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Abstract—The atomic dynamics of the binary Al _ ,Cu, system is simulated at a temperature 7= 973 K, a
pressure p = 1.0 bar, and various copper concentrations x. These conditions (temperature, pressure) make it
possible to cover the equilibrium liquid Al _ ,Cu, phase at copper concentrations 0 < x < 40% and the
supercooled melt in the concentration range 40% < x < 100%. The calculated spectral densities of the time
correlation functions of the longitudinal C, (k, w) and transverse C(k, w) currents in the Al,y, _ ,Cu, melt at
atemperature 7= 973 K reveal propagating collective excitations of longitudinal and transverse polarizations
in a wide wavenumber range. It is shown that the maximum sound velocity in the v;(x) concentration depen-
dence takes place for the equilibrium melt at an atomic copper concentration x = 10 + 5%, whereas the super-
cooled Alyy, _ ,Cu, melt saturated with copper atoms (x > 40%) is characterized by the minimum sound
velocity. In the case of the supercooled melt, the concentration dependence of the kinematic viscosity v(x) is
found to be interpolated by a linear dependence, and a deviation from the linear dependence is observed in
the case of equilibrium melt at x < 40%. An insignificant shoulder in the v(x) dependence is observed at low
copper concentrations (x < 20%), and it is supported by the experimental data. This shoulder is caused by the

specific features in the concentration dependence of the density p(x).

DOI: 10.1134/S1063776116040166

1. INTRODUCTION

Owing to their unique physicochemical properties,
aluminum-containing copper alloys (copper-based
duralumins and aluminum alloys—aluminum
bronzes) are widely used in mechanical engineering
and aircraft industry [1]. For example, apart from a
small weight and a high strength, aluminum—copper
alloys are characterized by a high plasticity and a high
corrosion resistance. Their physical properties (ther-
mal conductivity, viscosity, electrical resistivity, mag-
netic susceptibility, etc.) are mainly determined by the
ratio of the concentrations of their components,
namely, Al and Cu atoms [2—5].

A binary Al,y, _ ,Cu, aluminum alloy is character-
ized by a complex phase diagram, which has a melt at
temperatures 7 > 820 K (at a pressure p = 1.0 bar and
a copper concentration x = 17.5%) and an extended
field containing various crystalline phases (see the
phase diagram of the Al,y, _ ,Cu, melt in Fig. 1). As
was shown in [5—7], aluminum-containing alloys have
a high glass-forming ability. Viscosity is one of the
most important characteristics that determine the
glass-forming ability of a substance [8]. For example,
the authors of [9] used experimental data for the tem-

perature dependence of the viscosity of the super-
cooled Alg,Cu,, melt and found maximum viscosities
at 7= 1053 and 1123 K. On the other hand, the pres-
ence of extrema in viscosity isotherms in the alumi-
num—copper Cu;Al melt was noted in [10, 11]. The
appearance of these features was assumed to be related
to the existence of “quasicrystalline microgroups” in
the liquid phase.

The concentration dependence of shear viscosity
Nn(x) of the Al;y, _ ,Cu, melt at a temperature 7 =
1500 K was experimentally studied in [12]. The maxi-
mum viscosity was detected in the 7= 1500 K iso-
therm at a copper concentration x = 70%. This specific
feature in the 1n(x) dependence was explained in terms
of a phenomenological theory, which takes into
account the enthalpy of mixing AH,;,, the viscosity,
and the activation energy of pure Al and Cu melts. The
isotherms of kinematic viscosity v of the Cu,y, _ ,Al,
melt were investigated in the wide temperature range
between liquidus and 7= 1723 K. The v(x) concentra-
tion dependences exhibited maxima near the stoichio-
metric CuAl; concentration and the Al;,Cu;, compo-
sition and the branching of the temperature depen-
dences of kinematic viscosity v(7) obtained upon
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Fig. 1. (Color online) Aluminum—copper Al _ ,Cu,
phase diagram [15, 16]. (dashed line) Isotherm—isobar
(T=973 K, p= 1.0 bar) in which the system is considered.
(inset) Parameter S,, = (7, — T)/T,, vs. atomic copper
concentration x.

heating and subsequent cooling, the so-called viscos-
ity hysteresis.

