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Abstract

The liquid phase thermodynamic of mixing of the copper-aluminium binary system is
investigated as a function of temperature and composition using the electrochemical potential
difference method. A copper-selective beta” alumina (Cuf3”Al,O3) is used as a solid electrolyte,
synthesized through ion exchange, sintering from base oxide powders, and the floating zone
method of crystal growth. Measured thermodynamic of mixing data were used to inform short
range ordering in copper-aluminium melts through Darken’s factor for excess stability and
Bhatia-Thornton structure factors, revealing a strong departure from ideality and pronounced
ordering. Mixing properties were used to predict viscosity and self-diffusion coefficients.
Features observed in calculated electronic entropy of mixing for copper-aluminium were
compared to trends in viscosity, demonstrating the utility of electronic property of mixing in the
description of structure-properties in this liquid binary system.

Introduction

The copper-aluminium binary system remains industrially critical due to the prevalence
of copper as an alloying agent for aluminum and a base metal for aluminium bronze products. In
the aluminium industry, the addition of copper enables precipitation hardening and heat
treatment™ in 2XXX series alloys, and increases strength in 2XXX and 6XXX alloys'?.
Conversely, aluminium bronzes have long been utilized for corrosion resistant applications',
and remain an active area of research for high strength and wear resistant alloys!*. All of those
products are processed via the molten state, and require a careful mastering of the concentration
and distribution of copper in both the liquid state and during solidification. Examples of the
corresponding processing issues include macrosegregation®® or control of the copper content
when using recycled feeds® .

Indeed, despite the prevalence of copper-aluminium alloys in industrial applications,
liquid phase phenomena remain uncertain starting from inconsistencies in models for copper-
aluminium thermodynamics®** and melt structure!>*8l. In addition, while physical properties
such as density, viscosity, and surface tension of copper-aluminium melts have received
experimental attention™**?2 such quantities are difficult to measure accurately for molten
aluminium alloys'*®! and limited effort is found to relate these properties to accurate experimental
thermodynamics of mixing data. While molecular dynamics simulations™ 823281 haye
attempted to elucidate the relation between thermodynamic, structural, and physical properties
for the copper-aluminium system, the efficacy of available computational approaches is hindered
by a lack of experimental data for comparison.

An electrochemical study of the copper-aluminium system is herein investigated, with the
objective to inform the free energy and entropic thermodynamic of mixing of the liquid binary
system. Consequently, thermodynamics of mixing properties are used to inform the structural
and transport properties of the melt.

To study the thermodynamic behavior of the copper-aluminium system, the use of a
copper-selective, alumina-based solid electrolyte is proposed. Beta () and beta” (§’) alumina
solid electrolytes (BASE) have been extensively investigated for use in high temperature



electrochemical applications due to their thermal stability, low electronic conductivity, and high
and selective ionic conductivity. Most BASE studies and applications thus far have targeted
sodium and lithium ion conducting solid electrolytes, with far less attention given to BASE
exhibiting ionic transport of other species. Sodium ion conducting BASE have found
applications in energy storage, such as in the sodium-sulfur battery!”!, thermoelectric
devices?®? and heat engines®*Y. Sodium-selective BASE have also been demonstrated for
use in both liquid and vapor sensors®2>4 illustrating their potential use for thermodynamic
sensing applications in industrial processes.

A variety of methods, ranging from powder sintering®**® to the Czochralski method of
crystal growth®”), have been established for the preparation of BASE with sodium ion transport
properties (Nap”Al,03). NaB”AlOs is traditionally used to synthetize BASE which are
selective for other ions®>**" via ion exchange. One copper-selective BASE previously
reported is copper (I) B alumina (Cup”ALO3) *2. Cup”ALLO; solid electrolyte has previously
been synthesized but has thus far seen limited application. Currently, its only application is
electrochemical potential measurements for liquid copper-nickel™® and copper-tint*!
thermodynamic of mixing. Cuf”Al,O3 has also been suggested as a candidate material for
tunable solid-state lasers*®. However, potential applications of CuB”ALOj in liquid metal
processing and chemical sensors, for which other BASE have been applied®> 4, have thus far
been largely ignored. Nevertheless, Cup”Al,O3 presents a promising material for use in
measuring the thermodynamics of mixing for the copper-aluminium system.

In this study, Cup”Al,O3 is utilized as a solid electrolyte for high temperature
thermodynamic measurements in the copper-aluminium system using the electrochemical
potential difference (formerly known as EMF) method!323%434446-481 ‘The following isothermal
electrochemical cell has been constructed:

Cu — Al|Cuf’ Al 05| Cu (1)

Depending on the temperature the right compartment of the cell may be solid or liquid, while the
thermodynamic reference state utilized here for copper is liquid copper at the temperature of

interest (molar Gibbs energy of pure liquid copper, ugf[). With the goal to inform the
thermodynamic mixing properties of the liquid binary Cu-Al, one relates the chemical potential
of copper in the binary solution (or partial molar Gibbs energy, p, ) to the cell potential

difference (E), using the Nernst equation:

Mo — Hpy = 2zFE 2)

where z is the number of electrons per copper (I) ion that travels across the Cup”Al,O3
membrane (z = 1), R is the ideal gas constant, T is the absolute temperature and F is Faraday’s
constant. All other thermodynamic functions of mixing can be calculated from the experimental
cell potential (E) variation with composition or temperature, as presented in [*8]. For example,
copper activity in the selected reference state is calculated at each composition from the cell
potential via:
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zFE+uCu
aCu(in Al) = € RT (3)

A linear fitting of the variation of the cell potential with temperature at a fixed composition
provides estimates of the partial molar enthalpy (H,,) and partial molar entropy (Sc,,) for
copper following Gibbs—Helmholtz!*®!:
_ ZHew | TScu

E= zF zF (4)
The corresponding partial molar properties of aluminum can be calculated by integration of the
Gibbs-Duhem equationt*”!, where x denotes mole fraction and Y denotes entropy, enthalpy, or
Gibbs energy:

\V4 U ay U

Y = — [ (- dxey ()

XAl “dXcu

In the present work, the integration was conducted numerically from a smoothed-spline
interpolation of Y, with xc,,.

