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1. Introduction

Aluminum alloys have many advantages that include high
thermal and electrical conductivities, low density, high specific
strength, ease of casting, high strength to weight ratio and
reasonable corrosion resistance. By using appropriate heat treat-
ment techniques [1—6] we can achieve better features. Aluminum
alloys have a wide range of applications in the aerospace and
automotive industries. In particular, the automotive industry uses
aluminum alloys for engine blocks and cylinder heads [6,7].

One of the most important aluminum based alloys is Al-Cu—Si.
Because of its low melting temperature and good fluidity, the
Al—Cu—Si eutectic alloy has been used in the application of braze
welding. Although a lot of research has been carried out on the
Al—Cu—Si non-eutectic alloy in the literature [8—10], only a few
studies [11] have been done on ternary eutectic Al-Cu—Si alloy
systems. From the Al-Cu—Si phase diagram [12], the eutectic
composition of Al-Cu—Si alloy is Al-26.82 wt.% Cu-5.27 wt.% Si and
the eutectic temperature is 797 K. The eutectic phases of Al-26.82
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wt% Cu-5.27 wt% Si eutectic alloy are Al solution, Si and
0(CuAl,). The aim of this study is to evaluate some of the thermo-
physical properties of Al-26.82 wt.% Cu-5.27 wt.% Si ternary eutectic
alloy such as the Gibbs—Thomson coefficient, solid—liquid interfa-
cial energy, solid—solid interfacial energy, enthalpy of fusion, en-
tropy of fusion, change of specific heats from liquid to solid and the
electrical conductivity of solid phases at their melting
temperatures.

2. Experimental procedure
2.1. Sample preparation

The composition of the alloy was chosen as Al-26.82 wt.% Cu-
5.27 wt.% Si [12] to grow a single solid Al solution phase on the
eutectic casting phase. The Al-26.82 wt.% Cu-5.27 wt.% Si alloy was
prepared in a vacuum furnace by using Al, Cu and Si metals with
99.99, 99.9 and 99.999% purities, respectively. The molten alloy was
poured into a graphite crucible at the casting furnace and then
directionally solidified. The sample was then ready to place in the
radial heat flow apparatus.

In order to obtain the grain boundary groove shapes (GBGS) in
metallic alloy systems, a radial heat flow apparatus was firstly
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designed by Giindiiz and Hunt [13]. The block diagram of the radial
heat flow apparatus is shown in Fig. 1. The details of the experi-
mental technique are given in Refs. [13—19]. Similar instruments
were used in this study to observe the GBGSs in the Al—Cu—Si.

2.2. Microstructure of AI-Cu—Si eutectic system

The microstructure of the alloy was observed through optical
microscope and SEM (Scanning Electron Microscope) in different
areas of the samples. The specimen was prepared for microscopic
observation using standard metallographic techniques. In order to
obtain a good image an etchant (2.5 ml nitric acid, 1.5 ml hydro-
chloric acid, 1 ml hydrofluoric acid in 95 ml water) was used for
15 s. The optical microscope and SEM photographs of the micro-
structure of the Al-Cu—Si alloy are shown in Fig. 2. The solid phases
existed in the Al—Cu—Si systems were clearly shown in Fig. 2¢c. The
photograph of Fig. 2c was taken from cross-sectional area of cy-
lindrical sample which was melted around the central heating
element and then annealed a sufficient period in a constant tem-
perature gradient to obtain the GBGS. Fig. 2c has shown the mi-
crostructures of solid phases with casting phase away from the
solid—liquid interface. According to Fig. 2c the solid «-Al phase
grown on the eutectic structure during the annealing period.

EDX composition analysis was used to determine the three
phases of the AlI-Cu—Si alloy. The EDX result is illustrated in Fig. 3.
As shown in Figs. 2 and 3, the black phase is the Al solid solution,
the gray phase is the Si solid solution and the white phase is 0
(CuAly). While the o-Al and 0-CuAl, phases grew alongside in
accordance with each other, the Si phase disrupted this harmony
with its needle like appearance in Fig. 2a, and with its blade like
appearance in Fig. 2c. Because the unstable Si phase has a faceted
structure, the a-Al and 6-CuAl, phases have unfaceted structures.

