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Abstract

In this paper, thermodynamic properties of liquid Al-Cu-Si alloys were studied by electromotive force method with liquid electrolyte at
920-1250K and by high-temperature isoperibolic calorimetry at #5X. The integral enthalpy of mixing in ternary Al-Cu-Si melts
was estimated by Bonnier model for definition of boundary binary systems contribution to ternary alloys thermodynamics. The satisfactory
agreement between experimental and estimated data demonstrates that thermodynamic properties of ternary liquid alloys are mainly defined
by thermodynamic behaviour of boundary binary systems. Analysis of concentration and thermal dependencies of thermodynamic functions
of mixing in liquid AlI-Cu-Si alloys has been performed. It has been established that increasing of temperature results in decreasing of the
integral enthalpy of mixing. This fact is probably associated with contribution of silicon clusters into ternary alloys thermodynamics.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction have been measured for five radial sections wéttxc, ratio
are: 0.15:0.85; 0.3:0.7; 0.5:0.5; 0.65:0.35 and 0.85:0.15 for
The AI-Cu-Si alloys are widely applied in an industry 0.0 < xa < 0.6. The reagents of Alpha (Johnson Matthey)
mainly as light constructional materials. The alloys have origin: silicon bars (purity, 99.9999%), copper wire (purity,
excellent technical characteristics, among them low solidi- 99.99%) and aluminium wire (purity, 99.999%) were ap-
fication shrinkage, which allows to manufacture casting de- plied. Tungsten wire (purity, 99.96%) of the same origin was
tails of intricate profile in particular for internal-combustion used for the calorimeter calibration. Calorimetric measure-
engines[1,2]. The exhaustive knowledge on liquid state ments technique and data treatment have been comprehen-
thermodynamics of initial melts is necessary for improve- sively reported in3,4]. The experimental temperature was
ment of casting processes. Therefore, this paper presents th&750+ 5K and the initial component in the crucible was
results of calorimetric and electrochemical study of liquid silicon (1-1.6 g).
Al-Cu-Si alloys.
2.2. Electromotive force (EMF) method with liquid
electrolyte
2. Experimental
The ternary alloy samples for EMF study were pre-
2.1. Calorimetry pared by standard arc-melting technique from the same
components, which were used for calorimetric measure-
ments. The reagents of Sigma-Aldrich Chemical Co,
namely sodium chloride, aluminium chloride and potas-
sium chloride constituted liquid electrolyte. The stated
purity of sodium chloride and potassium chloride was
99.5%. The purity of AIG} was higher than 99.95%.
* Corresponding authors. Fas:380-44-2302505. EMFs of galvanic cells Ta[{) Aljq | azeotropic solution

E-mail addresses: lisnyak@chem.univ.kiev.ua (V.V. Lisnyak), of AICI3 4+ KCI 4 NaCl| (Al ,Cu,Siy_,_y)iiq (+) | Ta were
Kanibolotsky@mail.univ.kiev.ua (D.S. Kanibolotsky). studied in the temperature range from 920 up to 1250 K.

High-temperature isoperibolic calorimetry (HTICal) was
used for study of enthalpies of mixing in ternary Al-Cu-Si
liquid alloys. The aluminium partial enthalpies of mixing
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The EMF cell construction, routine of electrochem-
ical experimental technique and mathematical process-
ing of the basic experimental data have been described
in [4,5]. Thermodynamic properties of liquid ternary al-
loys were measured for three radial sections of Al-Cu-Si
Gibbs—Roseboom triangle, two of which were with con-
stant Xsj:Xcy relations (0.15:0.85 and 0.3:0.7 for20 <

xa < 0.8) and one jointed eutectic point in binary
A1-Si system with copper angle of concentration triangle
(Xal:xsj = 0.879:0.121). Integral excess Gibbs free ener-
gies (MnixG*™) and enthalpies (AixH) of mixing were
defined from partial ones by integration of Gibbs—Dughem
equation:

XAl /(1—xal) _
Amix® = (1 —xa1) /(; AmixPal

xd (1 ) + Amix¢0:| : 1)

wherexa, is an aluminium mole fractiom\mix® is the inte-
gral excess thermodynamic function of mixing i%eyixG**

or AmixH; Amix®al is the partial thermodynamic function
of Al, and Amix®° is a optimised excess integral thermo-
dynamic function of mixing in initial Cu—Si systeffi] (see
Table 1,Egs. (3) and (4)).

