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The equilibrated grain boundary groove shapes of solid solution AgsAl in equilibrium with an Al-Cu-Ag liquid

were observed from a quenched sample with a radial heat flow apparatus. The Gibbs—Thomson coefficient, solid-liquid

interfacial energy and grain boundary energy of the solid solution Ags Al have been determined from the observed grain

boundary groove shapes. The thermal conductivity of the solid phase and the thermal conductivity ratio of the liquid

phase to solid phase for AgoAl-28.3 at the %CuAlz alloy at the melting temperature have also been measured with a

radial heat flow apparatus and Bridgman type growth apparatus, separately.
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1. Introduction

The solid-liquid interfacial energy, ogy,, is recog-
nized as playing a key role in a wide range of met-
allurgical and materials phenomena from wetting!!!
and sintering through phase transformations and

2] Thus, a quantitative knowledge of ogr,

coarsening.
values is necessary. However, the determination of
ogr, is difficult. Since 1985, a technique for the quan-
tification of solid-liquid interfacial free energy from
the grain boundary groove shape has been estab-
lished. This technique is based on the direct appli-
cation of the Gibbs—-Thomson equation and can be
used to measure ogy, for multi-component systems as
well as pure materials, for opaque materials as well as
transparent materials, for any observed grain bound-
ary groove shape and for any value of the thermal
conductivity ratio of the equilibrated liquid phase to
solid phase, R = K1,/ Ks. Measurements of the solid—
liquid interface energies were made in pure materials

and alloys.[3—36]

More recently, the phase diagram of the alu-
minum (Al)-silver (Ag)—copper (Cu) system has been
evaluated®” and a part of the phase diagram is shown

in Fig.1. Some thermophysical properties such as
solid-liquid interfacial energy, Gibbs—Thomson coef-
ficient, grain boundary energy and thermal conduc-
tivities of the solid and liquid phases have not been
well known. These thermophysical properties could
be of use to people doing comparisons between ex-
perimentally observed solidification morphology and
predictions from theoretical models. Thus the aims
of the present work were to observe the grain bound-
ary groove shapes of solid solution AgoAl in equilib-
rium with an Al-Cu-Ag liquid and to determine the
Gibbs—Thomson coefficient, solid—liquid interfacial en-
ergy and grain boundary energy for the solid solu-
tion AgoAl from the observed grain boundary groove
shapes.

2. Materials and methods

2.1. Sample production

The phase diagram of the CuAly—AgsAl system
has been evaluated®” as shown in Fig.1. From the
phase diagram, the composition of the alloy was cho-
sen to be Ago Al1-28.3at%CuAl; to grow a single phase

*This research was financially supported by the Scientific and Technical Research Council of Turkey (TUBiTAK (Grant No

105T481).
tCorresponding author. E-mail: marasli@erciyes.edu.tr
http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn



No.9

Experimental determination of interfacial energies for AgaAl solid solution ... 3953

solid solution AgyAl (AgeAl-28.3at%CuAly) in the
cast state. An AgoAl-28.3at%CuAl, alloy was pre-
pared in a vacuum furnace by using 99.9% pure alu-
minum, 99.99% pure silver and 99.9% pure copper.
After stirring, the molten alloy was poured into a
graphite crucible held in a specially constructed cast-
ing furnace at approximately 50 K above the melting
point of the alloy. The molten metal was then direc-
tionally solidified from bottom to top to ensure that
the crucible was completely full.
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Fig.1. The phase diagram of CUQAI*AgQAl.Bﬂ

In order to observe the equilibrated grain bound-
ary groove shapes in opaque materials, Glindiiz and
Hunt!*®16] designed a radial heat flow apparatus.
Maragli and Hunt'”) improved the experimental ap-
paratus for higher temperatures. The details of the
apparatus and experimental procedures are given in
Refs.[15]-[17]. In the present work, a similar appa-
ratus was used to observe the grain boundary groove
shapes in the AlI-Cu—Ag ternary alloy.

