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Abstract: This paper presents a computer simulation of the effects
of high hydrostatic pressure on the alloys AuAgs and AgAs as well
as the pure metals Au and Ag in the pressure range of 0 to 300 GPa.
The research shows how a computer computational resource may
be used to investigate the effects of high hydrostatic pressure on the
mechanical characteristics of metals and alloys, which is beyond
the scope of traditional methods. To simulate the mechanical prop-
erties of the metals the energy of atomic interactions was modelled
using the Sutton-Chen interatomic potential applying the General
Utility Lattice Program (GULP) 5.1 [1]. The results demonstrate
that the values of the elastic constants and moduli increased linearly
as the hydrostatic pressure increased in the pressure range investi-
gated. The values of intrinsic hardness and acoustic velocities, on
the other hand, continued to increase in a non-linear manner, while
the value of the lattice parameter gradually decreased. For all pres-
sure ranges, the Poisson’s ratio remained generally constant. Over
the whole pressure range, the results of the acoustic velocities, bulk,
shear and Young moduli are approximately close to the results from
reference [2] for Au I

Keywords: High hydrostatic pressure, elastic constant, elastic mod-
ulus, Poisson’s ratio, intrinsic hardness, acoustic velocity.

1. Introduction

Applied pressure may significantly transform the physical
properties of deformable solids. For example, the influence
of pressure on the propagation of elastic waves in materi-
als is critical for predicting and understanding a variety of
physical features such as interatomic forces, mechanical sta-
bility, phase transition mechanisms, dynamic fracture, earth-
quakes, and Earth’s internal structures [2]. Offshore energy
resources explorations are increasingly being used in ocean
depths greater than 300 meters [3, 4]. Because of the high
corrosive nature of the environment, efficient exploration in
deep waters is a significant challenge. The high hydrostatic
pressure in the deep sea is a significant environmental compo-
nent that influences material corrosion (increasing 1 atm for
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each 10m in depth) [4]. However, because measuring elas-
tic modulus of solids at high pressure is difficult, sufficiently
few is known about solid elasticity at high pressure. The two
methods used for such purposes are ultrasonic technique and
Brillouin spectroscopy [2]. These methods are used for mod-
erate pressure ranges. Ultrasonic measurements are generally
limited to a few gigapascals and Brillouin spectroscopy has
been applied up to 25 GPa [2, 5]. It’s critical to look at the
effects of high hydrostatic pressure on the mechanical prop-
erties of materials using different techniques so as to produce
alloys that can be applied in a wide range of pressure. One
of the most successful ways for researching material proper-
ties at the atomic level is computer simulation. This method
can be used to investigate how mechanical characteristics of
metals and alloys vary as pressure changes.

Due to its stability across a wide temperature and pressure
range, gold (Au) is widely employed as an internal pressure
calibrator [2]. Gold and silver nanoparticles are among the
several bimetallic materials that are in a very wide use due to
their good optical, chemical and resonance qualities [6]. Al-
loying the two metals to form bimetallic alloys may produce
materials with enhanced ubiquitous applications at different
temperature and pressure ranges.

The purpose of this study is to estimate the influence of
high hydrostatic pressure on Ag, Au, AuAgs and AgAus
using computer modelling in the pressure range of 0 to 300
GPa which is beyond the range of measurements done by
traditional methods [2]. The influence of high hydrostatic
pressure on mechanical properties such elastic constants and
modulli, intrinsic hardness, Poisson’s ratio, acoustic velocities
and the lattice parameter have been investigated.

2. Mathematical Model and Method of Simula-
tion
To describe the energy of atomic interaction in metals and al-

loys, a variety of interatomic potentials are used. The Sutton-
Chen mathematical model was used for this investigation be-
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cause of its simplicity and correctness in representing the
energy of atomic interactions in metals and alloys. In the
Sutton-Chen model, the total potential energy of interatomic
interactions is given as follows: [7, 8]:
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where the first term in equation (1) denotes a pairwise long-
range van der Walls interaction between the ¢ and j atomic
cores. The square root term describes a many body com-
ponent into the energy summation, whereas the second term
introduces the many body cohesive term in regard to the atom
i. Note that in equation (1), r;; is the separation distance be-
tween the atoms 7 and 7, a is a lattice parameter with a length
dimension, ¢ > 0 is a dimensionless parameter that scales the
cohesive term in relation to the repulsive term, € is an energy
parameter, and n and m are integer material parameters with
the property n > m.