XAl
— XAl

2.3. Interpolation of ternary alloys thermodynamic
functions of mixing

Two different interpolation methods were used for presen-
tation of ternary alloys thermodynamic functions of mixing.

Method 1[10] was grounded on common treatment of
experimental data for studied sections and literature data for
boundary binary systems, which where presented through
¢-function:

_ Anix®P
(1 — xa) (1 — xsi)(xal + xsi)

The values of¢-function were treated by least square re-
gression for polynomials:

4 (10)
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¢ = Qo0+ Qo1xal + Q1.0xsi + Qo.2x%,
+ Qz,OX%i + Q1,1xa1xs) + Qo,3x3A| + Q3,0x3A|

+ Q1.2¢4,xsi + 02,1%A1%5;. (11)

This form of the thermodynamic functions of mixing repre-
sentation allows to norm data in Gibbs—Roseboom triangle
vertexes. Method | treats data for boundaries and for the
ternary system with the same probability. Besides, the ad-
vantage of Method | is simple and convenient form of the
data representation for using in thermodynamic calculations.

The calculation ofA ixG* and AmixH by Method | were
performed on the basis of thermodynamic data for bound-
aries presented biqgs. (2)—(9)(shown inTable 1). The
AnmixH data for boundary A1-Cu system were taken from
[8] at T = 1590K. The approach is pertinent because, as
it is shown in[8], AmixH in liquid A1-Cu alloys depends
on temperature run negligibly. Moreover, this temperature is
maximal at which reliable thermodynamic data are available
for wide range of A1-Cu system. The,ixG* for A1-Cu
melts was derived by extrapolation of optimised dfgh
from 1373 to 1173 K using\mixH calorimetric data of9].
The extrapolation was performed in an assumption of over-
cooled liquid alloys existence.

The interpolation Method [3,11] consists in statistical
treatment of differences between experimemtglxH data
for the sections and calculated through one of geometric
models by formula:

AmixHaicusi = xaixsi(1 — xal — xsi)
x Q0,0+ Qo 1%al + 01 o¥si + Q0 2%a
+ 05 07% + 01 1¥AIxS).- (12)

The Bonnier geometric mod§l2] is optimal algorithm for
thermodynamic functions representation in the case, when
one of boundary binary systems relates to regular or ideal
solutions, whereas in two others the strong component inter-
action is observed between atoms of different sorts. In our
case the A1-Si system is characterised by insignificant neg-
ative enthalpies of mixing8] and tending to zero integral

E?/zllﬁalted parameters for the polynomial representation of thermodynamic fuAatmmsentration dependences for boundaries of Al-Cu—Si system
Thermodynamic function Temperature (K) ¢-Function (kJ mot?) Reference
AmixH (Cu-Si) 1281-1910 - (;s;(ic;ox%u — 16.2+ 97.7xcy — 10942, + 35143 + 47488, + 22168, (2 (7]

AmixG™ (Cu-Si) 1173 —94.26+ 189.77%; — 103.18%, 3) [6]

AmixH (Cu-Si) 1173 —144.08+ 436.54s; — 445.60:%, @) [6]

AmixH (Al-Cu) 1590 —37.72— 18.45x, — 60.67:2,, 5) [8]

AmixH (Al-Cu) 1463 —34.2 4 26.2ccy — 77622, + 3190:3 , — 6340r¢,, + 55002, — 16002, (6) [9]

AmixG*™ (Al-Cu) 1373 —66.75— 0.48x + 78.323 — 47.7653, ) 8]

AmixH (AI-Si) 1750 —2.85— 72.01xy + 78.17:3, (8) [8]

AmixG™ (Al-Si) 1150 —2215 +5237—46.8x ) [8]

XAl

a Standard components state used for equations is liquid or overcoole

d liquid.
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excess entropies of mixingd 3]. Whereas, in liquid A1-Cu AmixH = xa (1 — xa))(—11.41— 45.64cp + 1_97,2AI
8] and Cu-S{7] alloys the significant negative enthalpies
[8] L7] alloy g g P +7200:8, — 95.02¢4)). (14)

of mixing are observed.