To inform the liquid phase structure necessary to accurately model the thermodynamics
of a liquid binary system, Darken’s factor for excess stability (ES) has been proposed™”. It is
evaluated from the excess properties of mixing as shown in Eqn(6):

— aZ(AHM_TAS%cceSS)

ES = (6)

axCuZ

AHM is the enthalpy of mixing, and ASY ... is the excess entropy of mixing from measured
entropy of mixing (AS™) and the ideal configurational entropy of mixing, ASM..;:

AS}I;JIccess = ASM — A'S‘Il\t/lieal (7)

For ideal or near ideal liquid alloys, excess stability typically decreases monotonically as a
function of x.,,. The function will show peaks where strong chemical interactions occur centered
on the stoichiometry of associate complexes®®*Y. Utilizing excess stability, the Bhatia-Thornton
structure factor in the long wavelength limit, S¢.(0), can be calculated®"':

Sce(0) = —gr— 8)

+ES
XCuXxAl

For an ideal solution, the Bhatia-Thornton structure factor in the long wavelength limit is equal
to the following:

Scc(0) = xcyxa 9)

The height and width of dips in the calculated Bhatia-Thornton structure factor with composition
across the binary, compared to the ideal case, provide further insight into the extent of ordering.

As shown and defined recently®®, electronic state entropy can also reflect short-range
ordering. For systems in which the Drude model applies, electronic entropy of mixing (AS)



can be calculated as follows, where S¢ is the electronic entropy, Ry is the Hall Effect coefficient,
m is the Hall mobility, o is the electrical conductivity, and « is the Seebeck coefficient:

e _ la _ lalo
¢ = = (10)
ASY = Séu—m — XcuSéu — XaiSa (11)

Minima in the electronic entropy of mixing have previously proven to correspond to ordering,
similar to associate complexes. In addition to an advanced description of the thermodynamics of
mixing, insight into liquid metal structure is necessary to select suitable models for the
evaluation of the physical properties.

Indeed, measured thermodynamics of mixing can be used to predict physical properties
such as viscosity. Previously, Eyring proposed that viscosity was the result of kinetic
phenomena, and could be modeled by an Arrhenius-type equation®®®, where 7 is the dynamic
viscosity, n® is a pre-exponential term, and E4 is the activation energy for viscous flow:

EA

1N =1 ert (12)
Numerous semi-empirical models have been proposed to calculate n* and E4 for binary alloy

systems from thermodynamics of mixing datal**>**%. For non-ideal systems the Kozlov model
has shown to be suitable®™ for calculation of % and E4 as follows:

) — pXcyln +x4;1n
Noual = € culTcutXarinmnag (13)

1
Efy-m = —+AHY (14)

Another relevant viscosity model is the Schick-Brillo model™, originally derived from
CALPHAD models of the copper-aluminium system published at the time, which assumed
excess entropic effects were minimal. E; and n;° of the pure end members are determined from
the viscous flow activation energies and pre-exponentials calculated from experimental data!®”!
using fits to Eqn(12). EL-A_]- and n;2 ; for the Schick-Brillo model can then be calculated using the
following equations™:

Neo_a = excu In(xcung)+x a1 In(xam%) (15)
Eé‘lu—Al = xCuECAu + xAlEle — AHM (16)

The determination of viscosity in binary melts facilitates further characterization of transport
phenomena. Dynamic viscosity coupled with activity data can be used to calculate self-diffusion
coefficients, D, for copper and aluminum within the melts as follows using the Singh-Sommer
relation®"!, where ¢ is the molar concentration, kj is Boltzmann’s constant, and r is the radius of
the diffusing particle:

kT dlnacy (17)

Cu — 6mNTrcy dlncey



— kpT dln aa (18)
6mnT; dlncy;
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Experimental access to thermodynamic mixing properties is therefore critical to enable a
full characterization of the structure and transport properties of the binary liquid Al-Cu systems.
Electrochemical potential difference data the liquid copper-aluminium system acquired through
the use of copper-selective membrane are herein seek for, as a first step to increase the accuracy
in the modelling and prediction of thermodynamic and physical properties of such melt. In this
paper, the use of Cuf3”Al,O for the copper-aluminium system in such context is presented, from
synthesis to experimental application. We demonstrate that Cuf”Al,O3 can be readily
synthesized through both sintering and melt-based routes for use as a solid electrolyte. We report
the first electrochemical measurements of mixing thermodynamics data for the liquid binary Cu-
Al using Cuf”Al,Os3. Those results are complemented with calculations of the electronic state
entropy of mixing. These complementary results support a discussion of available
thermodynamic models and their relations to the prediction of viscosity and diffusivity,
indicating the possible utility of electronic entropy of mixing in the context of relating ordering
and structure for such alloy system.