A general utility lattice program (GULP) was used to run
the simulation [1]. The simulation code is so versatile that
can be used for wide ranging simulation from 0-D (molecules
and clusters) to 3-D (periodic solids) for both with and with-
out boundary conditions [1]. The parameters for the pure
metals are given in table 1 [9] while for the alloys they are
calculated using the mixing rules given in equation (2) [10].

Table 1. The parameters of the Sutton-Chen potential for the

metals Au and Ag [9].

(D

Metal [ m | n e (eV) c a (A)
Au 8 | 10 | 1.2793 x10~2 | 34. 408 | 4.0800
Ag 6 | 12 [ 2.5415 x10~3 | 144. 41 | 4.0900
a; +aj
€ = Vaei G = =5
mi+m; ng+n; )
ms; = T; Nnij; = 9 .

The metals Au and Ag have face centred cubic (fcc)
[9] while the alloys AuAgs and AgAus have Ll (see
Figure 1) crystal structure [11]. The unit cell is used to
build the atomic coordinates for the initial configuration
of crystal lattice structure for the metals and alloys used
in the simulation. For example, the unit cell of the or-
dered alloy AgAus has the following basis vectors: Ag:
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). Here a is the edge of an elemen-
tary cube.

The simulations were conducted by keeping the the num-
ber of particles(N), pressure (P) constant. In addition periodic
boundary conditions were applied. The simulation was car-
ried out at 0 Kelvin for pressure in the range of 0 to 300 GPa
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Figure 1. L1, crystal lattice structure

using incremental step size of 50 GPa. The pressure range for
simulation was chosen based on results by Dubrovinsky and
his co-authors [12]. They reported that elements chemically
and structurally analogous to Au such as Cu, Ag and Pt are
not expected to go phase transition up to 300 GPa while for
Au phase transformation is prevented up to at least 500 GPa
of pressure.

3. Mechanical properties of Metals and Alloys

Elastic constants can provide information on the stability,
stiffness, brittleness, ductility, and anisotropy of a material
[13]. Precise calculation of the elastic constants is essen-
tial for gaining insight into the mechanical strength of solids,
verifying their stability, and designing material applications
[14]. The elastic constants are also necessary for calculat-
ing the values of elastic moduli like bulk and shear mod-
uli. The values of elastic constants are approximated from
semi-empirical potential that represents the interaction en-
ergy among the atoms of the metals and their alloys as fol-
lows [15]:

1 0°U
14 8@-86]- ’

where C};; is a component of the stiffness matrix C, U is the
energy expression, V is the volume of the unit cell, ¢; and
€; are strain. The elastic constants expression given above is
valid under adiabatic conditions and at zero pressure, and can
be modified to add external pressure, P, as follows [15]:
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The equation for computing the values of these independent
elastic constants in terms of inter-atomic potentials is as fol-
lows [16]:
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For isotropic polycrystalline materials, the bulk modulus
(B) and shear modulus (G) can be estimated from elastic con-
stants C;; [14]. The formulas for estimation of bulk and shear
moduli due to the Voigt(V) and Ruess (R) approximations are
given as follows [14]:

1
By =B = g(Cn +2C12);

1
Gy = 3(011 —C12+3Cu4); (6)

5C44(C11 — C12)

Ggr= .
R 4C44+3(C11 — C12)

According to Hill, the bulk and shear moduli values are de-
termined by averaging the approximations provided by Reuss
(R) and Voigt (V) [17]:

_ Br+Bv, GH:M

Bu 2 2

(7
For fcc crystal structures By = By = BR.