2.3. Determination of Gibbs—Thomson coefficients for solid Al
solutions in the Al—Cu—Si eutectic system

In order to determine the Gibbs—Thomson coefficient (I') from

Argon outlet
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the numerical method firstly constructed by Giindiiz and Hunt [13],
the groove coordinates of the GBGSs, the thermal conductivity ra-
tio, and the temperature gradient of the solid phase must be
known. In the measurement of temperature gradient and groove
coordinates the total experimental errors were determined as 6.5%
and 0.1%, respectively. Thus the total experimental error in the
determination of the Gibbs—Thomson coefficient is about 7%.

2.3.1. Determination of Gibbs—Thomson coefficient for solid Al
solution in equilibrium with Al—Cu—Si liquid

The GBGS for the Al solid solution in equilibrium with the
Al—Cu—Si liquid (Al-26.82 wt.% Cu-5.27 wt.% Si) were observed and
a typical GBGS was shown in Fig. 4. To determine the Gibbs—-
Thomson coefficients (I') for the Al solid solution with the nu-
merical model we used ten equilibrated GBGSs. We determined the
Gibbs—Thomson coefficients for both sides of these ten groove
shapes. The determined values of T" for the Al solid solution are
given in Table 1. The average value of I" from Table 1 is found to be
(211 £ 0.15) x 1077 Km.

2.3.2. Determination of Gibbs—Thomson coefficient for solid Al
solution in equilibrium with the solid CuAl,

For the first time, the GBGSs for a solid Al solution in equilibrium
with solid CuAl, were also observed in the present study and a
typical GBGS is shown in Fig. 5. As can be seen from Fig. 5, the solid
CuAl; phase has grown in front of the solid Al phase. To determine
the Gibbs—Thomson coefficients for the solid Al solution in equi-
librium with the solid CuAl,, we used four GBGSs. The values of I'
for the solid Al solution in equilibrium with the solid CuAl, are
given in Table 2. The average value of I" from Table 2 is found to be
(2.23 + 0.16) x 1077 Km.

2.4. Determinations of entropy of fusion per unit volume for solid Al
solutions

The entropy change per unit volume for an alloy is given by Refs.
[13],
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Fig. 1. Block diagram of radial heat flow apparatus.
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Fig. 2. a) and b) Optical microscope photographs of microstructure of Al-26.82 wt.% Cu-5.27 wt.% Si ternary eutectic alloy from the casting phase, c) SEM photograph of micro-
structural morphologies of Al-26.82 wt.% Cu-5.27 wt.% Si ternary eutectic alloy.
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Fig. 3. The chemical composition analysis of the Al-Cu—Si ternary eutectic alloy by using EDX.

_ 205 Vs(1 - C)C,

AGL= RTy (Cs — Cp) 2)

(1-Cs)(Sk— SR ) + Cs(Sh — S3)

AS; = v,

(1)

where ACy is the change in liquid composition due to curvature of
the interface at constant temperature, Ty is the melting tempera-
ture, Vs is the molar volume of the solid phase and R is the gas

where Sk, S3, S5 and S3 are the partial molar entropies for A and B
materials and Cs is the solid composition. For a sphere [20].
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Fig. 4. Typical grain boundary groove shape for solid Al solution in equilibrium with
the Al-26.82 wt.% Cu-5.27 wt.% Si eutectic liquid.
constant. For small changes

2my o5 Vs(1 - C)C, 3)
RTy (Cs — Cp)

AT, = mLACL =

where my is the liquidus slope. For a spherical solid r; = r; = r and
the curvature undercooling is written by

2 OsL

ATr = I'ASf

(4)

From Equations (3) and (4), the entropy change for an alloy is
expressed as

_RTy G -C

A5t = Vs (1 - )G (%)

The experimental error in the determination of AS¢ is about 5%
[21].

In the present work, it was not possible to determine the value
of the entropy of fusion per unit volume for the solid phase in the
ternary eutectic system from Eq. (5). For two different temperatures
Ty and T, at a constant pressure, the entropy of fusion per unit
volume can be expressed as

A
AS;y = Ti; (6)

Table 1

Solid CuAl,

Solid Al Solid Al

| 20 pm ;

Fig. 5. Typical grain boundary groove shape for solid Al solution in equilibrium with
the solid CuAl, phase.

