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Enthalpy of mixing in liquid Al–Fe–Si alloys at 1750 K
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Abstract

The partial for aluminium and integral enthalpies of mixing in liquid Al–Fe–Si alloys have been measured by high-temperature
isoperibolic calorimetry at 1750± 5 K. The study has been performed along five sections with constant concentration ratios
of Si and Fe. The integral enthalpies of mixing were simulated according Bonnier geometry. The differences between ex-
perimental and simulated data possess negative values within the experimental errors range, which may testify that ternary
interaction is negligibly small at the experimental temperature.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Ternary Al–Fe–Si alloys are of great interest due
to commercial importance of the Fe-rich magnetic
alloys (SENDUST, ALSIFER) and wide application
of the Al-rich alloys in production of light construc-
tional materials. Besides, liquid Al–Fe–Si alloys at
fast quenching are capable to form amorphous phases,
which properties are intensively studied last decade
[1–3]. The knowledge on thermodynamic properties
of the system, including a liquid state, is necessary for
design and improvement of industrial alloys.

Earlier, the liquid Al–Fe–Si alloys thermodynamics
have been examined using electromotive force method
at temperatures: 850–1300 K[4], 1023–1373 K[5] and
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873–1223 K[6] for Al-enriched field (xAl ≥ 0.5).
However, enthalpies of formation have been measured
only for ternary solid phases by calorimetry[7–9].
Besides, the phase equilibrium study in the system
is still in progress[10], therefore thermodynamics of
the liquid state is required for Al–Fe–Si phase dia-
gram assessment. Considering that Al–Fe–Si alloys
are of a high-actuality, the present paper is devoted to
calorimetric investigation of Al–Fe–Si melts at 1750±
5 K for aluminium concentrations being in the range
0 ≤ xAl ≤ 0.6.

2. Experimental

2.1. Measuring technique and data treatment

The enthalpies of mixing were studied using a
high-temperature isoperibolic calorimeter[11]. The
measurements were performed under pure argon at
atmospheric pressure. The experimental enthalpies
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of mixing were measured by dropping of the pure
solid components stated at 298 K into a liquid bath
(1750±5 K). Silicon bars (Alfa, 99.9999%), iron wire
(Aldrich, 99.99%), aluminium wire (Alfa, 99.99%)
and tungsten wire (Alfa, 99.96%) were used for calori-
metric experiments. Temperature measurements were
carried out using thermocouples (WRe5–WRe20).
One thermocouple is situated in calorimeter core for
temperature controlling. Twenty thermocouples are
included in the thermopile for precision measurement
of difference in the temperature between crucible
with alloy and the isothermal core of calorimeter.

The initial component in the crucible was sili-
con (1–2.6 g). Dropping of the silicon samples into
the molten silicon performed the first calorimeter
calibration. After that iron was added into the melt
for initial binary FexSi1−x alloy formation. The
temperature–time curve was recorded during alu-
minium samples dropping into the liquid bath. The
tungsten was used for the finally calorimeter cali-
bration. The absence of interaction between tungsten
and liquid alloy was controlled by mass analysis after
alloy quenching and ingots cutting. The masses of
dropped samples varied in the range of 0.02–0.32,
0.05–0.43, 0.02–0.32 and 0.11–0.66 g for silicon,
iron, aluminium and tungsten, correspondingly. The
samples masses were measured with the maximal
deviation 10−4 g. The elements enthalpies of heating
were taken from[12].

The measurements were performed at 1750± 5 K
along five sections with constantxSi:xFe ratio of
0.3:0.7, 0.4:0.6, 0.5:0.5, 0.7:0.3 and 0.85:0.15 for
0.0 ≤ xAl ≤ 0.6. Partial enthalpy of mixing was
calculated by following expression:

�mixH̄Al = −�HT
298 + k

nAl

∫ τ∞

0
�T dt, (1)

where�HT
298 is the molar enthalpy of aluminium heat-

ing from 298 K up to experimental temperature,k is
the thermal coefficient of calorimeter,nAl is the quan-
tity of dropped sample (mol),t and τ∞ are the total
experimental time and the time of temperature relax-
ation and�T is the difference between temperature of
melt at the momentt and equilibrium temperature of
the melt after relaxation.

Experimental aluminium partial enthalpies of mix-
ing were presented viaαAl -function(αAl = �mixH̄Al /

(1 − xAl )
2). The αAl -function was smoothed using

least square regression (l.s.r.) for polynomial equation
of form:

αAl = Q0 + Q1xAl + Q2x
2
Al + · · · + Qjx

j

Al , (2)

whereQj are the polynomial coefficients,xAl is the
aluminium mole fraction andj is the polynomial de-
gree determined by the Fisher’s exact test. Integral
enthalpy of mixing was calculated in accordance with
Darken’s method:

�mixH = (1 − xAl )

[∫ xAl

0
αAl dxAl + �mixH

◦
]

, (3)

where�mixH◦ is the integral enthalpy of mixing in
binary Fe–Si alloys[11].