Thus, conflicting experimental data on the specific
features of the viscosity of the AICu melts have been
collected to date, and the mechanisms that cause these
specific features are poorly understood. The purpose
of this work is to simulate the atomic dynamics of the
binary Al,,_,Cu, system at various copper concentra-
tions x, a temperature 7 = 973 K, and a pressure p =
1.0 bar. The corresponding isotherm—isobar is repre-
sented by the dashed line in Fig. 1. The inset to Fig. 1
shows parameter S,, = (7,,— T)/T,, versus atomic cop-
per concentration x in the Al,y, _ ,Cu, system. Dimen-
sionless parameter .5, characterizes the relative dis-
tance of the state of the system from the state of melt-
ing at temperature 7,,. For example, we have §,, = 0 at
melting temperature 7,,. In the case of equilibrium
melt at temperatures higher than melting temperature
T,,, we have §,, < 0, whereas this parameter takes pos-
itive values (S, > 0) at 7< T,,. In the case of a super-
cooled liquid (melt) at 7 < T,,, this parameter is iden-
tical to a well-known quantity, namely, the level of
supercooling [14].

We consider equilibrium melts for the chosen states
at T=973 K, p = 1.0 bar, and copper concentrations
x < 40%. As is seen from the phase diagram shown in
Fig. 1, the equilibrium states of the system are related
to crystalline phases at copper concentrations x > 40%
and the given temperature and pressure. Therefore, we
consider samples corresponding to supercooled melts
for this concentration range (x > 40%). For this con-
centration range, we calculate the viscosity and the
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spectral densities of the time correlation functions of
longitudinal and transverse currents at various wave-
numbers.

2. SIMULATION PROCEDURE

The atomic dynamics of the metallic Al;y, _ ,Cu,
melt was simulated at a temperature 7= 973 K and an
external pressure p = 1.0 bar. The system under study
consists of N =4000 atoms located in a cubic cell with
periodic boundary conditions. Interatomic interaction
was performed via the embedded-atom method
(EAM) potential developed specifically for the binary

AlCu melt [17].! According to [17], the potential
energy of the i-th atom in the AICu melt can be
expressed as

Uy = Fo| 2pp(r) |43 2 0upry), (1

J#l J#l

where ¢5(r;) is the short-range order pair potential of
interatomic interaction and F(p) is the embedded-
atom potential, which takes into account multiparticle
interactions through so-called “effective” electron
density p; of the ith atom. Subscripts o and 3 indicate
the types of the elements that enter into the composi-
tion of the metallic alloy, a, B € {Al,Cu}.

The Al,y,_ ,Cu, system was formed by rapid cooling
of the equilibrium melt with temperature 7= 3000 K.
The cooling rate of the system was d7/dt = 10'2 K/s.
The equation of atom motion was integrated using the
Verlet algorithm in the velocity form at a time step 6¢ =
1.0 fs [18, 19]. To bring the system to the state of ther-
modynamic equilibrium, a program performed 4.5 X
10 time steps in an NpT ensemble and 5 X 10° steps in
an NVT ensemble to calculate time and spectral char-
acteristics.

3. EXPERIMENTAL

Kinematic viscosity v of the melts was measured
using torsional vibrations on a computer-assisted
device [20]. The measurements were performed in
cylindrical Al,O; crucibles with a cover at the upper
melt boundary (inside a crucible) in a protective
helium atmosphere. During measurements, the cover
played the role of the second face surface of friction
[21]. The temperature dependences of viscosity were
obtained upon heating and subsequent cooling. Before
measurements, isothermal holding for 10 min was car-
ried out at each temperature. The melt temperature
was determined accurate to £5 K with a tungsten—
rhenium thermocouple, which was placed under the
bottom of the crucible. The thermocouple readings

IThis potential model can be applied to metals Al, Ag, Au, Cu,
Ni, Pd, and Pt and binary melts.
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were calibrated against the melting temperatures of
pure metals (Al, Cu, Ni, Co, Fe).

