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Abstract

Partial enthalpy of mixing of yttrium (AxHy) in the Ge-Y system was measured at 1770K using a new high-temperature mixing
calorimeter. Literature data on the enthalpies of mixing in the Ge-Y system and results of present examination were compared and discussed.
Temperature dependence®f;, Hy was estimated based on comparative analysis of the enthalpies of mixing, and corresponding heat capacity
change at alloy formation was evaluated. Polynomial equations approximating thermodynamic funCtiofs ( AmixH, AmixC, v, and
AmixCp) versus yttrium mole fraction were determined. Some trends observed in the thermodynamic properties of the Ge-Y alloys were
described.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction reported in[6]. Consequently, the temperature of the giant
MCE in the G@Si,Ge, can be tuned through a partial sub-
Magnetic refrigeration, operating with solid magnetic ma- stitution of the Gd by a nonmagnetic[8,7].
terials as the cooling agents, makes freezing considerably Therefore, the examination of quaternary Gd-Ge-Si—-Y
more effective and environmentally safer compared to con- alloys as well as of the corresponding ternary and binary sys-
ventional vapor-cycle refrigeration, because no chlorofluo- tems are of special interest for creation of new alloys with the
rcarbones destroying ozonosphere are used. The principleMCE. Previously, the Gd—Si system was studied by calorime-
of magnetic refrigeration is based on application of magne- try [8]. In the present work, we continue the examination of
tocaloric effect (MCE), i.e. the ability of magnetic materi- the binary boundaries of the Gd—-Ge-Si-Y system and repre-
als to change their entropy or temperature in the isothermalsent analysis of enthalpies of mixing in the Ge-Y alloys.
or adiabatic magnetising-demagnetising cycles, respectively Phase diagram of the Ge-Y system is characterized by
[1]. The MCE can be increased considerably when it is cou- several refractory intermetallics. The germanidesG¥;,
pled to a phase transition accompanied by the change of theYsGe; melt congruently at 2238K and 2218K, while
magnetic properties of a material. In this case, significant the Y11Gep and YGe melt incongruently at 2173K and
contribution into the entropy change is achieved by the field- 2003 K, respectively[9,10]. The refractory yttrium ger-
induced transformatiofl]. Large MCE’s have been reported manides make the liquid alloys examination too complicated
recently, in particular for MnFefysAso 55[2], LaFer 1. 7Si1 .3 for 0.4 <xy <0.8. Thus, a number of thermodynamic exami-
[3] and G@SixGe [4,5] alloys. The %SixGey—x (Xx=3.5-4) nations have been performed by high temperature calorime-
alloys with the monoclinic GgSi,Gey-type structure were  try only for 0.0 <xy <0.46 [11-14] and for 0.8 <«xy <1.0
[12—-14]. The data comparison is shown Bigs. 1 and 2.
m onding author. Tel.: +380(67) 9779562; fax: +380(44) 2581241. Nikolaenko and co-authors have measured mhigiHy
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Fig. 1. Plot of partial enthalpy of mixing of yttrium against mole fraction
of yttrium; literature data: (¢) data ¢£1] at 1523 K; (-(O—) smoothed data
of [11]; (-v—) smoothed data ¢12] at 1900 K; (M) data of13] at 1900 K;
(—) smoothed data ¢i.3]; (—%—) smoothed data ¢14] at 1920 K; (A) our
experimental data at 1770 K.
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Fig. 2. Plotof partial enthalpy of mixing of germanium against mole fraction
of germanium: (OJ) data dfi2,13]at 1900 K; (—) smoothed data [if2,13];
(—¥%—) smoothed data ¢14] at 1920 K.

[12,13]for 0.0 <xge<0.186 at 1900 K. Esin et al. have mea-
sured theAmix Hy for 0.0 <xy <0.46 and theAmix Hge for
0.0<xge<0.2 at 1920K[14]. The data of14] are signif-
icantly less negative than those [dfl-13]. Moreover, the
AnmixHy data reported if12] and[13] for T=1900K are
different. The present examination has been performed to
critically analyze the literature data on the enthalpies of mix-
ing and to determine temperature dependence oAthgH.

2. Experimental
2.1. Materials
The germanium, yttrium and tungsten, which was used

as a reference material, are applied in calorimetric studies.
The germanium (Alfa-Aesar, 99.9999%), yttrium distillate
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Fig. 3. The schematic of the calorimeter’s principal part: (1) water-cooled

jacket, (2) lower cover, (3) upper water-cooled cover, (4) water-cooled cur-

rent leads, (5) reflecting shields, (6) tungsten heater, (7) niobium hanger,
(8) alumina crucible, (9) boron—aluminum nitride gasket, (10) molybdenum

block, (11) stirrer, (12) controlling W—Re 5/20 type thermocouple, (13) mea-

suring W—Re 5/20 type thermocouple, (14) zirconia protector, (15) alumina
tube, (16) revolving container.

(Alfa-Aesar, 99.96%) were used for the experiments. High-
purity argon (NIl KM Ltd., Russia, Moscow, 99.997 vol.%)
was used as inert atmosphere in the calorimeter’s internal
volume.