The sample was heated from the centre by a sin-
gle heating wire and the outside of the sample was
kept constant to an accuracy of +0.01 K at 293 K
(20 °C) using a Poly Science digital 9102 model heat-
ing/refrigerating circulating bath to get a constant ra-
dial temperature gradient on the sample. A thin liquid
layer was melted around the central heating wire and
annealed for a sufficient period in a constant radial
temperature gradient. The temperature on the sample
was controlled to an accuracy of +0.01 K with a Eu-
rotherm 2604 type controller. The annealing time for
the AgoAl-28.3at%CuAly specimen was 4 days. Dur-
ing the annealing period, the temperature in the solid
phase and the vertical temperature variations on the
specimen were continuously recorded by the station-

ary thermocouples and a movable thermocouple, re-
spectively, by using a data logger via a computer. The
input power was also recorded periodically. The tem-
perature in the sample was stable to about £0.025 K
for hours and £0.05 K for up to 4 days. At the end of
the annealing time the specimen was rapidly quenched
by turning off the input power which is sufficient to
get a well-defined solid-liquid interface, because the
liquid layer around the central heating wire was very
thin (typically less than 0.5-1 mm).

2.2. Measurements of the coordinates of
equilibrated grain boundary groove
shapes

The quenched sample was cut transversely into
lengths typically 25 mm and the transverse sections
Grind-
ing and polishing were then carried out by follow-

were ground flat with 180 grit SiC paper.
ing the standard route. After polishing, the sam-
ples were etched with a 14 ml sulfuric acid, 2.5 gr
(1 gr=0.064799 g) molybdic acid in 50 ml water for
10 seconds.

The equilibrated grain boundary groove shapes
were then photographed with an Olympus DP12 type
CCD digital camera placed in conjunction with an
Olympus BX51 type light optical microscope. A
graticule (200 x 0.01 = 2 mm) was also photographed
The photographs of the
equilibrated grain boundary groove shapes and the

using the same objective.

graticule were superimposed on one another using
Adobe PhotoShop 8.0 version software so that an ccu-
rate measurement of the groove coordinate points on
the groove shapes could be made.

2.3. Geometrical correction for the

groove coordinates

The coordinates of the cusp (x, y) should be mea-
sured using the coordinates (x, y, z) where the = axis
is parallel to the solid-liquid interface, the y axis is
normal to the solid—liquid interface and the z axis lies
The co-
ordinates of the cusp (2', y’) from the metallographic

at the base of the grain boundary groove.

section must be transformed to the (z, y) coordinates.
Maragh and Hunt('” devised a geometrical method
to make appropriate corrections to the groove shapes
and the details of the geometrical method are given in
Ref.[17].



3954

Ocak Y et al

Vol. 18

The coordinates of equilibrated grain boundary
groove shapes were measured with an optical micro-
scope to an accuracy of £10 pum by following the
Maragh and Hunt geometrical method so that appro-
priate corrections to the shape of the grooves could be
deduced. ']

2.4. Measurements of the thermal con-
ductivity of the solid and liquid
phases

The thermal conductivity ratio of the equilibrated
eutectic liquid phase (CuAly—23.6at%AgsoAl) to the
solid solution AgyAl phase (AgyAl-28.3at%CuAly),
R = Ky (eutecticliquid)/ Ks(ag, A1) must be known or
measured to evaluate the Gibbs—Thomson coefficients
with the present numerical method. The radial heat
flow method is an ideal technique for measuring the
thermal conductivity of the solid phases. The thermal
conductivity of the solid solution AgsAl phase is also
needed to evaluate the temperature gradient on the
solid phases. Under the steady-state condition, the
temperature gradients in the cylindrical specimen is

given by Fourier’s law

aT Q
- —___ % 1
dr AKS’ ( )

where @ is the total input power from the centre of
the specimen, A is the surface area of the specimen
and Kg is the thermal conductivity of the solid phase.
Integration of the Eq.(1) gives

KS = GU%, (2)
where ag = In(ry/r1)27¢ is an experimental constant,
r1 and ro (ro > r1) are fixed distances from the centre
axis of the specimen, ¢ is the length of the heating
wire which is constant, and 77 and 75 are the tem-
peratures at the fixed positions, r; and ry. Equation
(2) could be used to obtain the thermal conductivity
of the solid phase by measuring the difference in tem-
perature between two fixed points for a given power
level provided that the vertical temperature variations
is minimum or zero.