The Young’s modulus (E) is estimated from the values of
bulk and shear moduli as follows [14]:

B
5 9BGH

_3B+GH ®)

Mechanical stability(structural stiffness) of a material de-
termines how much a material deforms under load. For the
cubic crystal, the mechanical stability criteria is [13]:

Ci1—C12>0, C11>0, Cya>0,

9
C11+2C13 > 0. ©)

Poisson’s ratio o defined as the ratio of transverse strain
to the longitudinal strain is used to reflect the stability of the
material against shear and provides information about the na-
ture of the bonding forces [13]. The Poisson’s ratio , o, can
be computed as follows from the values of bulk and shear
moduli [18]:

_ 3B-2G
T 2BB+G)

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 refers to its resistance to deformation and corro-
sion. It is worth mentioning that intrinsic and real hardness
are inextricably linked.

There are a number of empirical formulas that are used to
estimate intrinsic hardness of metals and alloys. Interested
reader can find ample information about basic formulas for
estimating hardness in the articles [16, 19]. Here we em-
ployed the empirical relationship that expresses hardness as a
non-linear function of bulk and shear moduli as follows [8]:

10)

Hyp =0.92k"137G0708, (11)

Equation (11) is frequently used to estimate intrinsic hard-
ness of metals and metallic compounds [18, 20].
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Elastic wave propagation at high pressure is vital in un-
derstanding mechanical stability, phase transition, dynamic
fracture and others [21]. The velocity by which a small dis-
turbance will propagate through a given material medium is
known as acoustic velocity or speed of sound. Measurements
of acoustic velocity gives an insight in to the properties of
materials that are fabricated and that occur in nature. They
are key quantities in the interpretation of seismic data. The
standard approach to understand structure and composition of
the Earth’s interior is measurement of acoustic velocity [22].
The acoustic velocity is related to the change in pressure and
density of the substance. In polycrystalline materials aver-
age acoustic velocity (V) which is related to the fundamen-
tal material parameter Debye temperature is given as follows

[23]:
—-1/3
1( 2 1
3(@%)] "

where V; and V] are the transverse and the longitudinal veloc-
ities of the material respectively. These are computed from
the values of the bulk and shear moduli and density (p) of the
material as follows [20]:

G Yz 3B +4G Y2
vy = 7 and v = S5 +4GH . (13)
P 3p

Vin =

4. Results

The method of geometry optimization using Newton-
Raphson technique was used in the simulation. For optimized
structure, the elastic constants were estimated using equation
(5). The values of elastic moduli are calculated from the val-
ues of elastic constants. Here to estimate the bulk and shear
moduli, the method of approximation by Hill was followed (
see equation 7).

The Young’s modulus is estimated from the values of the
shear and bulk moduli using equation (8). Intrinsic hard-
ness is approximated using the empirical expression given
in equation (11) while the Poisson’s ratio is estimated using
equation (10). The results of the simulations and calculations
are presented in table 2 and in figures 2—14.

Less is known about the effect of high hydrostatic pressure
on mechanical properties of Au, Ag and their alloys. How-
ever, the results for comparison was based on experimental
data from reference [24] for Au and Ag at P = 0 GPa and
simulation values for Au from reference [2].

The values of bulk, shear and Young moduli and the acous-
tic velocities for Au and Ag from the reference [24] and this
study are close to each other. The values from this study and
the results from reference [2] for all the pressure ranges for
Au are in good agreement (figures 3 and 7). Besides the pure
metals, the study was extended to include the effect of high
hydrostatic pressure on the mechanical properties of the al-
loys AuAgs and AgAus.

For all the pure metals and their alloys, the inequality
C12 < B < Cq1 was satisfied for the entire pressure range
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Table 2. Effects of high pressure(P) on lattice parameter a in (A) elastic constants, moduli, hardness (Hy,7) in GPa and acoustic velocities
V% and V} in km/s for the alloy system Ag-Au.