2.2. Apparatus

The apparatus construction is similar to the high-
temperature mixing calorimeter for determination of the en-
thalpies of mixing at temperatures up to 1900K briefly dis-
cussed ir15]. The schematic of the calorimeter’s principal
part is drawn irFig. 3.

The calorimeter is based on a vacuum resistant furnace
providing 5-10 kW output powered through a reducing trans-
former (OSU-40/0.5 of Elecar Ltd., Russia). The transformer
primary coil voltage is applied through thyristor converter
(RNTO-190-250 of Electroproject Ltd., Russia). High tem-
perature in the calorimeter is maintained by a cylindrical
tungsten heater (6) constructed®® 2 mmrods. The heater
(h=310mm, =90mm) is mounted on a copper water-
cooled current leads (4). The block of coaxial molybdenum
shields (5), made of 0.5 mm foil, surrounds the heater to min-
imize radiative heat losses. A massive molybdenum crucible-
like block (10) hangs in the central part of the heater. High

(Dahuachem, 99.97%) and reference material, i.e. tungsterthermal conductivity and mass of the block smooth-out tem-
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perature fluctuations, in that way a volume of isotropic ther-  The heat-exchange coefficient of the calorimeter was cal-
mal field is formed in the central part of the massive block. An culated using the formula

alumina crucible with alloy under examination (8) is placed '

in the volume mentioned. The alumina crucible is lined with k; = AHZT%E, Q)

Y 203 to prevent chemical reactions of the alloy with the cru- Si

cible material. A stirrer (11) and measuring thermocouple
(13) of W-Re 5/20 type covered by zirconia protector (14)

are inserted into the calorimetric crucible. Controlling ther-

mocouple of W-Re 5/20 type (12) is situated into a closed
aperture of the massive block. The cold ends of the thermo-
couples (12) and (13) are thermostated at 273 K. Sample
are dropped into the liquid bath from a revolving container
(16) through the aluming tube (15). The gtirrer (11), ther- , _ , + bmaoy. @)
mocouple (13) and alumina tube (15) are fixed on the upper

water-cooled cover (3). wheremyjioy is the current alloy mass in the crucibeand
Constructional materials and substances under study reach are the I.s.r. coefficients. The partial enthalpy of mixing

actively with air oxygen at high temperatures. Thus, itis nec- was calculated from the experimental heat-exchange curves
essary to protect the calorimetric room with vacuum before py the formula

measurements. Vacuumization is performed using a vacuum
line of an oil-diffusion pump (N-05(2) of Promtekhservis
Ltd., Russia) and a mechanical vacuum pump (2NVR-5DM
of “NPO Technocom”, Yekaterinburg, Russia). The vacuum _
is monitored by vacuum ionization thermocouple gage (VIT- The values of thé\mix Hy were assigned to the middle point
3, “Automatika”, Smolensk, Russia). Residual pressure in of the composition range before and after sample addition.
the calorimeter under vacuumization is less then 0.005 Pa.The experimental partial enthalpy of mixing was expressed
The high-purity argon fill the calorimetric room at tempera- Via an alpha function
ture 50—100 K below the initial component melting to prevent —
evaporation from the crucible. ay = M,

The temperature is monitored by PID-controller. The PID- (1—xv)?
controllercompares asignal from thethermocou'ple_(lz) Wlth. The alpha function, in turn, was smoothed using |.s.r. for the
the predetermined one and generates an electric signal. This . .

. : . ; polynomial equation:

signal transforms to a leading signal for the thyristor con-
verter. The thyristor converter, in turn, operates with current !
of the reducing transformer primary coil. The temperature o, — Z ij{(’ (5)
drift during operation is not more than 0.5K. s

The pure samples dropping into the calorimetric bath and
subsequent dissolution of components lead to fluctuation inwhereQ; are the polynomial coefficients ahé the polyno-
temperature of the melt. The difference in signals between mial order determined by the Fisher’s exact test.
thermocouples (12) and (13), which corresponds to the tem- The concentration dependence &f,ixHy can be then
perature fluctuation in the crucible, is registered by KEITH- represented via equation
LEY multimeter and storedina PC in the form of e.m.f. versus
time dependences using a specially developed software.

whereA H] is the standard enthalpy of component heating
from 298.15 K up to the experimental temperatfiré], i is

the dropped sample numbae, is the mole quantity of the
dropped sampl€& is the area of heat-exchange peak on the
e.m.f. versus time curve. THe values were treated by the
Sleast square regression (I.s.r.) using a linear model

l

(4)

!
AmixHy = (1 — xv)? Z Qxi,. (6)
2.3. Measurements technique and data treatment Jj=0

Calculation of the integral enthalpy of mixing was performed

The temperature of calorimetric bath was 1770 K and the by the Darken’s method

samples in the revolving container were store@at98 K.
The measurements were performed under argon at atmo- xy

spheric pressure. Dropping of germanium samples into the AmixH = 1- XY)/ ay dxy. (7
molten germanium performed a first calorimeter calibration. 0