Al
AS;, = Ti; (7

where Aqq and Aq; are the absorbed or emitted heat (entalpy of
fusion or solidification) at the melting temperatures. If the solid
phases are the same and the difference between T, and Ty is small,
the value of Aq; should be close to the value of Aqy i.e. Aq; =AqQy.
Dividing Eq. (6) by Eq. (7) gives

T
ASpy = Asfli (8)

If the value of 45 at Ty is known or determined for a solid phase
in the binary eutectic system, the value of 4Sp at T, can then be
estimated from Eq. (8) by using the values of 4Sg;, T1 and T, for the
same solid phase in the ternary eutectic system.

Some physical properties for the solid Al solution in equilibrium
with Al-26.82 wt.%Cu-5.27 wt.%Si liquid are given in Table 3. The
value of A4Sy for the solid Al solution in the Alg791Cuy682Si527 was
determined to be 0.69 x 10° ] K-1 m~3 from Eq. (8) by using the
relevant parameters and is also given in Table 3.

2.5. Determination of enthalpy of fusion and specific heat change
for solid Al solutions

To determine the enthalpy of fusion we have to know the en-
tropy of fusion per unit volume and it can be expressed as

The Gibbs—Thomson coefficients for solid Al solution in equilibrium with the Al-26.82 wt.% Cu-5.27 wt.% Si eutectic liquid. The subscripts LHS and RHS refer to left hand side

and right hand side of the groove respectively.

Grove No Gk x 10% (K/m) a® i Gibbs—Thomson coefficient
Tiys x 1077 (Km) Trus x 1077 (Km)

1 17.65 234 18.0 2.21 2.02
2 16.74 14.5 14.8 2.06 2.04
3 16.88 241 28.2 2.36 2.19
4 16.65 115 10.6 2.12 1.97
5 18.29 7.3 9.2 1.98 193
6 19.64 5.7 11.2 2.21 1.99
7 17.08 6.8 11.2 232 2.01
8 18.36 17.8 16.1 2.10 1.98
9 18.58 17.6 159 2.07 2.23
10 19.79 103 8.1 2.18 2.14

T=(2.11 £ 0.15) x 107 Km
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Table 2

The Gibbs—Thomson coefficients for solid Al solution in equilibrium with the solid CuAl,. The subscripts LHS and RHS refer to left hand side and right hand side of the groove

respectively.

Grove No Gk x 10% (K/m) a® ge Gibbs—Thomson coefficient
Tius x 1077 (Km) Trus x 1077 (Km)
1 20.00 234 18.0 2.26 2.23
2 20.36 14.5 14.8 2.27 2.23
3 19.75 241 28.2 2.09 2.22
4 2045 11.5 10.6 2.26 2.28
T=(2.23 £ 0.16) x 107 Km
Table 3
Some thermophysical properties for solid Al solution in equilibrium with Al-26.82wt.% Cu-5.27 wt.% Si eutectic liquid.
Alloy Solid phase Liquid phase Eutectic melting Point (K) AS¢(JK Tm~3)
Al—Cu [13] Al-5.7 wt.% Cu Al-33 wt.% Cu 821 0.67 x 10°
Al—-Cu—Si [12] Al Al-26.82 wt.% Cu-5.27 wt.% Si 795 0.69 x 10°
0AH
AHy 1 Acp = (— (15)
ASp =M _ (9) aT )p
Tm Vs

where AHy; is the enthalpy change of the solid phase at melting
temperature and Ty is the melting temperature.

Enthalpies of fusion (AHy) for solid Al solution phases in the
binary or ternary alloys were determined by using the values of the
entropy of fusion per unit volume, the melting temperature and the
molar volume in Eq. (9).

At constant pressure the specific heat is expressed as

Therefore the variation of enthalpy (H) with temperature (T) can
be obtained from the knowledge of the variation of specific heat
with temperature. A phase change from a low-to a high-
temperature phase is always endothermic, and hence the AHy; for
the change is always a positive quantity. Thus AHyy, the molar latent
heat of melting, which is the difference between the enthalpy of a
mole of liquid and the enthalpy of a mole of solid, is always positive.
The specific heat change can be obtained as follows:

For liquid state,

aHl' 'd
Cp(liquid) = (%)P (11)

