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Abstract

Partial for gadolinium and integral enthalpies of mixing were determined for liquid Al-Ga—Gd alloys using a high-temperature isoperibolic
calorimeter at 176@& 5 K. The experiments were performed along five sections with constant concentration ratios of Al and Ga in a range
of 0.0 < xgq < 0.6. The resulted integral enthalpies of mixing were fitted by polynomial concentration dependences. The deviation between
experimental and predicted by geometric model values of integral enthalpy of mixing was found to be 5.25%, so ternary interaction is negligibly
small at the experimental temperature. It has been determined that ternary alloys thermodynamics is preferentially defined by influence of
congruently melting binary GaAlnd GdGa intermetallides.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction at 723K is availablg8]. Lack of information on thermody-
namics of the ternary alloys makes the system off ordinary

Multicomponent aluminium—gadolinium-based alloys are routes for assessment of the phase diagram. Therefore, the

capable to transform into amorphous state at quenching.present work is focused on calorimetric measurements of the

These alloys have been intensively studied due to their hardliquid Al-Ga—Gd alloys necessary for creation of database

magnetic properties and potential applications for magnetic for the subsequent assessment.

and magneto-optic recordinfi,2]. As it is known, the

inter-component interaction in liquid is one of the factors,

which are responsiblle for allqys ab_ilit)_/ to glass-forming o Experimental

[3-5]. Thermodynamic properties of liquid alloys are one of

the measures of this interaction therefore represent neces- The enthalpies of mixing were studied using high-tem-

sary information for improvement of the amorphous alloys peratyre isoperibolic calorimeter, which construction and

production technology6]. It is a fact that gallium con- general principles of work have been reported previously in

stituent additions to multicomponent alloys are frequently g; Measurements and data treatment routine was described
used for production of metallic glass with high corrosion ;"yetails in[10].

resistance[7]. Besides, the ternary Al-Ga—Gd system is
consjdered as prospectiye parent system for engineering Ofatmospheric pressure. The experimental heats of mixing
semiconducting magnetic alloys. _ _ _were measured by dropping of the pure solid components

The Al-Ga-Gd phase equilibrium experimental investi-  giaieq at 208 K into a liquid bath (176605 K). Gadolinium
gation is still in progress, only a part of isothermal section 4 (Alfa, 99.95%), gallium granules (Alfa, 99.9999%),
aluminium wire (Alfa, 99.995%) and tungsten wire (Alfa,
99.96%) were used for the experiments.

The measurements were performed under pure argon at
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tion. After that gallium was added into the melt for initial The deviations of integral enthalpies of mixing were deter-
binary Al,Ga _, alloy formation. Then gadolinium samples mined as proposed if10] using the formula:

were dropped into the liquid bath. The temperature—time

curve was recorded during the component dissolution. The g(Amix H) = (1 — xgq)

tungsten was used for the finally calorimeter calibration.
The absence of interaction between tungsten and liquid
alloy was controlled by mass analysis after alloy quench-
ing and ingots cutting. The mass loss was not more than
2-3%. The masses of dropped samples varied in the rangevhere D(AmixH®) and D(agg) are the dispersions of the

of 0.06-0.13, 0.02-0.08, 0.02-0.41 and 0.20-0.42g for functions. The deviations in initial Al-Ga system were as-
gallium, aluminium, gadolinium and tungsten, respectively. sumed as a 10%. This approach is acceptable because the en-

XGd
X\/D(AmixHo)vLXGd/o D(agd) dxgd (5)

The measurements were performed at 1¥&X along five
sections with constamty :Xga ratios of 0.15:0.85, 0.3:0.7,
0.5:0.5, 0.6:0.4 and 0.85:0.15 for0 < xgg < 0.55—
0.62.

3. Results and discussion

Partial enthalpy of mixing was calculated by following
expression:

- K Too
AmixHcd = — Amix Hjgg + —/ AT dt (1)
nGdJo

WhereAmitzT98 is the molar enthalpy of gadolinium heat-
ing from 298 K up to experimental temperatukethe ther-
mal coefficient of calorimetengq the quantity of dropped
Gd sample (mol)t andt,, the current time and the time of
temperature relaxation, respectively, and the difference
between temperature of the melt at the monteartd equi-
librium temperature of the melt after relaxation.
Experimental gadolinium partial enthalpies of mix-
ing were presented via gadoliniu function (xgg
AmixHgd/(1 — xgd)?). The gadoliniume function was

thalpies of mixing in the Al-Ga system are negligibly small

by absolute value in comparison with that in Al-Ga—Gd

system. The confidence intervals of the enthalpies of mix-
ing were calculated using the Student’s coefficient for 95%
probability, which is equal to P11].