Method Il represents data for boundaries exactly and leads ) _
to less smoothed data for ternary systems. However, Method® FOr the Se.3Cto.7—Al section:
Il represents thermodynamic functions through too com- B
plicated equations. Moreover, it is inapplicable in the case  AmixHal = (1 — xa1)?(—30.324 18.49x)), (15)
when data for boundary systems are incomplete, for exam-
ple, due to high-temperature liquidus surface run. Thus this
method is unusable for calculation af,ixG* at 1173 K in AmixH = xa1 (1 — xa1)(—13.78— 30.32xp + 9_24x£|)_
Al-Cu-Si system. (16)

3. Results e For the Sj5Cugs—Al section:

The examples of primary HTICal and EMF data are plot- AmixHpl = (1 — xa1)?(—23.55+ 68.13x
ted inFig. 1a and b. The expressions for the concentration — 422992, + 62247:3)) 17)
) _ : ) Al Al
dependencies oAmixH and AmixHa along five sections
studied by HTICal are listed below (in kJ mad):

e For the Sj15Cup gs—Al section: AmixH = xa1(1 — xa1)(—9.76 — 23.55xm + 34.07x2A,

_ 3 4

3
+216.28% — 38008x3)), (13) e For the SigsClg 3s—Al section:
AmixHal = (1 — xa)?(—20.84 4 38.72cp — 539.3%,
0,0 0,1 0,2 0,3 XAI 0,4 0,5 0,6 0,7 + 181687£\| - 179313)& ), (19)

_10<
E AmixH = xa1 (1 — xa1)(—6.79— 20.84xp + 19.3625
2 % —179.773, + 45422x% — 358.633). (20)
Ealh . .

S e For the S gsCup 15—Al section:
< o]
AmixH = (1 — xa1)?(—13.994 25.62va] — 94.5x%)),

-50 4
@ (21)

140

120 AmixH = xa1(1 — xa1)(—2.22 — 13.99x

0] — 12814, — 31.5%)). (22)
E 80 The partial enthalpies of mixing of aluminium for the sec-
W o] WSV tions with confidence intervals are listedTable 2. Corre-

sponding to interpolation Method I, th&,xH in ternary
407 system is given by the equation (in kJ mb):
A A AN N DADDIINDD——
204
—— O HO—
o AmixH = (1 —xa) (1 — xsj) (xsi + xA1)

(b) 1080 1100 1120 1140 1161(3 1'280 1200 1220 1240 1260 « (_10555+ 92.5)C/_\| + 15568)5|

— 20233, — 60.16:2; — 64.82x 0. 23
Fig. 1. The initial experimental data for sectio®g;:xc,: 0.85:0.15: (a) Al x%' A XSi) ( )

calorimetric Amix Ha values, solid squares are experimental points, line . o .
is fitted data; (b) EMF temperature dependence) Gar = 0.2, (v) The AmixH concentration dependence in liquid Al-Cu—Si

xa = 0.4, (A) xa = 0.6, () xa = 0.8, lines are fitted data. alloys derived from experimental data using Method Il is



42 D.S. Kanibolotsky et al./ Thermochimica Acta 412 (2004) 3945

Table 2
The partial enthalpy of mixing (kJmot) of aluminium in liquid Al-Cu-Si alloys at 1750 K
Xal Xsi-Xcu
0.15:0.85 0.3:.0.7 0.5:0.5 0.65:0.35 0.85:0.15
0.0 —456+ 4.3 —-30.3+ 2.8 —23.6+ 6.0 —20.8+ 3.7 -140+ 24
0.1 -35.2+ 20 -23.1+18 —-16.5+ 25 —-16.8+ 2.0 —10.0+ 0.9
0.2 —-25.1+ 1.8 -17.0+ 1.1 —-14.0+ 2.1 —-147+ 14 -8.1+09
0.3 -17.3+ 1.2 -12.1+ 0.8 -119+ 15 -114+ 11 —-73+07
0.4 —-12.2+ 1.0 -83+0.7 -87+13 —-7.7+08 —-6.8+ 0.5
0.5 -93+ 0.7 —-53+ 0.6 —43+ 0.9 -53+ 0.6 —-6.2+ 05
0.6 —-76+05 -3.1+05 -05+1.1 -5.1+ 05 -52+0.7
Table 3
Thermodynamic properties of aluminum in ternary Al-Cu-Si alloys determined by EMF
Xal (Xcu) aal YAl AmixGai AmixGg Amix Hal AnmixSal Amix SR
(kImott) (kI mol1) (kI mott) (Imolt k=1 (Imolt k=1

Xsi:xcy = 0.15:0.85 (7= 1173K)