Methods

Three synthesis methods for copper(I) B alumina (Cuf”Al,O3) were investigated in this
work. The method of synthesis that minimized cracking and maximized density of the solid
electrolyte was utilized to fabricate Cuf”Al,O3 for use in electrochemical cells to measure
copper — aluminium mixing thermodynamics [32:33:43:44.46-48]

Synthesis of Copper(l) B~ Alumina

Copper(I) B~ alumina (Cuf3”Al,0O3) of composition CusMg,Alz10s; was synthesized using
1) ion exchange from sodium f” alumina (Naf3”Al,QO3), following similar methods to Fray et
al.l*?l 2) direct sintering from the base oxides, or 3) from an oxide melt through the floating zone
method of crystal growthf®,

1) lon exchange from Naf”Al,04!%

One method of synthesis of copper(I) B alumina (Cuf”Al,O3) is through exchange of
sodium with copper from sodium B alumina (NaB”Al,03)"**®!. Using copper chloride as the
exchange medium at both the working (WE) and counter (CE) electrode, the following reactions
occur:

WE:2CuCl + 2Nap’Al,0; & Cl, + 2Na* + 2Cu* + 2p"Al,05~ +2e~  (19)
CE:Cl, + 2Na* + 2Cu™* + 2B”Al,05~ + 2e~ & 2NaCl + 2Cup”Al, 04 (20)

The overall cell reaction for the ion exchange is:
CuCl + NafB”Al,05; & NaCl + Cuf”Al,04 (21)

Disks of NaB”Al,O3 of stoichiometry NasMg,Als1Os; were synthetize from sodium
aluminium oxide (Al,O3-Na;0O, tech purity, Alfa Aesar), magnesium oxide (MgO, 99.95% pure



metals basis, Alfa Aesar), and aluminium N
oxide (99.95% pure metals basis, Alfa Aesar)

in a 5:2:13 formula unit ratio. The powders

were then held in a vacuum oven at 473 K I,
(200 °C) for 2 hours, mixed in a micronizing
mill for 2 hours, and isostatically pressed into 4

disks (19 mm, &6 mm, length 10 — 25 5
mm). Isostatic pressures of 100 — 600 MPa
were tested. The disks were sealed using
alumina paste in alumina tubes filled with
extra sodium B” alumina powder to sUppress vapoF'bﬂ%fFo?‘l Glesyashpmisige! rimganeeahiye then
sintered under air in a tube furnace. Temperatures rangm@j"'l%?r‘fI 1832073 K (1400 °C —
1800 °C) were explored. Copper(l) chloride (CuCl, 97%, Sigma Aldrich) was used for ion
exchange, where a NaB”Al,Os pellet is the solid electrolyte separating two pools of copper(l)
chloride (Figure 1) held at 823 K (550 °C) under argon (99.95% purity, Airgas) at a flowrate of
50 cm*/min. A potential difference of 500 mV was applied using graphite electrical leads using a
potentiostat (Gamry Instruments, Reference 3000). The potential difference was applied until
150% of the theoretical charge to exchange the sodium with copper had passed. The exchanged
Cup”Al,03 was cleaned of residual CuCl by submerging the pellet in nitric acid (70 wt%, Sigma
Aldrich) for 1 minute.

Graphite electrical lead

Alumina tube

Liquid copper(1) chloride WE
Na-Cuf”Al,O; solid electrolyte
Liquid copper(1) chloride CE
Graphite crucible / electrical lead

ST ol

2) Direct sintering from the base oxides.

Sintered disks of Cup”Al,O3 were synthesized"? directly from copper(1) oxide (Cu-0O,
97% pure, Sigma-Aldrich), magnesium oxide (MgO, 99.95% pure metals basis, Alfa Aesar), and
aluminium oxide (99.95% pure metals basis, Alfa Aesar) in a 5:4:31 formula unit ratio mixed in
a micronizing mill for 2 hours. Disks (19 mm, @38 mm, length 1 — 20 mm) were isostatically
pressed and then sintered in a box furnace under air for three hours, with heating and cooling
rates of 5 K/min. Isostatic pressures and sintering temperatures ranging from 100 — 600 MPa
and 1673 K — 2073 K (1400 °C — 1800 °C) respectively were explored.

3) Direct crystal growth using a floating zone furnace 1°®

Cup”Al,O3 was also synthesized directly through zone melting in a floating zone optical
furnace (Crystal Systems Corporation, TX-12000-1-MIT-VPO-PC) using the floating zone
method of crystal growth®®. Rods of polycrystalline copper(I) f alumina (&8 mm, length 100
mm) synthesized using the method 2 described
above were suspended in the hot zone of the o
furnace, 1 mm above an alumina rod (&8 mm). 2
The rods were spun in opposite directions at
speeds of 10 rpm. The tip of the Cup”Al,O3 rod
was melted at 18% furnace power under air,
forming a droplet which subsequently joined to u
the alumina rod, resulting in a suspended molten
region of Cuf”Al,O3 bridging the alumina and

Graphite electrical lead

Alumina tube

Copper RE

Cuf”Al,O; solid electrolyte
Copper — aluminium WE
Graphite crucible / electrical lead

DrBsoe 1 £

24

Figure 2: Electrochemical potential
measurement cell - geometry 1



sintered Cuf3”Al,Ozrods. The rods were moved through the furnace hot-zone in unison at a rate
of 10 mm/hour, with the sintered Cuf3”Al,O3 rod being melted and solidified onto the alumina
rod. After 60mm of travel through the floating zone furnace -
hot zone, the vertical movements of the rods were stopped and 2 2 5
the rods were cooled by decreasing the lamp power at a rate of
6% per hour. Side
5 5
T ‘

Copper — aluminium alloy samples across the entire
composition range were prepared from copper shot (99.999%
pure metals basis, Alfa Aesar) and aluminium (99.99% pure
metals basis, Alfa Aesar). Samples were pre-melted in a tube
furnace under argon (99.95% purity, Airgas) at a flowrate of 50
cm®/min) at 1473 K (1200 °C) for 3 hours to ensure Top
homogeneity. All EMF experiments were also performed in
tube furnaces under argon (99.95% purity, Airgas) at a flowrate
of 50 cm®/min.

|

Graphite electrical lead

Alumina tube

Copper RE

Cuf”Al, 05 alumina solid electrolyte
Copper — aluminium WE

Two cell geometries were investigated. Geometry 1
(Figure 2) consisted of a Cuf”Al,O; pellet (12 mm, thickness
3 mm) joined to an alumina tube (OD 9.5mm, ID 6.5mm) with
alumina paste, forming a vessel which contained the copper Figure 3: Electrochemical potential
reference (REF) electrode (99.999% pure metals basis, Alfa measurement cell - geometry 2
Aesar) and a graphite electrical lead. This vessel was
submerged in a copper — aluminium sample of known composition held in a graphite crucible,
with the graphite crucible serving as the electrical lead (working electrode, WE).