The thermal conductivity of the solid solution
AgoAl phase (AgoAl-28.3at%CuAly) was measured in
the radial heat flow apparatus. The sample produc-
tion was made as mentioned in Section 2.1. The speci-
men was heated from the centre using a single heating

wire (140-190 mm in length and 2.5 mm in diameter,
Kanthal A-1) in steps of 50 K up to 10 K below the
melting temperature of the material and the outside of
the specimen was cooled to get the radial temperature
gradient. To get the reliable value of thermal con-
ductivity in the thermal conductivity measurement,
larger radial temperature gradient is desired. For this
purpose, the gap between the cooling jacket and the
specimen was filled with free running sand or graphite
dust and the outside of the specimen was kept at 293 K
using a heating/refrigerating circulating bath. The
length of the central heating wire was chosen to be
10 mm longer than the length of the specimen to make
isotherms parallel to the vertical axis.

The specimen was kept at a steady state condi-
tion for at least two hours at a setting temperature. In
a steady state, the total input power and the station-
ary thermocouples temperatures were recorded with
a Hewlett Packard 34401 type multimeter and a Pico
TC-08 data-logger. After all desired power settings
and temperature measurements had been completed
during the heating procedure, the cooling procedure
was started in same steps down to room temperature.
The experimental value of ag for the solid solution
AgoAl phase (AgyAl-28.3at%CuAly) was 1.505 m~?
in the present work.

The thermal conductivity of the solid solution
AgoAl phase versus temperature is shown in Fig.2.
The value of Kg for the solid solution AgsAl phase
(AgoAl-28.3at%CuAly) at the eutectic melting tem-
perature was obtained to be 46.0 W/(K-m), by ex-
trapolating to the eutectic temperature as shown in
Fig.2. The values of thermal conductivities used in
the determination of the Gibbs—Tomson coeffient are
given in Table 1.

400 M
1 o pure Al
3207 5 pure Agl39
1 & pure Cul40]
240 \o\,\.\ﬂ\.\

v AgaAl-28.3at%CuAly [present work]

Thermal conductivity/(W/(K-m))

160 1
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0 - - . . |
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Fig.2. Thermal conductivity of the Ago Al-28.3at%CuAls
alloy solid phase versus temperature.
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Table 1. Thermal conductivity of specific solid and liquid phases in the AlI-Cu—Ag ternary alloy at

their melting temperature.

melting

alloy phases K/(W/K-m) R =Ky, /Kg
temperature/K
liquid (Al-16.57at%Ag-11.87at%Cu) 55.4 [36]
775.09 1.42
solid (Ag-38.60at%A1-2.93at%Cu) 38.9 [36]
Al-Cu-Ag o
liquid (CuAls—23.6at%Ag2Al 42.0
iquid (CuAly~23.6at%Ag2Al) 799.35 0.91
solid AgoAl (AgaAl-28.3at%CuAlsz) 46.0

It is not possible to measure the thermal conduc-
tivity of the liquid phase with the radial heat flow ap-
paratus since a thick liquid layer (10 mm) is required.
A layer of this size would certainly have led to con-
vection. If the thermal conductivity ratio of the liquid
phase to the solid phase is known and the thermal con-
ductivity of the solid phase is measured at the melting
temperature, the thermal conductivity of the liquid
phase can then be evaluated. The thermal conduc-
tivity ratio can be obtained during directional growth
with a Bridgman type growth apparatus. The detail
of the experimental procedure was given in Refs.[17]-
[24].