For solid state,

oH.;;
Cp(solid) = (%M)P (12)
Subtracting Eqs. (11) and (12) gives
OHjiquid OH..;:
Cp(liquid) — CP(solid) = ( al;m )P - ( ;;hd)P (13)
a(Hliquid - Hsolid)
acp = [~ 2 (14)
P
or

At the melting temperature (Ty), the Eq. (15) can be written as
AHp = AcpTy (16)

The enthalpies of fusion (AHy) for solid Al solution phases in the
binary or ternary alloys were calculated from Eq. (9) and then the
changes of specific heats (ACp) were determined from Eq. (16) and
they are also given in Table 4. The calculated values of ACp for the Al
solution phase in different binary and ternary systems are close to
each other, except the value of ACp for the Al solution in the Al—Si
binary system. Due to the fact that silicon in Al—Si binary alloy has a
faceted microstructure and a high entropy of fusion value, the
values of enthalpy of fusion and specific change of heat for Al—Si are
higher than the other Al based binary and ternary alloy systems in
Table 4.

2.6. Evaluation of solid—liquid and solid—solid interfacial energy
for solid Al solutions in the Al-Cu—Si eutectic alloy

The solid—liquid interfacial energy (os;) for isotropic condition
[13] can be determined as

OsL

r= AS; (17)

In order to obtain os; from Eq. (17), one needs to know the
values of I" andASs. The solid—liquid interfacial energy between the
solid Al solution and Al-26.82 wt.% Cu-5.27 wt.% Si liquid and the
solid—solid interfacial energy of the solid Al solution in equilibrium
with solid CuAl, were determined to be (145.3 + 17.4) x 103 m~2
and (153.9 + 18.3) x 107> J m™2, respectively. The total experi-
mental error of determining the solid—liquid interfacial energy in
this study is about 12%.

2.7. Calculation of grain boundary energy for solid Al solutions in
the Al-Cu—Si eutectic alloy

If the grains are the same on both sides of the groove, the grain
boundary energy can be stated by

04+ 0
Ogh = ZGSLCOS (7/‘ 2 B) (18)

where 04 and 0p are the angles that both sides of the groove shapes
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Table 4
Thermodynamic properties for Al rich alloys at the eutectic melting temperature.

Alloy Melting temperature Molar volume of solid Entropy change of Enthalpy change of Change of specific heat
Tm (K) AlVy x 1078 (m?) fusion AS; x10° (J/K m?) fusion (AH) (J/mol) (ACp) (J/mol K)

Al-5.7 wt.% Cu 821 9.90 0.67 [13] 5446 6.6

Al-5.7 wt.% Cu 831 9.90 0.67 [14] 5512 6.6

Al-1.67 wt.% Si 850 9.96 0.86 [13] 7281 8.6

Al-42.09 wt.% Ag-7.5 wt.% Cu 775 9.81 0.61 [22] 4638 6.0

Al-26.82 wt.% Si-5.27 wt.% Cu 795 9.90 0.69 [PW] 5431 6.8

make with the y axis. From the Eq. (18),64p < 205sL.

The value of the grain boundary energy between the solid Al
solution and the Al—Cu—Si liquid and between the solid Al solution
and solid CuAl, were found to be (279.3 + 36.3) x 1073 J m~2 and
(3024 + 39.3) x 1073 J m~2, respectively from Eq. (18). In the
evaluation of 0, the experimental error is just about 1%. Thus the
total experimental error in the calculation of grain boundary energy
is about 13%.

The anisotropy of the interfacial energy is crucial for phase
transformations. However the exact determination of this value is
very difficult and there are a limited number of studies in the
literature. Since the anisotropy of interfacial energy for solid Al
solution is unknown, the interfacial energy between the Al solid
solution and Al—Cu—Si liquid was supposed to be isotropic in this
study.

The values of T, o5 and ogp, for the solid Al solution determined
in this study were compared with the similar quantities for Al based
binary and ternary alloys evaluated in previous works. The com-
parison of these values and their good agreement in the limits of
experimental errors can be seen in Table 5. The values obtained by
Bulla et al. [24] disagree with the other works in Table 5. In Ref. [24]
the value of I" for Al solution was found to be in the range of
4.4 x 1078 -8.1 x 1078 km. The average value of I" obtained by Ref.
[24] is three times smaller than the value of I' obtained in the
present and previous works. Thus the value of solid—liquid inter-
facial energy obtained by Ref. [24] is lower than the other values of
solid—liquid interfacial energies in Table 5.