When calculating viscosity, we solved the following
equation using numerical methods [20, 22]:

f(v)=ReZ + 81m$—2][§—%]=0, 2)

2 T T

where [ is the moment of inertia of the suspension sys-
tem and 0 and T (§,, T,) are the damping constant and
the vibration period of the suspension system with the
melt (without the melt), respectively. Ref and Im&¥
are the real and imaginary parts of the friction func-
tion, which take into account the existence of two face
frictional surfaces.

To calculate the error of measuring the viscosity,
we used the method described in detail in [23]. The
total relative error of determining the viscosity did not
exceed 4% at an error of 2% in an individual experi-
ment.

4. SIMULATION RESULTS
4. 1. Structural Features of the Al,y,_ .Cu, Melt

The structural features of the Al,q, _ ,Cu, melt can

be analyzed using the atomic radial distribution func-
tion (RDF) [24]

8r) = Y WapZap(r) +2D Wopap(r), ()

o=p o#B

where W, 5 = cacﬁfafﬁ/(z ¢ f[)2 is the weight factor
and c; and f; are the concentration and the form factor

of atoms of the i-th kind. The partial components of
RDF g, p(r) were determined from the expression

[25, 26]
5 NZ n(r)
NNy P anr’Ar) 4)

a,p € {Al,Cu},

where n;(r) is the number of atoms of kind {3 in the
spherical layer of thickness Ar located at distance r
from the j-th particle; L is the edge length of the cell to
be simulated; and N, and N are the numbers of atoms
of kinds a and [3, respectively.

Figure 2 shows RDF g(r) and static structure factor
S(k), which were calculated by simulating the atomic
dynamics of pure liquid Al and Cu at a temperature
T= 1323 and 1423 K, respectively. Here, the calcula-
tion results are compared with the experimental data
obtained by X-ray diffraction [27]. The simulation
results are seen to agree well with the experimental
data: the structural features of the pure copper and
aluminum melts are correctly reproduced.

Figure 3 shows RDF g(r) for the Al,y,_ ,Cu, melt at

a temperature 7' = 973 K and the translational order
parameter [28, 29]

g(x,B(r) =
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at various atomic copper concentration x. In
Eq. (5), quantity r,, is the distance at which the cor-
relation of two particles becomes insignificant. In
this work, we have r,, = 20 A. Note that the transla-
tional order parameter is r — 0 for random systems
and ¢t — 1 for crystalline bodies. It is seen from
Fig. 3a that, as the atomic copper concentration
changes in the Aly,_ Cu, system, no substantial
changes in the structure of the melt is observed. The
calculated concentration dependence of the transla-
tional order parameter indicates that parameter #(x)
changes in the range 0.184 < ¢ < 0.192 in the case of
equilibrium melt (at copper concentrations 0 < x <
40%) and increases linearly from #(x = 40%) = 0.192 to
t(x = 100%) = 0.228 for the supercooled melt with a
copper concentration 40% < x < 100%. It is interesting
that the character of the dependence changes at a con-
centration x = 40%, which corresponds to the bound-
ary between the equilibrium liquid and the super-
cooled liquid in the given isotherm—isobar (see
Fig. 1). Note that the linear character of the concen-
tration dependence of parameter #(x) in the concentra-
tion range 40% < x < 100% is analogous to the tem-
perature dependence of this parameter for the corre-
sponding supercooled liquids [28].

4.2. Microscopic Dynamics
of the Metallic Al,,,_ Cu, Melt

The collective dynamics of particles in the metallic
Aljp — Cu, melt was analyzed by calculating the spec-
tral densities

Coll ) = 2L [C (ke dr, ae (LT} (6)
m g

and the normalized time correlation functions (TCFs)
of the longitudinal current

(e, §x(0) - &, - j ()
C,(k,1) (7)
‘ (er - i O

and the transverse current [30, 31]

C, (k) 1€ 201 [e, Xj) &
(le X j (O

Here, j(k, f) is the microscopic current determined by
the expression [25, 32]