The thermal conductivity ratio of the eutec-
tic liquid (CuAly—23.6at%AgsAl) to the solid so-
lution AgoAl phase (AgoAl-28.3at%CuAly) R =
K1 (cutectic)/ Ks(ag,al) Was measured to be 0.91 as
shown in Fig.3. The values of K1, and Kg used in
the determination of Gibbs—Thomson coeflicient are
also given in Table 1.
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Fig.3. Cooling rate of AgoAl-28.3at%CuAlsy alloy.

A comparison of the values of Kg and K7, for the
solid solution AgsAl and the CuAly—23.6at%AgoAl
liquid obtained in the present work with the values of
Kg and K7, for the solid solution AgsAl and CuAls—
23.6at%Ago Al liquid obtained in the previous work is
given in Table 1. As can be seen from Table 1, the
value of Kg for the solid solution AgsAl obtained in

the present work is about 15% bigger than the value of
Ky for the same solid phase obtained by Bulla et al!3¢
but the value of R = KT (cutectic)/ Ks(Ags Alsolution) Ob-
tained by Bulla et al[?9 is about 50% bigger than the
value of R = KT, (cutectic)/ KS(Ags Alsolution) Obtained in

present work.

2.5. Measurement of temperature gradi-
ent in the solid phase

The cylindrical sample was heated from the cen-
tre by a thin heating wire and a thin liquid layer was
melted around the central heating wire. At the steady-
state the temperature gradient at radius r is given by

_dr Q

Gs = dr _QWMKS’

(3)
where @ is the input power, ¢ is the length of the heat-
ing wire, r is the distance of the solid-liquid interface
to the centre of the sample and Kg is the thermal
conductivity of the solid phase.

The average temperature gradient of the solid
phase must be determined for each grain boundary
groove shape. This was done by measuring the input
power, the length of the heating wire and the position
of the solid-liquid interface and the value of Kg for
the solid solution AgsAl phase at the eutectic melt-
ing point. By using these measured values in Eq.(3)
the temperature gradient can be determined for each
grain boundary groove shape.

3. Results and discussions

3.1. Determination of the Gibbs—

Thomson coefficient

If the thermal conductivity ratio of the equili-
brated liquid phase to solid phase, the coordinates of
the grain boundary groove shape and the temperature
gradient of the solid phase are known, the Gibbs—
Thomson coefficient (I') can be obtained using the



3956

Ocak Y et al

Vol. 18

numerical method described in detail in Ref.[15]. The
experimental error in the determination of the Gibbs—
Thomson coefficient is the sum of experimental errors
in the measurement of the temperature gradient, ther-
mal conductivity and groove coordinates. Thus the to-
tal error in the determination of the Gibbs—Thomson
coefficient is about 7%.[17]

The Gibbs—Thomson coefficients for the solid so-
lution AgyAl in equilibrium with the eutectic Al-Cu—
Ag liquid were determined with the present numeri-
cal model by using ten equilibrated grain boundary
groove shapes. Typical grain boundary groove shapes
for the solid AgsAl solution in equilibrium with the

)

eutectic liquid (CuAly—23.6at%AgeAl) are shown in
Fig.4.

As can be seen from Fig.4, a very thin CuAl,
(A1-32.31at%Cu—-0.04at%Ag) layer which is smaller
than 1 pm formed in front of the solid solution AgyAl
phase (AgaAl-28.3at%CuAly) and this allows a well
defined solid-liquid interface to be observed during
the quench. Also the phases, grains and interfaces of
the system are very clear. The values of I for the solid
solution Ago Al are given in Table 2. The average value
of I from Table 2 is (3.5+0.3) x 10~8 Km for the solid
solution AgsAl in equilibrium with Al-Cu—Ag liquid.

i 30 i I N 30 :m I

(d)

00

Fig.4.Typical grain boundary groove shapes for the solid solution AgsAl in equilibrium with

CuAl2—23.6 at%Ags Al eutectic liquid.