2.8. Determination of electrical conductivity for solid Al solutions

Investigations of the thermal and electrical properties of
aluminum rich alloys are important for many technological appli-
cations. Thermal and electrical conductivity play a crucial role in
testing the performance and stability of alloys. In the literature,
there is not much information about the thermal and electrical
properties of Al rich alloys. Thus, determining the thermal and
electrical properties for Al rich alloys could be of great use to

Table 5

researchers and engineers. The determination of thermal and
electrical conductivity values were achieved in two steps. Firstly
the variations in the thermal conductivity of the solid phases with
temperature were measured for different compositions of Al rich
alloys. Secondly the variations in electrical conductivity with
temperature were calculated via the Wiedemann-Franz law and
Smith-Palmer equation for the same materials.

The thermal conductivity of solid Al phase has measured by
using the radial heat flow apparatus and the details of procedure
can be learn in Refs. [13—17]. To measure the thermal conductivity,
the inside of the cylindrical specimen was heated with a heating
wire and the outside of the sample was cooled by a circulating bath.
The temperature gradient of the solid phase in the sample can be
calculated by Fourier's law,

dT Q
= (), = (19)

where Ks is the thermal conductivity of solid phase, Q is the power
on the sample, A is the surface area. When we integrate Eq. (19), it
gives Eq. (20).

Ks = ao (20)

_Q
T -T,
where a, = In(r,/r1)/27% is an experimental constant, ¢ is the
length of the heating wire, T; and T, are the temperatures of the
thermocouples, ry and r; are the distances from the center of the
sample. The reliable thermal conductivity values can be deter-
mined by measuring the Q, ry, rp, ¢, T1 and T, values.

Since both the electrical and heat transportation of the metal
depend on free electrons, the ratio of thermal conductivity (K) to
electrical conductivity (o) is proportional to the temperature of the
metal. This fact is discovered by the Wiedemann—Franz law,

A comparison of the values of T, s and g, for solid Al solution obtained in the present work with the values of T, 65, and 6, obtained in previous works for similar binary and

ternary alloys.

System Solid phase Liquid phase Temperature Entropy I'x 1077 (Km) o5 x 102 (m™2) og x 102 (m™2)

(K) AS¢ x 108

(/K m?)

Al—Cu Al (Al-2.5 at% Cu) Al-17.3 at% Cu 821 067[13] 241+0.19[13] 16340 + 2124 [13] 324.70 + 45.46 [13]
Al-Si Al (Al-1.59 at¥% Si) Al-12.1 at% Si 850 0.86[13] 1.96+0.16[13] 168.95+21.96 [13] 336.50 + 47.11 [13]
Al-Mg Al (A-18.9 at% Mg) Al-37.4 at% Mg 723 115[25] 130 +£0.10[25] 149.20 + 1940 [25] 295 = 41 [25]
Al—CuAl, Al (Al-2.5 at% Cu) Al-17.3 at% Cu 831 067[14] 236+ 0.16[14] 160.01 + 1920 [14] —
Al-NiAl; Al (Al-0.023 at%Ni) Al-3.06 at%Ni 913 092[14] 1.86+0.13[14] 171.56 +20.58 [14] 336.50 + 47.11 [14]
Al-Ti Al (Al-0.186 at% Ti) Al-0.0169 at% Ti 938 133[14] 131+009[14] 17462 2095 [14] 335.14 + 46.92 [14]
Al-Ti Al (AI-0.186 at% Ti) Al-0.0169 at% Ti 938 133[23] 128 +006[23] 17072 = 1622 [23] 332.01 + 35.19 [23]
Al—Cu—Ag Al (Al-16.42 at% Ag-4.97 at% Cu) Al-16.57 at% Ag-11.87 at% Cu 775 1.07[24] 063 +0.14[24] 67 + 15 [24] -
Al—Cu—Ag Al (Al-16.42 at% Ag-4.97 at% Cu) Al-16.57 at% Ag-11.87 at% Cu 775 061[22] 229+ 0.16[22] 137.40 + 1649 [22] 268.20 + 34.87 [22]
Al—-Cu—Si Al (Al-2.88 at% Cu-1.49 at¥% Si) Al-13.5 at% Cu-6 at.% Si 795 0.69 [PW] 2.11 + 0.15[PW] 145.30 + 17.40 [PW] 279.30 + 36.30 [PW]

PW: Present Work.
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Thermal and electrical conductivities for some Al rich alloys at the eutectic melting temperature.