The interpolation method discussed[i®] was used for
presentation of ternary alloys thermodynamics. Correspond-
ing to the method, the simulation of integral enthalpies of
mixing in ternary system is performed by one of geometric
models. The difference between experimental data for sec-
tions and calculated via the model is treated by I.s.r. using
formula:

AAmixH = xaixcd(1 — xal — x6d) Y | Of i¥a1X5q
ij

(6)

ExperimentalAmixH in the ternary system is represented as
a sum of two terms, namelxmixH value predicted by the
geometric model andh A mixH.

Among the boundaries the insignificant posititg,ixH
values are observed in Al-Ga syst¢h3], whereas Al-Gd
[14] and Ga—Gd[15] are characterised by great negative
AnixH. In the case, when the thermodynamics of one of
the boundaries differs significantly from thermodynamics

smoothed using least-squares regression (l.s.r.) for polyno-of two others, it is logically to use non-symmetric models

mial equation of form:

k
acd= Y QixXgy (2)

i=0
whereQ; are the polynomial coefficientsgq the gadolinium
mole fraction andk the polynomial degree determined by
the Fisher’s exact te§t 1]. Integral enthalpy of mixing was
calculated in accordance with Darken’s equafib?]:

XGd
AmixH = (1 — xgq) [/0 oGd dxgd + AmixH0:| 3)

where AmixHC is the integral enthalpy of mixing in binary
Al-Ga alloy[13].

After substitution ofEq. (2)in Eqg. (3) and integration,
Eq. (3)should be as follows:

AmixH = (1 — x6a) (Amix H® + Qoxcd + %leéd +---

1 . k+1
+519%d )

(4)

[16].
The divergence between model and experimental data
were estimated by the formula:

|

where AmixHexp and ApmixHeal are the experimental and the
calculated by geometric moda&mixH values, respectively.
Using of the Toop modglL7] with Al-Ga basis system leads

to 5.30% deviation between the experimental and predicted
values. However, the Bonnier mod&8] gives some less de-
viation of 5.25%, so the model was used in the present study.
Integral enthalpies of mixing for the Al-Gd and Ga-Gd
boundaries were taken frofh4,15], respectively. Optimised
data set of13] for Al-Ga system was used for the calcula-
tion and following equation was derived:

AmixHexp — AmixHcal
Amix Hexp

()

> x 100%

AmixHal—-Ga= xa1 (1 — xa)

x (2.382— 0.128xy + 1.36x%)) (8)
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Experimentally determined gadolinium partial enthalpies tions are listed iffable 1. Calculated mix Hgg and AmixH
of mixing along sections with constamh :Xga ratios are  values with confidence intervals are representethinle 2.
plotted inFig. 1(a)—(e).Q; coefficients ofEgs. (2) and (4), The interpolation method adequately describes the exper-
which approximate thé\mix Hcd andAmixH for studied sec-  imental results by the equation:
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Fig. 1. Partial enthalpies of mixing of aluminium for sections (a—e) of liquid Al-Ga—Gd alloys at£7Q: (H) run 1; (A) run 2; (—) polynomial

fitting of the experimental values.
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Table 1
EvaluatedQ; coefficients forEgs. (2) and (4),
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which approximate thenix Hcg and AmixH for studied sections of the Al-Ga—Gd system

Sectionxal :Xga Qo (kImol1) Q1 (kImol?1)