Aol e

Geometry 2 (Figure 3) consisted of a Cup”Al,O3 disk (38 mm, thickness 3 mm), onto
which alumina tubes (OD 9.5mm, ID 6.5mm) were joined with alumina paste to hold the sample
and reference melts. Graphite electrodes were utilized.

The cell potential difference was determined by measuring the open circuit potential
(OCP) of the copper-aluminium sample (WE) versus pure copper (REF) across the Cuf”Al,O3
membrane using a potentiostat at an acquisition frequency of 10 hz (Gamry Instruments,
Reference 3000). The cell was held at temperature for 1800
seconds before a measurement was taken, ensuring a steady
OCP reading.

Results
Synthesis of Copper(l) f” Alumina

Copper(I) B~ alumina (Cuf”Al,03) was successfully
synthesized through each of the three methods. The target
stoichiometry of CusMg,Al3;0s; was verified using scanning
electron microscopy (SEM, JEOL JSM-6610LV, JEOL Ltd.)
equipped with an energy dispersion spectroscopy analyzer

Figure 4: Cup”Al,05 synthesized
directly from Cu,0, MgO, and Al,O;
powders sintering



(EDS, Sirius SD detector, SGX Sensortech Ltd.) Direct preparation from sintering of copper(l)
oxide, alumina, and magnesia (method 2) was found to be the easiest route of synthesis resulting
in densified solid electrolytes free of visible
macroscopic cracking. Densities were
measured using ethanol displacement.

For the preparation of Cuf”Al,O3 from
base oxide sintering (method 2), a pressing
pressure of 120 MPa, a green body thickness
of 4mm and a sintering temperature of 1773 K
(1500 °C) were found to maximize density
and minimize cracking of the solid electrolyte. NaB”Al,0,

Sintered product densities of 3.4 — 3.5 g/cm® : ; )
Figure 5: Cufp”Al,O3 synthesized through ion exchange

were achieved. The CuB Al2Os was not with NaB”Al,0s, synthesized from NaAlO,, MgO, and
observed to be air sensitive. Machining of the  A},0, sintering

sintered material was found to be similar to
that of alumina. The color was observed to be a dark pinkish-brown (Figure 4).

R CUR ALO;

In the synthesis of NaB”Al,O3 for ion-exchange for method 1, isostatic pressing pressure
of 450 MPa, green body thickness of 6mm, and a sintering temperature of
1973 K (1700 °C) were found to maximize density and minimize cracking.
The corresponding sintered densities were in the range of 3.0-3.2 g/cm®. After
preparation, the Naf”Al,O3 had to be kept under nitrogen, as large cracks
formed over the course of a week if left in air. The Nap”Al,O3 was more
brittle in machining than pure alumina. During ion exchange to Cuf”Al;O3,
average current densities of 75 A/m? were observed at 823 K. SEM/EDS
analysis showed conversion to Cuf”’Al,Os3 to be greater than 99%. Following
ion exchange, the Cuf”Al,O3 showed similar physical properties to that
synthesized from direct sintering from the base oxides (Figure 5).

5mm
Prepared from the melt (method 3), Cup”Al,O3 was observed to have a
density of 3.5 g/cm®, and be a nearly-opaque, reddish-black color (Figure 6). Figure 6: Cup”AlLOs
Approximately 2 cm of movement through the furnace hot zone was required ~ Synthesized directly
: » . - .. from melt of Cu,0,
for the resulting Cup”Al,O3 to appear uniform in diameter and composition. MgO., and ALO
Rods of Cuf”Al,03 were found to fracture easily. ’ 2

Thermodynamic Study of the Copper — Aluminium System

Cup”Al,O3 was utilized to measure the mixing thermodynamics of the copper-aluminium
binary system through electrochemical method. When used to study a copper-aluminium alloy
of 10 wt% copper, Cup”’Al,O3 synthesized through all methods were found to perform equally in
the temperature range of interest, 821 K to 1563 K (548 °C to 1290 °C). As a result, Cup”Al,0O3
made directly from sintering of copper(l) oxide, alumina, and magnesia (Method 2) was used for
all measurements, since its synthesis was the most straightforward. Both cell geometries 1 and 2
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were also found to function equally, with open circuit potentials reaching steady state within 30
minutes and subsequently remaining stable over time (Appendix 1).

10 mal% Cu| ! ! ! ! ] 1

*
o O Calorimetry, Stoltz 1993
! g ig :3"2 gﬂ #* 0.9+ +  Mass Spec, Oyamada 1998
+  60mol% Cu 2‘ Calorimetry, Kanlbollntsky2002
O 80mal% Cu 0.8 Vapor Plressure. Zaitsev 2007 T
08k : i +  EMF, this study
0.7
¥
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—~= 086 o J o
3 | __---- -—7 Y % 0.5
2 o g
u 04 _ "//r/,/./-r/’ﬁ - < 04
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Figure 7: Variation of the electrochemical potential, Figure 8: Copper and aluminium activity evaluated at
referenced to liquid copper, with temperature and for 5 1373K, compared to literature values [9-12]. Lines are
compositions (solid lines shows reproducible temperature  spline fit interpolation of the present data, and
range, dashed lines extend to the liquidus reported in aluminium activity estimated from Gibbs-Duhem
[59]) eqn(b).