Alloy Melting temperature Thermal conductivity Electrical conductivity Electrical conductivity Electrical conductivity

Tm (K) K (W/Km) (Smith—Palmer) (Wiedemann—Franz) (experimental)
o x 108 (1/Qm) o x 108 (1/Qm) o x 108 (1/Qm)

Al-5.7 wt.% Cu 821 135.90 [13] 0.0686 0.0676 -

Al-5 wt.% Cu 835 - - - 0.1027 [28]

Al-35 wt.% Cu 821 — - - 0.0649 [28]

Al-1.67 wt.% Si 850 108.60 [13] 0.0518 0.0521 -

Al-17.4 wt.% Mg 723 120 [25] 0.0680 0.0677 -

Al-10 wt.% Mg 723 - - - 0.0720 [28]

Al-6.4 wt.% Ni 913 76.15 [14] 0.0323 0.0340 -

Al-0.22 wt.% Ti 938 129.70 [14] 0.0571 0.0564 —

Al-42.09 wt.% Ag-7.5 wt.% Cu 775 152.99 [24] 0.0825 0.0806 -

Al-42.09 wt.% Ag-7.5 wt.% Cu 775 140.92 [22] 0.0756 0.0742 -

Al-6 wt.% Si-3 wt.% Cu 811 - - - 0.0747 [27]

=T (21)

K
(e}
where T is the temperature and L is the Lorenz number and it is
equal to

2 2

L= % (’%‘3) =2.44 x 10 8WQK 2 (22)
A modified form of the Lorenz equation, known as the Smith-

Palmer equation, can be used to estimate the thermal conductiv-

ity [26]. In particular, the Smith-Palmer equation for aluminum

alloys (without silicon) can be written as

K = 0.909LoT + 10.5 (23)

The values of thermal conductivity for Al-Cu [13], Al-Si [13],
Al-Mg [22], Al-Ni [14], Al-Ti [14], Al-Cu—Ag [24,25], Al-Cu—Si
[27] alloys at their melting temperatures were taken from the
literature. Then the electrical conductivity values for these
aluminum based binary and ternary alloys at their melting tem-
peratures were calculated from the Wiedemann—Franz law and
Smith—Palmer equation separately by using K and L values; the
values are given in Table 6.

As can be seen from Table 6, the electrical conductivity values
obtained from the Smith-Palmer equation and the Wiedemann—-
Franz law are compatible with each other. Also, the calculated
values of electrical conductivity for Al rich alloys agree well with
the values of electrical conductivity experimentally measured in
previous works [27,28] for Al rich binary and ternary alloys.

3. Conclusions

Some of the thermophysical properties and the microstructure
of aluminum based binary or ternary alloys were investigated. The
results obtained in this work can be summarized as follows:

a. The microstructure of the Al-26.82 wt.% Cu-5.27 wt.% Si alloy
was observed through SEM (Scanning Electron Microscope) in
different areas of the samples. The three eutectic phases (a-Al,
Si, CuAly) of the Al—Cu—Si alloy were strictly determined by EDX
analysis.

b. The GBGSs between the solid Al solution and the Al-Cu—Si
liquid and between the solid Al solution and the solid CuAl,
solution were viewed. The Gibbs—Thomson coefficients, solid-
—liquid interfacial energy, solid—solid interfacial energy and
grain boundary energies between the solid Al solution and the
Al—Cu—Si liquid and between the solid Al solution and solid
CuAl, solution were determined. When we compare the

determined values for the Al-Cu—Si system with similar pre-
vious works, we find very good compatibility.

c. The entropy of fusion (ASs), enthalpy of fusion (AHy) and the
change of specific heat (ACp) for solid Al solutions in the binary
and ternary alloys were determined by using the measured
relevant physical properties of the solid Al solution phases.

d. The electrical conductivities for the solid Al solution phases at
their melting temperatures were calculated from the
Wiedemann-Franz law and Smith-Palmer equation by using the
measured values of K and L. The calculated electrical conduc-
tivity values are compatible with each other and with experi-
mentally measured previous works.
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