Q. (kImol?1) Qs (kImol1) Q4 (kImol?1)

0.15:0.85 —221.36 —707.86 989.13 6908.59 —9137.11
0.3:0.7 —226.38 —522.83 1583.65
0.5:0.5 —176.18 —1148.75 4232.80 —2788.91
0.6:0.4 —171.83 —907.09 4275.71 —3748.95
0.85:0.15 —158.32 —397.92 1816.65 —1318.47
Table 2
Partial for gadolinium and integral enthalpies of mixing in liquid Al-Ga—Gd alloys
XGd XAl ' XGa
0.15:0.85 0.3:0.7 0.5:0.5 0.6:0.4 0.85:0.15
AmixI:IGd (kJ mol'l)
0.0 —221.4+ 22.0 —226.38+ 25.1 —176.2+ 14.0 —171.8+ 14.4 —158.3+ 20.5
0.1 —223.8+ 10.5 —212.9+ 115 —203.7+ 9.5 —181.1+ 75 —146.84+ 8.8
0.2 —180.9+ 7.4 -171.3+ 7.3 —165.7+ 8.0 —135.8+ 5.6 —112.5+ 7.0
0.3 —113.8+ 6.0 —117.9+ 6.1 —105.4+ 6.4 —786+ 45 —73.4+ 6.5
0.4 —49.7+ 3.9 —65.6+ 5.0 —49.34+ 5.2 —32.6+ 3.8 —40.0+ 5.7
0.5 -89+ 33 —23.0+ 3.8 —10.2+ 4.6 —6.3+ 3.2 —17.0+ 35
AmixH (kJmol1)
0.0 0.305+ 0.031 0.518+ 0.052 0.665+ 0.067 0.671% 0.067 0.415+ 0.042
0.1 —22.4+ 1.4 —21.84+ 1.6 -19.24+ 1.0 —17.7+ 1.0 -152+ 1.3
0.2 —426+ 2.3 —40.8+ 2.6 —37.94+ 1.9 —336+ 1.6 —27.9+ 2.1
0.3 —55.7+ 2.9 —53.7+ 3.2 —50.0+ 2.6 —426+ 2.1 —359+ 2.7
0.4 —59.0+ 3.2 —58.8+ 3.5 —53.6+ 3.1 —44.0+ 2.4 —38.7+ 3.3
05 —53.4+ 3.3 —56.0+ 3.7 —49.1+ 3.4 —395+ 2.6 —36.7+ 3.4
Al XAl Al 1—xgd— xal The contribution of fourth term oEq. (9), which may be
M= ] gy M A—Gd(x¥Gd) + 1— xod partially attributed to ternary interactions, is presented by
; 1y.
Amix Hod—ca(xcd) + (L — xcd) the formula (in kJ mot-):
X
X AmixHN_Ga(l Al ) + AAmixH 9) AAmixH = xgdxal (1 — xal — xGd)(69.22— 258.7x54
— XGd

where integral enthalpies of mixing in boundary bi-
nary alloys are represented by following relationships (in
kJ mol1):

Amix Hal—6d = x6d(1 — xGa) {—91.5— 143(1— xGd)
—86(1— xgd)? + 36001 — xgg)®
— 122001 — xgg)* + 145001 — xgg)°
— 57501 — xGq)°} (10)

AmixHod-Ga= ¥cd(1 — xGd) (—204.3 — 585154 — 7502

+ 126003, — 29400c¢ 4 + 2710024
— 90008, (11)
XAl XAl
Amix Haol—-Ga= A 1- A
1— xgg 1— xgq

X |:2.382— O.128<

XAl
1— xgg
)2
1 - xGd

+ 1.36( (12)

— 84593 + 581.6:34 + 12085,

+795.0cGgxal) (13)

As it can be seen fromiable 2,Amix Hgq become less nega-
tive atxpa:Xga ratio increasing, i.e. at the ternary alloy com-
position drift from boundary Ga—Gd to Al-Gd system. As
it is shown inFig. 2(a), theAnmixH values calculated from
the Bonnier model are in well agreement with experimental
data.
The deviations between experimental and calculated val-
ues are in a range ef0.54-2 kJ mol-! as shown irFig. 2(b).
An extreme value oA AmixH is —2.53 kJ mot? for xgq =
0.66 andxa = 0.18. As it can bee seen froiig. 2(b),
it is possibly to establish that thermodynamic properties of
Al-Ga—Gd ternary liquid alloys are defined by component
interaction in the boundaries (mainly in Ga—Gd and Al-Gd
systems), while the ternary interaction is negligibly small.
Congruently melting GdGa(Ty, = 1673 K) and GdAd
(Trn = 1798K) compounds are formed in binary Ga—-Gd
[19] and Al-Gd[20] systems, respectively. Characteristic of
the compounds strong inter-component interaction remains
at transition of the alloys into the liquid state. It results in
significant negative enthalpies of mixing in the boundaries
[14,15]with extremes shifted into compositions depleted by
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and integral enthalpies of mixing testify that thermodynamic
properties of Al-Ga—Gd alloys are predominantly deter-
mined by component interaction in boundary Al-Gd and
Ga—Gd systems. It should be mentioned that strong interac-
tion of Gd with Al and Ga is observed for the intermetallics
GdGa and GdA}b and remains at transition into the lig-
uid state. The interaction can leads to possible formation
of iso-stoichiometric clusters in the melt and to significant
negative enthalpy of mixing in the ternary Al-Ga—-Gd sys-
tem with the function extreme shifted to alloys compositions
depleted by the gadolinium.
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