After substitution ofEq. (2) in Eq. (3)and integra-
tion, theEq. (3)should be as follows:

�mixH = (1 − xi)

(
�mixH

◦ + Q0xAl + 1

2
Q1x

2
Al

+ · · · + 1

j + 1
Qjx

j+1
Al

)
. (4)

The integral enthalpies of mixing deviations were
determined as discussed below. In accordance with
probability theory the dispersion of complicated func-
tion f(ϕ1, ϕ2, ϕ3, . . . , ϕn) should be given by the fol-
lowing equation:

D(f(ϕ1, ϕ2, ϕ3, . . . , ϕn)) =
n∑

i=1

(
df(ϕi)

dϕi

)2

D(ϕi),

(5)

where D(ϕi) is the dispersion ofϕi. According to
Eq. (3), the integral enthalpy of mixing is a com-
plicated function of�mixH◦ andαAl . Therefore, the
dispersion of mixing enthalpy (D(�mixH)) can be pre-
sented as a sum ofD1 andD2. This approach leads to

D(�mixH) = D1 + D2 =
(

d�mixH

d�mixH◦

)2

D(�mixH
◦)

+
(

d�mixH

dαAl

)2

D(αAl ). (6)

The part of integral enthalpy dispersion, which de-
pends on dispersion of integral enthalpy of mixing in
the boundary system, can be defined by

D1 = (1 − xAl )
2D(�mixH

◦). (7)
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Hereafter we consider the part of integral enthalpy
dispersion, depending onαAl -function dispersion, i.e.
D2. The integral inEq. (3)can be described as a sum:

(1 − xAl )

∫ xAl

0
αAl dxAl = (1 − xAl )

xi∑
0

αAl �xAl . (8)

Consequently, theD2 part of D(�mixH) is equal to
following expression:

D2 = (1 − xAl )
2

xAl∑
0

D(αAl )(�xAl )
2

= (1 − xAl )
2
∫ xAl

0
D(αAl )(�xAl ) dxAl . (9)

The variable�xAl is indefinite, thusEq. (9)contains
the indefinite integral. For this reason in initial approx-
imation αAl and D(αAl ) can be considered as prac-
tically independent fromi-component concentration.
So, the second part of integral enthalpy dispersion
should be as

D2 = (1 − xAl )
2
(

d

dαAl

∫ xAl

0
αAl dxAl

)2

D(αAl )

= x2
Al (1 − xAl )

2D(αAl ). (10)

Resulted dispersionD(�mixH) after substitution of
Eqs. (7) and (10)in Eq. (6)should be given as

D(�mixH) = (1 − xAl )
2(D(�mixH

◦)
+ x2

Al D(αAl )). (11)

Thus, as dispersionD(αAl ) nevertheless is a function
of xAl , the average dispersion of alpha function on a
range from 0 toxi should be substituted inEq. (11):

D(�mixH)

= (1−xAl )
2

(
D(�mixH

◦) + x2
Al

∫ xAl
0 D(αAl ) dxAl

xAl

)

= (1−xAl )
2
(

D(�mixH
◦) + xAl

∫ xAl

0
D(αAl ) dxAl

)
.

(12)

Consequently, root-mean-square deviation of integral
enthalpy of mixing is

σ(�mixH) = (1 − xAl )

×
√

D(�mixH◦) + xAl

∫ xAl

0
D(αAl ) dxAl .

(13)

The confidence interval of enthalpies of mixing was
calculated using the Student’s coefficient for 95%
probability, which is equal to 2.

2.2. Interpolation of the integral enthalpy of mixing
for ternary alloys

The interpolation method proposed in[13] was
used for presentation of ternary alloys thermodynam-
ics. Corresponding to the method, the simulation of
integral enthalpies of mixing in ternary system is per-
formed by one of geometric models. The difference
between experimental data for sections and calculated
via geometric model is treated by l.s.r.

For studied Al–Fe–Si system the Bonier geometric
model[14] is optimal algorithm because liquid alloys
of one boundary binary system relate to regular solu-
tion (Al–Si [15]), whereas in two others (Al–Fe[16]
and Fe–Si[11]) the strong component interaction is
observed. Integral enthalpies of mixing for the bound-
ary Fe–Si[11], Al–Si [15] systems and optimised data
set of[17] for Al–Fe system were used for the simu-
lation.

3. Results and discussion

Experimentally determined partial mixing en-
thalpies of aluminium along sections with constant
xSi:xFe ratio are plotted onFig. 1. TheQj coefficients
for theαAl -function (Eq. (2)) are listed inTable 1(in
kJ mol−1).