Table 2. Gibbs—Thomson coefficients for the solid Aga Al solution in equilibrium with the Al-Cu-Ag
(CuAlz—23.6at%AgoAl) eutectic liquid. The subscripts LHS and RHS refer to the left-hand side and

the right-hand side of the groove, respectively.

5 Gibbs-Thomson coefficient
grove No Gk x 10¢ /(K/m) «a
I'ius x 1078/(K-m) Trus x 1078/(K-m)

a 18.3 23.5 17.8 3.5 3.7
b 18.5 15.0 15.2 3.6 3.3
¢ 20.0 24.1 28.2 3.7 3.6
d 16.9 11.2 10.9 3.8 3.7
e 19.8 7.3 8.9 3.7 3.6
f 13.2 6.3 11.2 3.6 3.8
g 18.5 5.7 12.0 3.3 3.4
h 18.3 17.6 16.1 3.7 3.7
i 17.6 18.2 16.5 3.3 3.4
j 19.0 10.9 9.2 3.2 3.4

I'=(3540.3) x 1078 K'm
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3.2. Determination of entropy of fusion
per unit volume

In order to determine the solid-liquid interfacial
energy it is also necessary to know the entropy of fu-
sion per unit volume, ASt for the solid phase. The
entropy change per unit volume for an alloy is given
by!19]

Vs ’

where S%, S%, Sk and S5 are partial molar entropies

ASy =

for A and B materials, respectively and Cg is the com-
position of the solid phase. Since the entropy terms
are generally not available, for convenience, the un-
dercooling at constant composition may be related to
the change in composition at constant temperature.

For a solid sphere of radius r[*!]

QO'SLVS(l — CL)CL
A =
C rRTy(Cs = CL) ®)

where R is the gas constant, Ty is the melting temper-

ature and Vg is the molar volume of the solid phase.

For small changes

2mLUSLVS(1 - CL)CL
TRTM (CS — CL) ’

AT. = m,AC, = (6)

where my, is the slope of liquidus. For spherical solids,
the curvature undercooling is

_ 20sL
- TASf. (7)

AT,

From Egs.(6) and (7), the entropy change for an alloy

is written as

RTM Cs — CL
ASy = .
f mLVs (1 — CL) CL

(8)

The molar volume, Vg is expressed as
1
Vs = VeNa—, (9)

where V¢ is the volume of the unit cell, Np is the
Avogadro’s number and n is the number of molecules
per unit cell. The values of the relevant constant used
in the determination of entropy change per unit vol-
ume were obtained from Fig.1 and they are given in
Table 3. The error in the determination of entropy

change of fusion per unit volume is estimated to be
about 5%.4%

Table 3. Some thermophysical properties of the solid solution AgaAl in the AlI-Cu—Ag alloy.

system

Al-Cu-Ag

composition of solid phase Cg

composition of liquid phase Cf,

f(e)®
melting temperature Ty, /K

molar volume of solid solution AgaAl, Vg, a1 X 1076/m3
liquidus slope of solid solution AgaAl, mr,/(K/at%)
entropy change of fusion for solid AgaAl, AS¢/(J/K-m3)

solid solution AgaAl
(AgaAl-28.3at%CuAly)37]
eutectic liquid
(CuAly-23.6at%Aga Al)37]
2.67

799.35

10.1[43]

426.02

4.12 x 108

Cs — CL,
a )= 2=~
@ (1-Cu)CL

3.3. Evaluation of solid—liquid interfacial
energy

The solid-liquid interfacial energy, os;, can be
obtained from the thermodynamic definition of the
Gibbs—Thomson equation for isotropic interfacial
energy!'® and it is expressed as

OSL
F*S

= X5 (10)

If the values of I' and AS; are known the value of
solid-liquid interfacial energy, ogr, can be evaluated
from Eq.(10). The solid-liquid interfacial energy of
the solid solution AgaAl (AgsAl-28.3at%CuAls) in
equilibrium with Al-Cu-Ag eutectic liquid (CuAlx—
23.6at%AgoAl) was evaluated to be (145.9 + 17.5) x
10~3J-m~2 using the values of I and AS. The experi-
mental error in the determination of solid—liquid inter-
facial energy is the sum of experimental errors of the



3958

Ocak Y et al

Vol. 18

Gibbs—Thomson coeflicient and the entropy change of
fusion per unit volume. Thus, the total experimental
error of the solid-liquid interfacial energy evaluation
in the present work is about 12%.