Steady-state EMF measurements for five compositions in the binary copper-aluminium
liquid phase reported in the phase diagram published by Murray™® are presented in Figure 7 as a
function of temperature. Only for copper contents of 10 mol% and 80 mol% could stable cell
potential be measured from 1473K (1200 °C) down to the liquidus points, 873 K and 1318 K
respectively (600 °C and 1045 °C), reported in .

For copper compositions exceeding 10 mol% and less than 80 mol%, signals failed to
stabilize for temperatures around 200 K from the liquidus. EMF data were fitted linearly in this
temperature range, using Eqn(7) to determine partial molar enthalpy and entropy. The
corresponding activities of copper and aluminum at 1373 K (1100 °C) calculated using Eqn(6)
are presented in Figure 8, and compared to literature values obtained by other methods 2. The
copper activity agreement is found to be acceptable at the single previously-studied temperature
of 1373 K, falling within the range of literature values®*? for all compositions studied except
for 40 mol%, for which the electrochemical data underestimated the activity by 45%.
Aluminium activity predicted from electrochemical data using Eqn(8) systematically
underestimated the literature values®® ** by 15, 25, and 50% at compositions of 20, 40, and 60
mol% Cu respectively, arising from numerical error in fitting the data for the Gibbs-Duhem
integration (Eqgn 5). Study of additional compositions would support greater accuracy for the
Gibbs-Duhem numerical integration, though clear trends can already be noticed.

With the aim to support structure/properties relationship, integral Gibbs energy, enthalpy,
and entropy of mixing are depicted in Figures 9-11. Spline fit interpolations were utilized to
construct curves following a recent study that suggested such numerical interpolation provides a
more accurate fitting to chemical potential functions than polynomial fits.*” A table
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summarizing all thermodynamic data is included in Appendix 2. Previously reported peak
experimental values for enthalpy of mixing range from -4.5 kJ/mol® to -18 ki/mol®***2. Our
peak enthalpy of mixing is in close agreement with that presented [44] by Kubaschewski and
Alcock. Excess entropy at 50 mol% Cu was found to be 50% higher than the estimation also

reported in [44].

0

10k
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£ g
3 sl 2
= El
e T
<] <]
=20+
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—%— 1373 K (1100 °C) ~__=®
— & — 1473 K (1200 °C
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Cu

Figure 10: Enthalpy of mixing at 1373 K (1100 °C)
calculated by fitting the potential data to the Gibbs-
Helmoltz relation (line is a spline fit interpolation)

xCu
Figure 9: Gibbs energy of mixing estimated from
electrochemical potential data (lines are spline fit
interpolations)
Overall, the close relation of our results to prior experimental art demonstrates that
electrochemical methods utilizing CufB”Al,O3 can be applied to systems with
thermodynamically-complicated liquid phases to directly determine activity, Gibbs energy,
enthalpy, and entropy of the liquid alloy. Difficulty in measuring EMF near the liquidus for
alloys of intermediate copper composition is also believed to be caused by short range ordering

effects at the interface between the liquid alloy and the solid-electrolyte.

167
—#%— Total

— % — Excess
Ideal Configurational

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

>(Cu

Figure 11: Total (stars, plain line) and excess (stars,
dashed line) entropy of mixing at 1373 K (1100 °C)
calculated by fitting the potential data to the Gibbs-
Helmoltz relation (lines are spline fit interpolation). Plain
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curve is the ideal entropy of mixing

Discussion

Throughout the temperature range studied, the binary liquid activities exhibit strong
negative deviations from ideality. The negative Gibbs energy of mixing is caused by
contributions from both excess entropy of mixing and exothermic enthalpy of mixing.
Previously, Stolz predicted the non-ideal behavior of the copper-aluminium system to be driven
by the existence of an AlCu, associate complex™, whereas Zaitsev predicted AICu and AlCus
associate complexes™. However, minimal experimental efforts, such as neutron diffraction
measurements, have been directed at characterizing ordering in the copper-aluminium system.

Nevertheless, thermodynamics of mixing can be utilized to provide insight into the
structure of liquids. Darken’s factor for excess stability ES depicted in Figure 12 can be
calculated using Eqn(6) . As seen in Figure 12, a peak in excess stability is centered on AlCu,,
corroborating the prediction by Stolz!*?l. The existence of ordering within the copper-aluminium
system is reiterated through examination of the Bhatia Thornton structure factor. In the long

wavelength limit, the Bhatia-Thornton structure factor S;-(0) can be calculated through Eqn(9)
[50]

v 5
25 = i i i i ! i i i i U3 — — —Ideal System
EMF, this study
- Free-Volume Model, Trybula 2015
2l 0251 - Rad.l.ic,h—Kisler Model, Trybula 2015
e
- 0.2 e
XS 15
?_ 9’5 015 f /!
. 01t /_\ .,
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>(Cu KCLI
Figure 12: Excess stability (ES) calculated from Figure 13: Bhatia-Thornton structure factor (Scc(0)) at
experimentally determined thermodynamic properties of 1373 K (1100 °C) evaluated from the excess stability
mixing, using Eqn(6) at 1373 K (1100 °C). Lineis evaluated from the present data, compared to the ideal
calculated from a spline fit interpolation of excess Gibbs  case using Eqn(8-9). Line is calculated from the spline
energy of mixing fit interpolation utilized for excess stability. Dashed

curves represent results of computational models [62]