Metal P a C11 Ci9 Cua B G E Vi % Hyr o
Ag 0 428 106.65 72.94 44.88 84.17 30.31 81.18 1.82  3.69 322 034
50 394 42722 34295 197.05 371.04 107.42 293.89 3.03 6.63 6.16 0.37
100 3.82 717.35 592.20 33645 63391 174.61 479.77  3.68 8.20 821 0.37
150 3.74 998.44 835.26  472.04  889.65 238.92 657.86 4.17 9.39 996 0.38
200 3.68 1274.80 1075.05 605.62 1141.63 301.74 83193 4,58 1036 11.54 0.38
250 3.64 1548.02 1312.71 737.88 1391.14 363.58 1003.33 494 11.22 13.00 0.38
300 3.60 1819.06 1548.88 869.24 1638.94 42473 1172.87 525 1197 1438 0.38
AuAgs 0 4.16 143.70 99.86 50.75 114.48 36.24 98.33 1.74  3.68 3.16 0.36
50 3.88 466.78 373.16 195.48  404.36 111.06 305.23 274 6.11 594 0.37
100 3.76  757.49 624.06 329.17 668.53 176.04 48552 329 7.46 7.85 0.38
150 3.69 1037.71 867.68 459.32 924.35 237.99 657.51 372 8.49 9.47 038
200 3.63 1312.15 1107.30 587.55 117559 298.24 82496 4.07 934 1093 0.38
250 3.59 1582.85 134435 71455 1423.85 357.43 989.50 4.37 10.08 12.27 0.38
300 3.55 1850.88 1579.53 840.66 1669.98 415.87 115198 4.64 10.74 13.54 0.39
AgAus 0 4.06 18094 140.08 47.54 153.70 33.88 94.67 1.40 339 1996 0.40
50 3.83 486.68 41324 173.56 437.72 94.25 263.82 2.14 5.22 401 040
100 3.72 761.14 662.11 291.60 695.12 146.71 411.20 255 6.29 536 040
150 3.65 102420 902.09 406.76  942.79 196.53 55129 287 7.11 6.51 0.40
200 3.60 1280.78 1137.02 520.31 1184.94 244.90 687.34 3.13 17.79 7.53 040
250 3.55 1533.08 1368.59 632.80 142342 292.32 820.77 336 8.37 847 0.40
300 3.51 1782.26 1597.73 744.53 1659.24 339.06 95232 357 890 936 040
Au 0 4.08 179.87 147.79 42.13 158.48 28.611 80.96 1.22  3.20 1.41 0.41
50 3.85 47535 420.04 161.06 438.47 81.33 229.79 1.88 4.88 3.05 041
100 3.74 740.26 667.18 272.82 691.54 127.19 359.52 226 5.87 414 041
150 3.67 993.72 90490 381.90 934.51 170.72  482.775 2.54 6.62 5.07 041
200 3.61 1240.61 1137.23 489.44 1171.69 212.95 602.34 2.77 7.24 589 041
250 3.57 1483.09 136593 59594 1404.99 254.31 719.53 297 17.78 6.65 041
300 3.53 1722.35 1591.99 701.70 163545 295.055 83495 3.15 8.26 736 041
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Figure 2. Elastic constants C11, C11 and Cy4 for Ag as a function Figure 3. Elastic constants C11, C11 and Cy4 for Au as a function
of studied pressure range. of studied pressure range.
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Figure 4. Elastic constants C11, C'11 and Cyy for AgAus as a
function of studied pressure range.

of simulation. In addition, the elastic constants satisfy the
conditions of mechanical stability relation given in equation

).
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Figure 5. Elastic constants C'11, C11 and Cyy for AuAgs as a
function of studied pressure range.

As shown in figures 2 through 9, with an increase in hydro-
static pressure, the values of the elastic constants and mod-
uli kept increasing linearly. The effect of of high pressure is
much higher in the elastic constants C; and C'12 in compar-
ison to the value of C'y4. Similarly, hydrostatic pressure has a
greater impact on the bulk modulus than on the Young’s and
shear moduli.

As shown in figures 11 through 14, the values of transver-
sal V; and longitudinal V; velocities kept increasing with in-
crement of pressure. The graphs further show that the influ-
ence of high hydrostatic pressure is much higher in V; than
Vi which confirmed the result obtained for Au by [2].

As shown in figure 10, with an increase of pressure the val-
ues of intrinsic hardness also kept increasing in a non-linear
manner. Table 2 indicates that with an increase in pressure
the value of lattice parameter (a) kept decreasing very grad-
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Figure 6. Bulk modulus B, shear modulus GG, and young modulus
FE of Ag as a function of studied pressure range.
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Figure 7. Bulk modulus B, shear modulus (7, and young modulus
FE of Au as a function of studied pressure range.
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Figure 8. Bulk modulus B, shear modulus (G, and young modulus
FE of AuAgs as a function of studied pressure range.
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Figure 9. Bulk modulus B, shear modulus GG, and young modulus
E of AgAus as a function of studied pressure range.

ually. Table 2 shows that the influence of high hydrostatic
pressure on Poisson’s ratio is negligible. In fact, the Poisson’s
ratio almost remained approximately constant throughout the
pressure range.