The interpolation method adequately describes the
experimental results in whole studied composition
range by the equation

Table 1
EvaluatedQj coefficients for Eq. (2), which approximates the
αAl -function for Al–Fe–Si radial sections

j xSi:xFe

0.3:0.7 0.4:0.6 0.5:0.5 0.7:0.3 0.85:0.15

0 −26.8 −22.2 −252.0 −24.0 −20.5
1 −99.4 7.5 76.9 85.6 99.8
2 163.8 −65.8 −54.7 −167.4 −627.9
3 0 0 0 0 927.3
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Fig. 1. Partial enthalpy of mixing of aluminium for studied sections (a–e) of liquid Al–Fe–Si alloys at 1750± 5 K.
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�mixH = xAl

xAl + xSi
�mixHAl–Fe(xFe)

+ xSi

xAl + xSi
�mixHFe–Si(xFe)

+ (xAl + xSi)�mixHAl–Si

(
xAl

xAl + xSi

)
+ �mixHAl–Fe–Si, (14)

where integral enthalpy of mixing in boundary binary
alloys are represented by following relationships (in
kJ mol−1):

�mixHAl–Fe= xFe(1−xFe)(−63.15−60.86(1−xFe)

+ 114.62(1 − xFe)
2−193.85(1−xFe)

3

+ 108.94(1 − xFe)
4), (15)

�mixHFe–Si = xFe(1 − xFe)(−99.44− 60.46xFe

− 177.15x2Fe + 191.06x3Fe), (16)

�mixHAl–Si

= xAl

xAl + xSi

(
1 − xAl

xAl + xSi

)

×
[
−2.85−72.01

xAl

xAl +xSi
+ 78.17

(
xAl

xAl +xSi

)2
]

.

(17)

The contribution of fourth term ofEq. (14), which may
be partially attributed to ternary interactions, derived
by the formula (in kJ mol−1):

�mixHAl–Fe–Si

= xAl xSi(1 − xAl − xSi)(20.84− 345.5xAl

− 152.9xSi + 125.3x2Al − 55.2x2
Si

+ 920.6xSixAl ). (18)

As it can be seen fromFig. 2a, the Bonier geometry
corresponds well to experimental data; the differences
between experimental and simulated data (Eq. (18))
are insignificant negative values. The maximal differ-
ence between experimental and calculated�mixH is
−1.5 kJ mol−1 at 0.1 < xSi < 0.3 and 0.3 < xAl <

0.7 (Fig. 2b), that is no more than experimental error.
Because of this, thermodynamics of ternary Al–Fe–Si
alloys at 1750 K is preferably characterised by inter-
action between components in the boundary binary
systems.

Fig. 2. (a) Projection of isoenthalpic lines on the Gibbs–Roseboom
triangle; solid lines are experimental data, dashed lines are data
calculated by Bonier model. (b) The contribution of the term
�mixHAl–Fe–Si in Eq. (14) (in kJ mol−1).

As one can see fromTable 2, liquid Al–Fe–Si alloys
are formed with significant calorification. The inte-
gral enthalpies of mixing reach the extreme for ternary
alloys composition close to Fe–Si boundary system.
This fact can be explained adequately by presence of
refractory iron monosilicide (Tm = 1683± 3 K) in
solid Fe–Si alloys[18]. The strong intercomponent in-
teraction is remained in the melt at insignificant over-
heating above liquidus curve. It promotes formation of
clusters with composition nearby to FeSi stoichiome-
try [19]. The binary Fe–Si clusters can exist also in the
ternary alloys, according to the concentration depen-
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Table 2
The enthalpies of mixing in liquid Al–Fe–Si alloys

xAl xSi:xFe

0.3:0.7 0.4:0.6 0.5:0.5 0.7:0.3 0.85:0.15

�H̄Al ± 2σ (kJ mol−1)
0.0 −26.8 ± 6.6 −22.2 ± 3.1 −25.2 ± 3.5 −24.0 ± 4.2 −20.5 ± 11.2
0.1 −28.4 ± 3.0 −17.9 ± 1.5 −14.6 ± 1.6 −13.8 ± 1.8 −12.8 ± 5.0
0.2 −25.7 ± 2.4 −14.9 ± 1.4 −7.7 ± 1.4 −8.7 ± 1.4 −11.6 ± 3.4
0.3 −20.5 ± 2.0 −12.7 ± 1.3 −3.5 ± 1.2 −6.5 ± 1.2 −10.8 ± 2.2
0.4 −14.5 ± 1.3 −10.7 ± 0.8 −1.2 ± 0.8 −5.9 ± 0.8 −7.8 ± 1.1
0.5 −8.9 ± 1.0 −8.7 ± 0.6 −0.1 ± 0.6 −5.7 ± 0.5 −2.9 ± 1.1
0.6 −4.4 ± 1.2 −6.6 ± 0.7 0.2 ± 0.7 −5.3 ± 0.6 2.2 ± 1.5