N
k.0 = =D vOexpl-itk B ©)
/
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Fig. 2. (Color online) (a) RDF of aluminum and copper atoms in the melt at a temperature 7"= 1323 and 1423 K, respectively:
(solid and dashed curves) results of atomic dynamics simulation and (symbols) X-ray diffraction data [27]. (b) Static structure
factor of the aluminum and copper melts.
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Fig. 3. (Color online) (a) RDF of atoms in the Al;(, _ ,Cu, melt at 7= 973 K. (b) Translational order parameter # vs. the atomic
copper concentration.
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Fig. 4. Spectral densities of TCFs of (a) longitudinal C 1(k,®) and (b) transverse ¢ 7(k, ) currents of the AlsCusy melt at 7=

973 K.

where v/(7) is the velocity of the /-th particle at time ¢
and e, = k/|k| is the unit vector codirectional with
wavevector k.

To remove noises from the spectral densities of the
TCFs of the longitudinal and transverse currents, we
applied “window” averaging with the Gaussian func-
tion [29]

o'k, 0) = [ RO=0)C,lk,0)dw,

(10)
ae {L,T},
where the resolution function
2
R(®) = —A—exp| -2 (11)
Jm T, W,
satisfies the normalization condition
jR«mmnzl. (12)

—oo
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Frequency w, was determined by the time scale of sim-
ulation and was found to be w, = 271/ Ndt = 1.2 ns~ ..

Figure 4 shows the spectral densities of TCFs

C,(k,w) and C,(k,w) for the supercooled Als,Cus,
melt at a temperature 7= 973 K for a wide wavevector
range k = 0.16—2.40 A~!. Both spectral characteristics
C 1 (k,m) and C‘T(k, ) have pronounced high-fre-
quency peaks, which point to the existence of collec-
tive vibrational processes in the melt. Although the
C, (k,») and C;(k,®) spectra have a similar shape, the
characters of their vibrational spectra are substantially
different.

When calculating the spectral densities of TCFs of
the longitudinal C . (k,®) and transverse C‘T (k,) cur-

rents, we were able to estimate the dispersion mia)(k)
dependences (see Fig. 5). In the case of the super-
cooled Als,Cus, melt, we detected vibrational modes
of longitudinal and transverse polarizations. The dis-
persion curve related to the vibrational processes of
transverse polarization is characterized by a window of
2016

Vol. 122 No.5
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Fig. 5. (Color online) (a) Dispersion curves for the Als,_

Cuso melt vs. wavenumber k at 7= 973 K: (dotted lines)
extrapolated hydrodynamic result (o(ca)(k) = vk — k(()x ),

where v is the velocity of longitudinal (o= L) and trans-
verse (a = T) polarization sound and k' is wavenumber k
at which w(k) begins to be nonzero. Here, we have k({‘ =0

A~! for the longitudinal mode and kOT =0.188 A~! for the
transverse mode. (dashed line) Boundary of the first Bril-
louin pseudozone at k,,/2, where k,, is the position of the

principal maximum in static structure factor S(k). (b)
Concentration dependence of gap width kOT (x) in the dis-

persion curve of transverse polarization oof_,T) (k).

width kOT : (oir)(k) is shifted by kOT along axis k rather
than beginning from a zero value. The presence of

kOT # () is caused by the absence of macroelastic prop-
erties of the melt (both equilibrium and supercooled
melts) [33]. The window width was found to decrease
with increasing copper concentration in the melt. For

example, we have k, = 0.37 A~! for the pure alumi-

num melt and kOT =0.097 A~! for the pure supercooled
copper melt. It is interesting that the concentration

dependence of kOT decreases gradually and has no spe-
cific features at an intermediate concentration x =
40%.