Hardness, GPa

0 5 100 150 200 250 300

Pressure, GPa
Figure 10. Intrinsic hardness of for the alloy system Ag — Au as a
function of studied pressure range.

Conclusion

The influence of high pressure on the mechanical properties
of the metals Au, Ag, AgAus and AuAgs is presented in this
paper. Using computer simulation, we were able to predict
the effect of high hydrostatic pressure on mechanical param-
eters such as elastic constants and moduli, intrinsic hardness,
Poisson’s ratio, lattice parameter and acoustic velocities.
The study shows that highest influence of high pressure is
shown on the elastic constants C11, C712 and the bulk mod-
ulus B. With an increase in pressure, the value of an elas-
tic constant or moduli showed a linear increase. The effect
of high pressure on intrinsic hardness and acoustic velocity
showed an non linear increase with the increment of pres-
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Figure 11. The behavior of longitudinal V; and transverse V
sound velocities as a function of studied pressure range for Ag.
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Figure 12. The behavior of longitudinal V; and transverse V;
sound velocities as a function of studied pressure range for Au.

10

+ v

Acoustic Velocity, km/s

0 50 100 150 200 250 300
Pressure, ['lla

Figure 13. The behavior of longitudinal V; and transverse V; sound
velocities as a function of studied pressure range for AgAus.
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Table 3. Comparing earlier data of B, E, G, V; and V; values for Au and Ag with our results at P = 0 GPa.

Elastic parameters  Reference [24] (Exp.) Reference [2] This study
Au B(GPa) 180.32 158.4 158.48360
E(GPa) 83.19 46.5 80.9606
G(GPa) 29.23 31.6 28.61083
Vi(km/s) 1.225 1.28 1.21874
Vi(km/s) 3.355 3.22 3.19500
Ag B(GPa) 108.72 84.17
E(GPa) 87.02 81.18
G (GPa) 31.84 30.31
Vi(km/s) 1.730 1.82
Vi(km/s) 3.770 3.69
copper-nickel alloy tube under alternating dry and wet
condition,” Corrosion Science, vol. 146, pp. 202-212,
14 o 2019.
v [5] H. Kimizuka, S. Ogata, J. Li, and Y. Shibutani, “Com-
127 plete set of elastic constants of a-quartz at high pres-
e sure: a first-principles study,” Physical Review B,
= 10 - vol. 75, no. 5, p. 054109, 2007.
g [6] A. Lateef, S. Ojo, B. Folarin, E. Gueguim-Kana, and
Ry L. Beukes, “Kolanut (cola nitida) mediated synthesis
2 of silver—gold alloy nanoparticles: antifungal, catalytic,
= 6l larvicidal and thrombolytic applications,” Journal of
= Cluster Science, vol. 27, no. 5, pp. 1561-1577, 2016.
2 o [7] H. Kart, M. Tomak, and T. Cagin, “Thermal and me-
- chanical properties of cu—au intermetallic alloys,” Mod-
elling and Simulation in Materials Science and Engi-
27 neering, vol. 13, no. 5, pp. 657-669, 2005.
[8] O. G. Desta, M. 1. Bykova, and Y. K. Timoshenko,
0 E 0 e e “Computer simulations of the influence of atomic struc-
N Pressure, GPa = ture disorder on the hardness of cu- ag and au- ag al-
loys,” vol. 1479, p. 012027, 2020.
Figure 14. The behavior of longitudinal V; and transverse V; [9] A.Januszko and S. Bose, “Phonon spectra and tempera-

sound velocities as a function of studied pressure range for AuAgs.

sure. The effect of high pressure on Poisson’s ratio is not
significant. In fact, it remained approximately constant for
the whole pressure range. The study also demonstrates that
high hydrostatic pressure has a considerably greater effect on
longitudinal acoustic velocity than on transversal acoustic ve-

locity.
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