As presented in Figure 13, S;-(0) shows a divergence from ideal behavior in copper contents
above 30 mol% Cu, characteristic of strong ordering in the copper rich region of the phase
diagram. The trough is centered on 66 mol% Cu, further suggesting the existence of an AlICu,
associate complex. The composition range where ordering is observed from our results is in
agreement with recent computational results.
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Nevertheless, upon the inspection of integral total Gibbs energy, enthalpy, and entropy of
mixing curves (Figures 9-11), the true extent of ordering within the melt is not readily apparent.
To better understand the role of ordering within the system, a more refined thermodynamic
descriptions proves necessary. Previously, Rinzler and Allanore demonstrated the correlation
between trends in electronic entropy of mixing and ordering within high temperature liquid
binary systems®. Using electrical conductivity ** (Figure 14), Seebeck®, and Hall effect®
data, electronic entropy of mixing can be calculated through Eqn(10-11). As neither Hall effect
coefficients nor Hall mobility data are reported for the copper — aluminium binary, the Hall
mobility was estimated from data for pure liquid copper and aluminium. Four scenarios were
considered to evaluate the possible variation of those electronic properties as a function of
composition, as presented in Figures 15 and 16. Case 1 assumed a linear variation of the Hall
effect coefficient with mole fraction. Case 2 assumed a linear variation of the Hall mobility with
mole fraction. Case 3 was based on the only systems for which such variation has been
measured. Indeed, for Cu-Bi, Cu-Sb, Cu-Sn, and Cu-In liquid binary alloys, Takeuchi et al. [*®!
showed that the Hall effect coefficient was approximately the one of the non-copper end member
from 0 to 70 mol% Cu, while linearly reaching the one of pure copper from 70mol% to pure
copper. This scenario was taken to be Case 3. Case 4 was the opposite scenario from Case 3,
where the Hall effect coefficient of the binary was taken to be the one of copper from 30 mol%
Cu to pure copper and assuming a linear variation of the Hall effect coefficient from pure
aluminium to 30 mol% Cu.

Remarkably, as shown in Figure 17, the shape and magnitude of the calculated electronic
entropy of mixing proves resilient to uncertainty in the mobility term. A pronounced local
minimum in the electronic entropy of mixing for the copper aluminium system is observed in the
region of 50 mol% to 75 mol% Cu, reflecting the ordering present within the system. Other
entropic features and local minima, masked in the overall and excess entropy of mixing curves
are also visible. As presented in Figure 18, the composition of these minima mimic the
inflections observed in viscosity trends. This correlation between viscosity and electronic
entropy is not entirely surprising if both are considered reflecting short-range ordering within the
melt.
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Figure 14: Copper-aluminium conductivity at 1373 K Figure 15: Hall effect coefficient estimated at 1373 K

(1100 °C), calculated as inverse of the resistivity (1100 °C) from endmembers [64]- see text for case
reported in [63]. definitions.
4 107 _ . 1 -
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Figure 16: Hall mobility at 1373 K (1100 °C) estimated  Figure 17: Electronic entropy of mixing at 1373 K (1100
from end-members [64]— see text for case definitions. °C) calculated from Seebeck [63], conductivity [63], and
estimated Hall mobility.

The existence of ordering in melts has previously been correlated with increase viscosity
for compositions where associate complexes are present!®®”] explaining the observed peak in
viscosity near 50 to 70 mol% Cu. The source of the peak in viscosity near 10 to 25 mol% Cu is
not readily apparent, but could suggest the presence of other associates, emphasizing the need for
dedicated experimental research surrounding the structure of the liquid phase. Further research
would aid in resolving discrepancy between Konstantinoval® and Schick!*®! in their reported
composition of the aluminium-rich viscosity peak. Nevertheless, insight into liquid ordering is
confirmed as being possible through electronic entropy of mixing. The later proves useful for
describing peaks in viscosity of the copper-aluminium system,.

While integral total thermodynamic properties of mixing may mask specifics of
phenomena such as ordering, measured thermodynamics from studies using EMF methods
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indeed serve as a viable starting point for predicting general trends in liquid phase physical
properties such as viscosity. A comparison of the dynamic viscosity calculated from our
thermodynamic data using the Kozlov®® and Schick-Brillo™! models to literature values is
depicted in Figure 19.

1 1] 10
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o |~ & ~n-Schick 2012 e SNy VAN 4 \“i Pl
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Figure 18: Comparison of experimental viscosities Figure 19: Viscosity calculated from electrochemical
[13,22] and calculated electronic entropy of mixing at potential data at 1373 K (1100°C) using Kozlov and
1373 K (1100 °C). All curves are normalized to their Shick-Brillo models, compared to experimental data

maximum value [13,22].

The Kozlov model suggests an approximately linear relation between copper and
aluminium viscosity. The Schick-Brillo model under-predicts the dynamic viscosity in the
copper-rich region when experimental thermodynamic data is used, stemming from their implicit
assumption that entropy of mixing for the copper-aluminium system is ideal, a claim disputed in
this study and others!®*2°81.

Neither model reproduces the ordering-induced peaks in viscosity, presenting a
shortcoming in current methods of thermophysical prediction of viscosity. Ordering shows a
disproportionate effect on viscosity within a system, yet current methods of viscosity prediction
from thermodynamics rely on activity or integral total mixing properties such as enthalpy,
entropy, and Gibbs energy, all of which mask ordering effects in the liquid. A model based on
thermodynamic phenomena such as electronic entropy that more readily illustrate the effects of
ordering within a melt is necessary to accurately predict viscosity in systems exhibiting strong
association. Currently, minimal experimental viscosity data exists for highly-ordered liquid
alloy systems, hindering the development of such a viscosity model.