0.2 0.01921+ 0.0001 0.0960 —38.55+ 0.04 —22.85 -18.8+ 1.1 16.8+ 0.9 34

04 0.1602+ 0.0004 0.4005 —17.86+ 0.02 —8.92 -51+07 10.9+ 0.6 3.3

0.6 0.463+ 0.001 0.771 —7.51+ 0.02 —2.53 —2.0+ 0.6 47+ 05 0.4

0.8 0.756+ 0.002 0.945 —2.73+ 0.03 —0.56 -06+14 1.8+ 0.2 -0.1
Xsi:xcy = 0.3:0.7 (T=1173K)

0.2 0.0470+ 0.0002 0.2352 —29.81+ 0.03 —14.12 —-12.0+ 0.9 15.2+ 0.8 1.8

0.4 0.1727+ 0.0007 0.4318 —17.13+ 0.03 -8.19 -53+0.9 10.1+ 0.8 24

0.6 0.500+ 0.001 0.834 —6.75+ 0.02 -1.77 —20+ 0.6 4.1+ 05 -0.2

0.8 0.764+ 0.003 0.955 —2.62+ 0.04 —0.45 —-0.6+ 1.7 1.7+ 15 -0.1
Xsi:xcy = 0.879:0.121 (7= 1073K)

0.013¢ 0.851+ 0.009 0.981 —-1.444 0.09 -0.18 -13+1.1 0.1+ 1.0 -1.1

0.026% 0.796+ 0.011 0.930 —2.03+ 0.12 —0.64 —-20+24 0.1+ 2.2 -1.2

0.0453 0.728+ 0.006 0.867 —2.84+ 0.08 -1.27 -18+1.2 1.0+ 1.2 -05

2 These values are forcy,

presented by following expressions (in kJ mbt The thermodynamic activities, activity coefficients and
‘ partial for aluminium thermodynamic functions of mix-
AmixH = L_AmixHAl—Cu(xCu) + L ing determined by EMF are listed iffable 3. Integral
XAl t+ xsi XAl t+ xsi excess Gibbs free energy of mixing in all studied concen-
X Amix Heusi(xcu) + (xal + xsi) Amix Hal—si tration range can be presented via Method | for 1173K
XAl in kI mol1):
X (m) + AmixHalcusi, (24) ( )
' AmixG™® = (1 — xa) (L — xsi) (xsi + ¥Al)
Amix Hal—si X (—=70.264 17.09x + 62.01xs;
XAl XAl
= 1— 2 . .
A+ xS ( o +xSi> +25.64¢3, + 43.618, + 76.85mxsi).  (27)
2
x |—285-7201—2 1 7g17( AL o
XAl + Xsj XAl + Xsi 4. Discussion
25 . . - :
(25) The integral enthalpies of mixing presented using Method
_ ' _ _ | by Eq. (23)and Il by Eqg. (24)and simulated by the Bon-
AmixHaicusi = xaixsi(l — xai — xsi) nier model are in satisfactory agreement for the most part
x (30421 — 1022ca — 10195 of Gibbs—Roseboom triangle (Fig. 2a). ThgxH isolines

+359, + 6762, + 2352 xsi).  (26) of Method | correspond better to geometric model, then iso-
lines of Method Il. The isolines of Method Il are in better

The Amix Hcu—si(xcu) and Amix Hal—cu(xcu) have been de-  agreement with those simulated by Bonnier model only for
rived fromEgs. (2) and (5), respectively (shownTable 1). extrapolation area ata > 0.6. The satisfactory agreement
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between experimental and estimated integral enthalpies ofat changing of ternary alloy composition from Cu-corner of
mixing testify, that thermodynamic behaviour of ternary Gibbs—Roseboom triangle to Al-Si system. Therefore, tem-
liquid alloys are predominantly defined by thermodynamic perature dependence afyixH increases at copper concen-

properties of binary boundary systems.

The comparison of isoenthalpy lines determined at
present study (EMF, 1173 K and HTICal, 1750 K) with lit-
erature calorimetric datd 1] at 1575 K shows that heats of
mixing become more exothermal at temperature increasing
(Fig. 2b). It should be noticed that calorimetric data of
Stolz for Al-Cu systenj9] were used for isoenthalpy lines
plotting at 1173 K.