The collective dynamics of melt atoms is character-
ized by the following frequency moments of the spec-
tral dependences of the TCFs of the longitudinal

C ; (k, ) and transverse C'T (k,w) currents [34]:
o (k) = j o”C(k, 0)dw/ j C.(k,0)dw

= i [42Catho0)
dr®”

Only the even moments become nonzero. For exam-

ple, the second moments of the C 1 (k,®) and C‘T(k, )
spectral densities in the case of a spherical pair poten-
tial of interparticle interaction U(r) can be determined
from the following microscopic expressions [35, 36]:

(13)
, n=12,...

t=0

0y (k) = 373k + 2 [ g(r)[1 = cos(k2)]
" 0

(14)
2
xalgr)dj’r.
ox
07(k) = 3va ke’ + 2 [ ()1 - cos(k2)]
i (15)
2
Xa Ongr)dsr’
ox

where v, = \kgT/m is the thermal velocity of parti-
cles, n = N/V is the numerical density of the system,
and g(r) is the total RDF of two particles. Figure 6
shows the results of simulation of the frequency
moments of the spectral densities of TCFs of the lon-
gitudinal and transverse currents for a wide wavenum-
ber range that were calculated by Eq. (13). It is seen
that the frequency moments of the spectral depen-
dences of the TCFs of the longitudinal C, (k,®) and

transverse C’T(k, ) currents, w;(k) and w{(k), have a
k dependence, which is similar to the (z)i“(k) and
wiT)(k) dispersion curves. Note that the positions of
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the maxima in the o)zL(k) and 0)2T(k) curves correspond
exactly to the positions of the peaks in the (x)iL)(k) and

(Df_,T)(k) curves.

Using the dispersion curves, we calculated the con-
centration dependences of the sound velocities of lon-
gitudinal and transverse polarizations. Figure 7 shows
the longitudinal (v;) and transverse (vy) polarization
sound velocities in the Al;y, _ ,Cu, system at various
atomic copper concentrations. v;(x) increases at a low
copper concentration. At an atomic copper concen-
tration x = 10 = 5%, sound velocity v; reaches its max-
imum (v; = 4.7 km/s). Then, it decreases when con-
centration ¢ increases. The decrease of v; almost ter-
minates at a concentration x = 40%, which
corresponds to the transition of the equilibrium melt
into the supercooled melt. Thus, the sound velocity in
the concentration dependence v;(x) is maximal for
the equilibrium melt, and the supercooled Al,,, _ ,Cu,
melt saturated with copper atoms is characterized by
the minimum sound velocity (v; = 3.94 km/s). Note
that the character of the v;(x) dependence correlates
with the concentration dependence of parameter
S,,(x), which characterizes the distance of the system
from melting temperature 7,,. Thus, the maximum
sound velocity v, corresponds to the state of equilib-
rium melt, which is distant from the melting tempera-
ture as far as possible.

As the copper concentration increases, the velocity
of transverse polarization sound v;{(x) decreases from
vy = 2.74 km/s to 1.79 km/s. The ratios of the sound
velocities of longitudinal and transverse polarizations
for the aluminum melt (x = 0%) and the supercooled
copper melt (x = 100%) at a temperature 7= 973 K
were found to be v, /v, = 1.67 and 2.19, respectively.

Based on the data of simulation of the atomic
dynamics from the normalized TCF of transverse cur-
rent Cy(k, 1), we calculated the shear viscosity [37]

-1

n,(6) = p| K[ Cr k)t
0
and the kinematic viscosity [38, 39]

v ="n,/p. (17)
Here, p is the mass density of the system. Figure 8
shows the results of simulation of the shear n(k) and
kinematic v(k) viscosities as functions of wavenumber
k at various atomic copper concentrations. To extrap-
olate the simulation results, we used the function [40]

(16)

N, (k) = HL (18)

o’k’
with fitting parameters a and n,,.

Based on the results of simulation of the atomic
dynamics, we also calculated the concentration
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Fig. 6. (Color online) Normalized frequency moments of
the spectral densities of TCFs of (a) longitudinal and (b)
transverse flows for the metallic Al _ ,Cu, melt vs. wave-
number k at various atomic copper concentrations.

dependences of the coefficients of shear ny(x) and
kinematic v(x) viscosities. Figure 9 depicts the
obtained results in comparison with the experimental
data. The simulation results are seen to correctly
reproduce the experimental data on the kinematic vis-
cosity of the Al,y, _ ,Cu, melt at a temperature T =
973 K for the atomic copper concentration range from
x > 0% to x = 30%. Moreover, the simulation and
experimental results indicate that an increase in the
atomic copper concentration in the melt leads to an
increase in the viscosity. As the copper concentration
increases, the kinematic viscosity increases from v =
4.2 x 1077 t0 9.3 x 1077 m?/s. Note that the total con-
centration dependence is characterized by two modes.
In the case of the supercooled melt saturated with cop-
Vol. 122