3.4. Grain boundary energy

If the grains on either side of the grain boundary
are the same phase then the grain boundary energy
can be expressed by

Ogb = 2051, cos 0, (11)

0 0
where 6§ = Yat9

is the angle that the solid-liquid
interfaces make with the y axis. The angles, 05 and
0 were obtained from the cusp coordinates (z, y) us-
ing a Taylor expansion for parts at the base of the
groove. According to Eq.(11), the value of o4, should
be smaller or equal to twice of solid-liquid interface
energy, i.e. ogp < 20gL,.

The value of the grain boundary energy for
the solid solution AgsAl (AgaAl-28.3at%CuAls) was
found to be (271.4£35.3) x 10~3J-m~? using the values
of the ogr, and 0 in Eq.(11). The estimated error in de-
termination of 6 angles was found to be 1%. Thus the
total experimental error in the resulting grain bound-
ary energy is about 13%.

A comparison of the values of the Gibbs—Thomson
coefficient (I7), solid-liquid interface energy (ogr,) and
grain boundary energy (og) for the solid solution
AgyAl in the Al-Cu—Ag alloy obtained in the present
work with the values of I', og;, and og1, for the same
solid phase in the Al-Cu—-Ag determined in a previ-
ous work is given in Table 4. As can be seen from
Table 4, the value of ASt for the solid solution AgsAl
calculated in a previous work is four times smaller
than the value of AS; for the same solid phase cal-
culated from the phase diagram as shown in Fig.1 in
the present work. The resulting values of I', gy, and
ogp for the solid solution AgaAlin the Al-Cu-Ag alloy
disagree with the values of I', os1, and 0,1, obtained
by Bulla et all3¢] The value of I" for the solid solu-
tion AgsAl has been found to be in the range of 1.8
%1078 — 3.7 x 10~3K-m by Bulla et al.l3¢! The statis-
tical fluctuation in their determination of I' is about
95%.[36] As can be also seen from Table 4, the average
value of I' for the solid solution AgsAl obtained by
Bulla et all*% is about 50% smaller than the average
value of I' for the solid solution AgyAl obtained in
the present work. Thus the value of ogy, for the solid

solution AgsAl obtained by Bulla et al[?9 is not a re-
liable value and five times smaller than the value for
the same solid phase obtained in the present work.
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The role of interfacial energy anisotropy is con-
sidered to play a critical role in many phase transfor-
mations. In the present work, the solid—liquid interfa-
cial energy was assumed to be isotropic and the mean
value of solid-liquid interfacial energy was obtained.
In the literature, there are no theoretical and experi-
mental available data for anisotropy of the interfacial
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energy of the solid Ags Al phase.

4. Conclusions

A radial temperature gradient on the sample
was established by heating from the centre with
a single heating wire and cooling the outside of
the sample with a heating/refrigerating circulating
bath. The equilibrated grain boundary groove shapes
for the solid solution AgyAl in the Al-Cu-Ag al-
loy system were observed from the quenched sam-
ple. The average values of the Gibbs—Thomson coeffi-
cient, solid—liquid interfacial energy and grain bound-
ary energy for the solid solution AgsAl (AgaAl-
28.3at%CuAly) in equilibrium with the eutectic liquid

(CuAly—23.6at%AgsAl) have been determined from
the equilibrated grain boundary groove shapes. The
thermal conductivity of the solid phase for the Ags Al-
28.3at%CuAly alloy and the thermal conductivity ra-
tio of the equilibrated liquid phase to solid phase at
the melting temperature have also been measured with
radial heat flow apparatus and Bridgman type growth
apparatus.
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