If viscosity is known or can be accurately calculated from thermodynamics, activity data
can be used to predict self-diffusion coefficients within a melt using the Singh-Sommer
relation®” via Eqn(17,18). Calculated self-diffusion coefficients for copper and aluminium in
copper-aluminium alloys are presented in Figure 20, both from experimental viscosity data and
from viscosity calculated from EMF data via the Kozlov model for viscosity. While other
experimental values for copper and aluminum self-diffusion are not present in the literature,
values calculated using the Singh-Sommer relation and activity data are on the order of
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magnitude expected for liquid copper and aluminium!®® and in acceptable agreement to recent ab
initio molecular dynamic simulations™*®! (ab initio MD). The peaks in experimental viscosity due

to associates are manifested as troughs in calculated diffusion coefficients.

Overall the presence of ordering
indicates that the Redlich-Kister solution
model typically utilized®*>**! for
CALPHAD is not appropriate for
accurately describing the solution
thermodynamics of strongly-ordered liquid
alloy systems like copper-aluminium!™.
In addition such ordering also hinders the
use of current thermophysical models for
use in the determination of physical
properties of a melt from thermodynamic
data. For the purposes of accurately
predicting liquid melt properties, the
implementation of computational models
that reflect non-ideal phenomena such as
ordering are necessary.

Conclusion

2
D"u Experimental Viscosity, Konstantinova 2016

18+ DM Experimental Viscosity, Konstantinova 2018
— DCu Experimental Viscosity, Schick 2012
16 —e DAI Experimental Viscosity, Schick 2012

— # — D, Kozlov Model Viscosity
141

— & —D,, Kozlov Model Viscosity
N # - D, abinitio MD, Jakse 2016
N, | @Dy, abinitio MD, Jakse 2016
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Figure 20: Diffusivities estimated from activity measured
using the present electrochemical potential data at 1373 K
(1100 °C) and experimental viscosity data [13,22],
compared to ab initio MD results [18]

Copper(I) B~ alumina (Cuf3”Al,O3) was synthesized through sintering, ion exchange, and
melt-based methods. Utilizing electrochemical potential difference method, Cuf”Al,O3 was
successfully used to measure the thermodynamic of mixing of the copper-aluminium system,
providing data in agreement with prior studies. It demonstrated the potential for use of
Cup”Al,O3 as a component of an electrochemical sensor for measuring copper content in liquid
metal processing. Explanations for physical property trends and structure were discussed in the
context of thermodynamics of mixing and ordering. Electronic entropy of mixing is confirmed
as a possible mean to inform short range ordering, in the present case reflecting trends in
viscosity for the copper-aluminium system. Cuf”Al,O3 represents a strong candidate for sensing
applications in copper-aluminium alloys due to its electrochemically-predictable behavior with
copper-aluminum melts, ease in synthesis and machining, and stability under air and at
temperatures inherent to liquid metal processing.
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Appendix 1: Example of Raw OCP Data

Depicted below is an example of open circuit potential (OPC) data collected for
Cup4Alp 6 vs Cu utilizing the copper-selective beta” alumina (Cuf”Al,O3) solid electrolyte
described in this study. At a given temperature and composition, steady state in OCP readings
was achieved within 1800 seconds. Typical standard deviations (sd) in OCP across a
measurement period ranged from 0.02 to 2 mV, increasing with higher temperatures.
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Figure Al: Sample of OCP data for Cug4Aly ¢ referenced to Cu collected utilizing
Cup”Al,0; after a stabilization period of 1800 s at each temperature.

21



Appendix 2:

Table Al. Summary of Thermodynamic Values

Summary of Copper-Aluminium Thermodynamics Units
Xcu | 01 | 02 | 04 | 06 | o8
T=1473K
acy 0.00125 | 0.00557 | 0.0273 | 0.163 0.583
ay 0.859 0.667 | 0.336 | 0.0529 | 0.00288
AGM -9.86 -16.7| -25.7| -27.7 -19.6 kJ/mol
AGY, -81.8 -63.6 | -44.1| -22.2 -6.61 kJ/mol
AGY, -1.87 -496 | -13.4| -36.0 -71.6 kJ/mol
T=1423K
acy 0.00118 | 0.00517 | 0.0261 | 0.160 0.597
ay 0.862 0.671| 0.333| 0.0511 | 0.00251
AGM -9.56 -16.2| -251| -27.1 -19.1 kJ/mol
AGY, -79.8 -62.3| -43.1| -21.7 -6.11 kJ/mol
AGY -1.75 -4.72| -13.0| -35.2 -70.9 kJ/mol
T=1373K
acy 0.00111 | 0.00477 | 0.0249 | 0.157 0.612
a, 0.866 0.676 | 0.330 | 0.0493 | 0.00216
AGM -9.25 -15.8| -24.4| -26.4 -18.5 kJ/mol
AGY, -77.7 -61.0| -42.1| -21.1 -5.61 kJ/mol
AGY, -1.64 -4.48 | -12.7| -34.4 -70.1 kJ/mol
AHM -1.18 -3.82| -8.07| -8.56 -4.05 kJ/mol
AHY, -21.3 -26.1| -151| -6.30 8.16 kJ/mol
AHY, 1.05 1.76 | -3.38| -11.9 -52.9 kJ/mol
ASM 5.76 8.63| 11.8| 13.0 10.2 J/(mol*K)
ASY, 41.1 254 | 19.7| 10.8 10.0 J/(mol*K)
ASH 1.84 443| 657| 163 11.1 J/(mol*K)
ASY oo 3.06 447 | 622 741 6.08 J/(mol*K)
T=1323K
acy 0.00103 | 0.00437 | 0.0237 | 0.154 0.629
a, 0.870 0.680 | 0.327 | 0.0473 | 0.00184
AGM -8.94 -15.3| -23.8| -25.8 -17.9 kJ/mol
AGY, -75.7 -59.8| -41.2| -20.6 -5.11 kJ/mol
AGY, -1.53 -424| -12.3| -33.6 -69.3 kJ/mol




