Cjj. The formulas for calculating bulk and shear moduli using the
Voigt V and Ruess R approximations are described in the articles [7, 15]. For fcc crystal structures,
the value of the bulk modulus remains the same in the three methods of approximations. The Young
modulus E is calculated from the values of bulk and shear moduli using the formula described in [7].

One of the most essential material qualities is hardness, which describes a material’s
resistance to deformation when an external force is applied to it. The intrinsic hardness of a material
is related to its resistance to deformation and corrosion. Real and intrinsic hardness are intricately
linked. A variety of empirical formulas are used to calculate the intrinsic hardness of metals and
alloys. For interested readers, the papers [14, 16] contain sufficient information on basic formulas for
determining hardness. The empirical relationship used in this study to depict hardness as a non-linear
function of bulk and shear moduli is given the article by Desta and his co-authors [7].

3. Results and Discussion

The geometry optimization method using the Newton-Raphson technique was used in the
simulations. It’s necessary to find an optimized geometric structure as a precondition for computing
mechanical properties. After picking the optimal structure, the mechanical properties were
determined using different relationships.

Table 2 — A comparison of geometry optimization calculations mechanical properties of Al-
based alloys with L1, crystal lattice structure with earlier reported data. Lattice parameter a
(in A), elastic constants, moduli and hardness Hyr (in GPa)

Metal a Cu Ci2 Cu B G E Hvr Ref.
Al 4,052 | 81.195 | 71.582 | 15.492 | 74.786 9.709 27.920 | 0.451 | this study
CuAls | 3.951 | 93.2846 | 79.6959 | 19.955 | 84.225 | 12.967 | 37.003 | 0.673 | this study
AuAlz | 4.058 | 107.523 | 90.538 | 22.339 | 96.200 | 15.160 | 43.211 | 0.771 | this study
AgAlz | 4.058 | 100.207 | 79.574 | 28.0148 | 86.452 | 18.775 | 52.522 | 1.292 | this study
AICuUs 3.728 | 134.295 | 106.686 | 38.924 | 115.889 | 25.7015 | 71.797 | 1.653 | this study

155.02 | 12057 | 82.10 | 132.05 | 44.45 [3]
AU, | 4073 156.801 | 128.743 | 35,675 | 138.005 | 24.538 | 60.4985 | 1.244 | this study

14548 | 12158 | 2595 | 12955 | 19.01 [3]
AlAg, | 4189 | 113431 79.715 | 44.121 | 90.953 | 30.003 | 81.092 | 2.897 | this study

106.38 | 87.88 | 44.65 | 94.05 | 24.07 [3]

For the optimized structure, the elastic constants were calculated using equation (4). The bulk
and shear moduli were calculated using the Hill method of approximation. Given the values of the
shear and bulk moduli, the Young’s modulus was calculated using the equation in [7]. The intrinsic
hardness of metals and alloys was approximated using the empirical expression presented in [7].
Table 2 and Figures 1 through 3 present the simulation and calculation findings.
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Figure 1 — Influence of aluminium ratio on the elastic constants of Al-based alloys: a) AlX3; b) XAl3

The requirements of mechanical stability of materials having cubic crystal lattice are given:
C11+2C12 > 0; C11 — C12 > 0; Casa > 0. In our case all the alloys investigated in this work satisfied the
criteria of mechanical stability.

As shown in Table 2 and Figures 1 through 3, except for the lattice parameter, all of the
mechanical values computed here for aluminium based alloys are higher than that of Al. It’s worth
noting that we used two sets of alloys, one with 25% aluminium and the other with 75% aluminium.
For 75% aluminium ratio, the values of the elastic constants and moduli, as well as intrinsic hardness,
are given in increasing order as CuAls < AuAlz < AgAls.
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Figure 2. Influence of aluminium ratio on the elastic constants of Al-based alloys:
a) AlXs; b) XAl3

31



3.0 A
Em X =Cu

B X =Au
25 + X =Ag

2.0 H

Hardness, GPa
=
w

1.0

0.5

0.0 -
XAl3 AlX;3

Figure 3 — Influence of aluminium ratio on the intrinsic hardness of Al-based alloys

On the other hand, for the alloy system with 25% aluminium, the trend is not similar to the
above discussion. The elastic constants Ci1, Ci2 and the bulk modulus (B) are arranged as
AlAgs < AlCus < AlAuz while for the elastic constant Css as well as the shear and Young moduli is
arranged as AlAusz < AlCus < AlAgs. The values of intrinsic hardness for the alloys system with 25%
aluminium composition is given as AlAuz < AlCus < AlAgz while for the alloy system with 75%
aluminium composition the in equality for intrinsic hardness is given as CuAlz < AuAlz < AgAls.

For each alloy system investigated, with decrease of the percentage of aluminium in the
material the mechanical properties increased. For instance, this is to say that the mechanical properties
of AlCus are lower than that of CuAls.

Conclusion

The work uses method of geometry optimization to compute mechanical properties of AlCus
and CuAls alloys such as elastic constants and moduli, as well as intrinsic hardness. The mechanical
properties of six distinct aluminium alloys were calculated, three of which had the form AlXsz while
the others had the formula XAlz where X stands for Cu, Au or Ag.

The computed findings demonstrate that all of the alloys have mechanical properties such as
elastic constants and moduli, as well as intrinsic hardness, that are higher than pure aluminium metal.
From the six different alloys studied, the alloy with highest intrinsic hardness is AIAgs while with the
lowest value is CuAls. The values of the mechanical properties of the alloys are inversely proportional
to the percentage of aluminium in the alloy.

The research demonstrates that the percentage of aluminium in the alloy has a very significant
influence on the mechanical properties of a given alloy. By alloying elements like copper, gold, and
silver with aluminium, superior alloys with improved mechanical properties can be produced. This
creates alloys of aluminium with better mechanical properties that improves the drawbacks of the soft
pure aluminium metal while extending the applications in diversified fields.
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