�mixH ± 2σ (kJ mol−1)
0.0 −34.2 ± 2.3 −38.0 ± 2.7 −37.5 ± 1.3 −27.0 ± 1.0 −14.3 ± 0.7
0.1 −33.6 ± 2.1 −36.2 ± 2.5 −35.7 ± 1.2 −26.1 ± 0.9 −14.4 ± 1.0
0.2 −32.9 ± 2.0 −34.0 ± 2.2 −32.9 ± 1.1 −24.4 ± 0.9 −14.2 ± 1.4
0.3 −31.7 ± 1.9 −31.4 ± 2.0 −29.5 ± 1.0 −22.3 ± 0.9 −13.9 ± 1.0
0.4 −29.6 ± 1.8 −28.6 ± 1.7 −25.6 ± 1.0 −20.0 ± 0.9 −13.2 ± 1.7
0.5 −26.6 ± 1.6 −25.4 ± 1.5 −21.4 ± 0.9 −17.6 ± 0.8 −11.9 ± 1.6
0.6 −22.6 ± 1.5 −21.9 ± 1.3 −17.1 ± 0.8 −15.2 ± 0.7 −9.5 ± 1.7

dence of integral enthalpy of mixing (Fig. 2a). This
conclusion is in agreement with Al–Fe–Si phase dia-
gram, which contains wide field of the iron monosili-
cide primary crystallisation[10,20].

Aluminium with silicon interacts more weakly than
aluminium with iron[15,17]. Therefore, it may be sug-
gested logically, that the aluminium partial enthalpies
of mixing would be more negative in the case ofxSi:xFe
ratio decreasing. However, their absolute values be-
came less and reach minimum forxSi:xFe = 0.5:0.5
section in the contradiction to our assumption. The
similar phenomenon also was observed earlier in[6]
for thermodynamic activity of aluminium. The mini-
mal negative deviations from Raoultian for aluminium
is characteristic for the same section of ternary system
(xSi:xFe = 0.5:0.5).

All this can be obviously a consequence of the sup-
pression of weak interaction between aluminium and
silicon by stronger one of iron and silicon. On the
other hand, interaction between aluminium and iron at
decreasing ofxSi:xFe ratio from 0.5:0.5–0 is resulted
in increasing of both�mixH̄Al absolute values (see
Fig. 1) and negative deviation from Raoultian[6]. Con-
sequently, the contribution of component interaction in
boundary Fe–Si system determines the ternary alloys
thermodynamics. Moreover, comparison of literature
data[7–9] on formation enthalpy for ternary intermet-

allides with mixing enthalpies calculated byEq. (14)
was performed for estimation of possible ternary inter-
action. It is known, that in the case of essential ternary
interaction in the system these values must be in agree-
ment. As one can see fromTable 3, intermetallics form
with more significant calorification than appropriate
melts. This can be complementary evidence conform-
ing absence of strong ternary interaction at 1750 K in
studied melts.

Table 3
Solid ternary phases formation enthalpy and mixing enthalpy of
liquid alloys

Ternary alloys
composition

�f H (kJ mol−1) �mixH
(kJ mol−1)

Al0.36Fe0.36Si0.28 −36.7 ± 1.9 [8] −29.4
Al0.38Fe0.32Si0.3 −35.8 ± 1.8 [9] −27.9
Al0.4Fe0.4Si0.2 −34.2 ± 1.6 [8] −28.9
Al0.42Fe0.39Si0.19 −35.7 ± 1.4 [8] −28.3
Al0.48Fe0.15Si0.37 −19.2 ± 1.3 [9] −17.3
Al0.5Fe0.25Si0.25 −29.6 ± 0.9 [9] −23.3
Al0.538Fe0.154Si0.308 −20.5 ± 1.2 [9] −17.2
Al0.58Fe0.22Si0.20 −28.4 ± 1.9 [9] −20.6
Al0.6Fe0.2Si0.2 −25.3 ± 1.6 [9] −19.3
Al0.60Fe0.25Si0.15 −30.4 ± 1.9 [8] −21.5
Al0.70Fe0.15Si0.15 −24.5 ± 2.0 [7] −14.9
Al0.70Fe0.15Si0.15 −20.2 ± 0.9 [9] −14.9
Al0.72Fe0.18Si0.10 −34.3 ± 2.0 [7] −16.2
Al0.72Fe0.18Si0.10 −24.4 ± 1.4 [8] −16.2
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4. Conclusions

It has been established that the liquid Al–Fe–Si al-
loys are formed with significant calorification up to
−35 kJ mol−1. The concentration dependencies of par-
tial for aluminium and integral enthalpies of mixing
testify that thermodynamic properties of Al–Fe–Si al-
loys are predominantly determined by component in-
teraction in Fe–Si boundary system.
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