No.5 2016
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Fig. 7. Velocities of (a) longitudinal and (b) transverse polarization sound in the metallic Al;(, _ ,Cu, melt vs. the atomic copper
concentration at 7= 973 K.
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Fig. 8. (Color online) (a) Shear and (b) kinematic viscosity of the Al;(, _ ,Cu, melt vs. wavenumber k at a temperature 7'= 973 K,

a pressure p = 1.0 bar, and various atomic copper concentrations.

per atoms (x = 40%), the kinematic viscosity is inter-
polated by a linear dependence v(x) = ax + b, where
a=5.9x 102 m?/(at % s) and b = 3.34 x 1077 m?/s.
A deviation from the linear dependence is observed in
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the case of equilibrium melt at x < 40%. An insignifi-
cant “shoulder” in the v(x) dependence, which is also
supported by the experimental results, is detected at a
low copper concentration (x < 20%). This shoulder is

Vol. 122 No.5 2016
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Fig. 9. Concentration dependence of the kinematic viscos-
ity of the Aljyy _ ,Cu, melt at 7= 973 K: (o) results of
atomic dynamics simulation and (A) experimental data.
Insets: (a) shear viscosity of the Alyyy _ ,Cu, melt vs. the
atomic copper concentration at 7= 973 K and (b) concen-
tration dependence of system density p ((o) simulation
results, (m) experimental data at 7= 1020 K [41, 42].

caused by the specific features in the concentration
dependence of the density p(x) (see inset (b) in Fig. 9).
This specific feature of v(x) manifests itself at the cop-
per concentrations that are characteristic of the maxi-
mum velocity of longitudinal polarization sound (see
Fig. 7).

5. CONCLUSIONS

A large-scale simulation of the atomic dynamics of
the Al,o _ ,Cu, melt was performed at a temperature
T= 973 K and various atomic copper concentrations
(0—100%). When analyzing the equilibrium structural
characteristics of the Al,y,_ ,Cu, melt, we showed that
the concentration dependence of the translational
order parameter correctly predicts the transition from
the state of equilibrium liquid into the state of super-
cooled melt at an atomic copper concentration x =
40%.

The calculated spectral densities of the time correla-
tion functions of the longitudinal C,(k,®) and trans-

verse C(k,®) currents for the supercooled Al ,Cu,
melt at a temperature 7 = 973 K exhibit propagating
collective excitations of longitudinal and transverse
polarizations over a wide wavenumber range. A cor-
relation was found between the structural features and
the acoustic properties of the aluminum—copper sys-
tem over the entire atomic copper concentration range
under study. It was shown that the maximum sound
velocity in the v;(x) concentration dependence takes
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place for the equilibrium melt (x < 40%), whereas the
supercooled Al _ ,Cu, melt saturated with copper
atoms (x > 40%) is characterized by the minimum
sound velocity (v; = 3.94 km/s). The character of the
v;(x) dependence was found to correlate with the con-
centration dependence of parameter S,,(x), whereas
the velocity of transverse polarization sound vy{(x)
decreases from 2.74 to 1.79 km/s with increasing cop-
per concentration.

Based on atomic dynamics simulation, we calcu-
lated the concentration dependences of the coeffi-
cients of shear n,(x) and kinematic v(x) viscosities. As
the copper concentration increases, the kinematic vis-
cosity was found to increase from 4.2 x 107 to 9.3 x
10~7 m?/s. The total concentration dependence was
found to be characterized by two modes. In the case of
the supercooled melt saturated with copper atoms
(x> 40%), kinematic viscosity v(x) is interpolated by a
linear dependence, and a deviation from the linear
dependence is observed in the case of equilibrium melt
at x < 40%. An insignificant shoulder in the v(x)
dependence, which can be caused by the specific fea-
tures in the concentration dependence of the system
density p(x), was observed at low copper concentra-
tions (x < 20%).
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