Summary of Copper-Aluminium Thermodynamics | Units

Xcu 01 | 02 | 04 | 06
T=1273K

acy 0.000955 | 0.00399 | 0.0225 | 0.151

asy 0.888 0.695 | 0.332| 0.0451

AGM -8.486 -148| -231| -25.1 kJ/mol

AGY, -73.6 -58.5| -40.2| -20.0 kJ/mol

AGY, -1.252 | -3.852| -11.7| -32.8 kJ/mol
T=1173K

acy 0.000805 | 0.00323 | 0.0199 | -

asy 0.911 0.715| 0.334| -

AGM -7.768 138 | -21.7| - kJ/mol

AGY, -69.5 559 | -382| - kJ/mol

AGY -0.910 | -3.276 | -10.7 - kJ/mol
T=1073K

acy 0.000657 | 0.00252 | 0.0172 | -

ay 0.917 0.725| 0321| -

AGM -7.233 -130| -206| - kJ/mol

AGH, -65.4 534 | -362| - kJ/mol

AGH, -0.773| -2872| -101| - kJ/mol
T=973K

acy 0.000514 | 0.00186 | 0.0145 | -

ay 0.925 0.737 | 0306| -

AGM -6.70 121 | -194| - kJ/mol

AGH, -61.3 509 | -343| - kJ/mol

AGH -0.635 -2.47| -957| - kJ/mol
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Appendix 3: List of Symbols

a Activity
c Molar concentration
D Self-diffusion coefficient

Cell potential difference

E4 Activation energy for viscous flow
ES Excess stability

F Faraday constant

H Partial molar enthalpy

kg Boltzmann’s constant

M Hall mobility

r Radius of diffusing particle

R Ideal gas constant

Ry Hall effect coefficient

S Partial molar entropy

Scc(0)  Bhatia-Thornton structure factor

SE Electronic entropy

T Absolute temperature

X Mole fraction

Y Partial molar quantity

z Number of electrons per copper (I) ion that travels across the Cuf3” Al,0; membrane
a Seebeck coefficient

AGM Gibbs energy of mixing
AHM Enthalpy of mixing

ASM Entropy of mixing
n Dynamic viscosity
n® Pre-exponential factor for viscous flow

U Partial molar Gibbs energy



g

Electrical conductivity
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Figure 1: Electrochemical cell for exchange of Na* with Cu™ in B*’-Al,O3
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Figure 5: Cuf”Al,O3 synthesized through ion exchange with Nap”Al,O3 synthesized from
NaAlO,, MgO, and Al,O3 powders sintering

Figure 6: Cuf”Al,O3 synthesized directly from melt of Cu,O, MgO, and Al,O3

Figure 7: Variation of the electrochemical potential, referenced to liquid copper, with
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dashed lines extend to the liquidus reported in [59])

Figure 8: Copper and aluminium activity evaluated at 1373K, compared to literature values [9-
12]. Lines are spline fit interpolation of the present data, and aluminium activity
estimated from Gibbs-Duhem eqn(5)

Figure 9: Gibbs energy of mixing estimated from electrochemical potential data (lines are spline
fit interpolations)

Figure 10: Enthalpy of mixing at 1373 K (1100 °C) calculated by fitting the potential data to the
Gibbs-Helmoltz relation (line is a spline fit interpolation)

Figure 11: Total (top star, plain line) and excess (star, dashed line) entropy of mixing at 1373 K
(1100 °C) calculated by fitting the potential data to the Gibbs-Helmoltz relation (lines are
spline fit interpolation). Plain bottom curve is the ideal (random) entropy of mixing

Figure 12: Excess stability (ES) calculated from experimentally determined thermodynamic
properties of mixing, using Egn(6) at 1373 K (1100 °C). Line is calculated from a spline
fit interpolation of excess Gibbs energy of mixing

Figure 13: Bhatia-Thornton structure factor (Scc(0)) at 1373 K (1100 °C) evaluated from the
excess stability evaluated from the present data, compared to the ideal case using Eqn(8-
9). Line is calculated from the spline fit interpolation utilized for excess stability. Dashed
curves represent results of computational models [62]

Figure 14: Copper-aluminium conductivity at 1373 K (1100 °C), calculated as inverse of the
resistivity reported in [63]

Figure 15: Hall effect coefficient estimated at 1373 K (1100 °C) from endmembers [64]— see text
for case definitions

Figure 16: Hall mobility at 1373 K (1100 °C) estimated from end-members [64]— see text for
case definitions
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Figure 17: Electronic entropy of mixing at 1373 K (1100 °C) calculated from Seebeck [63],
conductivity [63], and estimated Hall mobility

Figure 18: Comparison of experimental viscosities [13,22] and calculated electronic entropy of
mixing at 1373 K (1100 °C). All curves are normalized to their maximum value

Figure 19: Viscosity calculated from electrochemical potential data at 1373 K (1100°C) using
Kozlov and Shick-Brillo models, compared to experimental data [13,22].

Figure 20: Diffusivities estimated from activity measured using the present electrochemical
potential data at 1373 K (1100 °C) and experimental viscosity data [13,22], compared to
ab initio MD results [18]

Figure Al: Sample of OCP data for Cug4Alys referenced to Cu collected utilizing Cuf”Al,O3
after a stabilization period of 1800 s at each temperature