The magnitude of heat capacity change at ternary alloy
formation (AnixCp) can be estimated using temperature de-
pendence ofAmixH:

dr AT
For this propose the initial data dfl1] were treated

by Method | and following expression was derived (in
kJ mot1):

Amix Cp = (28)

AmixH = (1 = xa) (A — xsi) (xsi + xaAl)
x (—95.36+ 58.08x + 120.38xs;

+11.83 — 36.252; + 17.87mxs).  (29)

The substitution oEqgs. (23) and (29nto Eq. (28)results
in the following expression (in J mot K—1):

AmixCp = (1 — xa) (1 — xsj) (xsj + xa1)(—58.22— 197
+202¢si—183x%, — 1373, — 473xmxs).  (30)

The integral enthalpies of mixing have been extrapolated
on 1173 K under the formula (28) usitgs. (23) and (30).
The extrapolation results have been compared with exper-
imental integral enthalpies of mixing determined by EMF
(Table 4). The agreement between extrapolated and exper
imental AmixH values testifies thaty,ixC, is practically
temperature-independent.

As one can see frorRig. 2c, the heat capacity change at
alloy formation possesses negative values in practically all
concentration range excluding concentration area nearby bi-
nary Cu—Si system. The absolute value\gfixC,, increase,

Table 4
The integral enthalpy of mixing in liquid Al-Cu-Si alloys at 1173 K

Xsi:Xcu Xal Experimental data Extrapolation
(kI mot1) (kI mot1)

0.15:0.85 0.2 -14.2 -14.1

0.4 -13.6 -14.8

0.6 -10.3 -10.9

0.8 -5.8 —-4.5
0.3:0.7 0.2 -12.0 -139

0.4 -11.2 -12.6

0.6 -8.7 -8.6

0.8 -5.0 -35

tration decreasing.

It is known thatAnixH in liquid Al-Si alloys become
more negative at temperature increasing. This thermody-
namic behaviour is associated with silicon clusters existence
[14]. At melt heating these clusters are destructed, which
amplifies the interaction between aluminium and silicon
[8].

The same phenomenon is observed for Al-Cu-Si alloys.
The atypicalAnixH temperature dependence intensifies for
the ternary alloys compositions, which tend to boundary
A1-Si system (Fig. 2bAmixC,, is increasing with decreas-
ing of copper content). So, the atypicah,ixH temperature
dependence in AI-Cu-Si system can be explained by Si-Si
and A1-Si bonds redistribution.

This conclusion also is confirmed by differences be-
tween experimental and simulated by geometric model
AnmixH values, i.e.AmixHaicusi- Corresponding to earlier
study[11], AmixHaicusi at 1575K is positive and reaches
numerical values up to 3.5kJmd, which manifests
the preferable interaction of same type atoms (i.e. sili-
con clusters formation). Thus, in accordance with present
study (Fig. 2d), theAnixHaicusi at 1750K reach a max-
imal positive value of 1.7kJmol at xp = 0.36 and
xsj = 0.52. Therefore, the silicon clusters concentration
at 1750K is lower then at 1575 K. The microareas of sil-
icon atoms at 1750K may exist at concentration range
nearby Al-Si boundary system, wherenixHaicusi > 0
(0.2 < xa < 055 and 035 < xsj < 0.7). Moreover,
AmixHaicusi at 1750K possess also negative values up
to —2.5kJmot? at xo = 0.62 andxs; = 0.12. It can
testify that interaction between different type of atoms at
the area limited by isoline-1kJmol?! (xai > 0.4 and
xsj < 0.25) prevails over interaction between same type of

atoms.

From three boundary binary systems, the greatest in-
teraction between atoms of the different type is observed
in liquid Al-Cu alloys (AmixH reaches extremum of
—17.1kImot?! at xcy, = 0.65). The phase diagram of
Al-Cu system includes congruently melting binary com-
pound CygAl [15]. The strong interaction between copper
and aluminium retains in the melt, which leads to for-
mation of CyAl binary clusters in liquid[8]. The less
negative deviation from Raoultian is peculiar to boundary
Cu-Si systemAmix H™" = —14.0kImol ! at xsj = 0.25.
This composition corresponds to stoichiometry of con-
gruently melting intermediaten-phase [15] and CuSi
clusters existing in liquid alloy$16]. The least absolute
values of integral thermodynamic functions of mixing
are observed for boundary A1-Si system{AH™" =
—4.9kJmol ! at xg; = 0.5). This system is characterised
by state diagram of simple eutectic type and weak inter-
action between aluminium and silicon atoms in the liquid
phase.
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