After that weighted samples of Y were dropped up to yttrium After substitution of Eq(5) into Eq.(7) and integration, one
mole fraction () in the binary alloy being 0.35. After the  gets
mixing experiment, the W samples were added into the melt

for final calorimeter calibration. The absence of interaction .
between tungsten and the melt was controlled by mass anal2mixH = xy(1 — xy) Y G+t ®)
ysis after the ingots were cooled and cut. j=0

[
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The deviations of integral enthalpy of mixing were deter- Table1

mined as proposed [I‘l7]. Results of calorimetric study of the Ge-Y system
Added Added amount S (arb. units)  xy AmixHy
substance  (m) (g) (kdmol1)
w 1z Ge 0.2142 0.03655
oot = @=w)(wv [ Dnar) @ 02142 003655
0.1957 0.03186
0.1125 0.01820
whereD(ay) is dispersion of the alpha function. Confidence 0.2219 0.03697
intervals were calculated from deviations of appropriate func- 8-;22‘15 g-giggg
t|on§ asto, wheret is thg Student’s coefficient for a 0.95 0.1774 0.02996
confidence level, which is equal to 2.
Extrapolation of theAyixH determined for two distinct Y 0.0155 —0.00490 0.0017  —240.68
. X . - 0.0203 —0.00679 0.0056 —251.37
concentration regions into the area of undercooled liquid 0.0241 —0.00686 00104 —22269
alloys was preformed by statistical treatmentzefunction 0.0264 —0.00851 0.0158 —244.62
(¢ = AmixH/(XyXge)) Via polynomial model 0.0285 —0.00927 0.0216 —245.74
0.0309 —0.00960 0.0278 —237.89
0.0331 -0.01078 0.0344 —245.55
I _ 0.0348 -0.01078 0.0413 —237.52
¢ = Z Q;_x{( ) (10) 0.0371 —0.01096 0.0485 —228.55
pard 0.0399 —0.01160 0.0561 —226.31
0.0405 -0.01197 0.0639 —228.88
0.0445 —0.01404 0.0720 —240.46
0.0484 —0.01556 0.0807 —243.14
. . 0.0517 —0.01609 0.0899 —237.66
3. Results and discussion 0.0528 0.01533 0.0993 —225.95
0.0527 -0.01818 0.1086 —256.29
The results of our calorimetric measurements are listed 0.0550 -0.01658 0.1179 -232.01
in Table 1. The experimental y,ix Hy data scatter is shown 0.0551 —0.01729 0.1272 —-239.05
on theFig. 1as open triangles. As one can see, our data at 0.0598 —0.01924 0.1367 -243.23
1770K are somewhat less negative thanshg Hy values 8'8%2 :g'ggégg 8'1‘5";(1) :;ig'ij
measured at 1523 KL1]. On the other hand, our data are in 0.0740 0.02536 01694 25477
a good agreement with mix Hy measured if13] at 1900 K 0.0772 —0.02716 0.1807 —259.66
and more negative than the datg 2] at 1900 K. It should 0.0810 —0.02593 0.1922 -241.93
be noted, that the data reportedi2,13] refer to the same 0.0818 —0.02669 0.2037 —245.29
experiment. But, the coefficients in the Ef) were defined 8:8%"11 :8:8;22; g:ggé :;g:gg
more precisely if13]. It should be mentioned that the data 0.0983 -0.03203 0.2375 _244.69
reported if14] are too positive in comparison with the whole 0.0943 —0.03197 0.2496 —252.20
set[11-13]. 0.1130 —0.03672 0.2622 —244.05
With respect to the analyzed data, thexHy becomes g-g%‘ —88223‘13 g-gggg —gjg-;;
less negative Wlth temperature increase fr15m_1523 K to 0.1370 —0.04680 0.3048 —25297
1770K and remains practically unchanged with subsequent 0.2132 —0.07369 0.3229 _255.01
temperature increase up to 190J%3]. This fact can be 0.2598 —0.08641 0.3459 -247.51
explained as follows. A short-range ordering of chemical ,, 0.4293 0.01554
compound-type remains in liquid phase at melting of inter- 0.5147 0.01810
metallides. This leads to significant negativgix Hy values. 0.6381 0.02311
The short-range ordering is destructed at subsequent heating 0.4972 0.01719

of the melt. Consequently, the solution tends to be more ideal The starting mass of the initial component in the crucible is 2.2483g, the
and AmixHy values decreases by absolute value. At further ccefficients of Eq(2) area=6.45676p=—0.03432.
heating, when the short-range ordering is destructed, the tem-
perature dependence afhix Hy becomes weaker.
Referring to the temperature dependence\gfix Hy in
the interval of 1523-1770 K, one can estimate hea_t CapaCity‘rhe AmiXI__IY measured in the present work at 1770 K can be

change at yttrium dissolution in the Ge-Y alloyg&C) v) expressed as follows (in kJ ndi)
at average temperature of 1646 K:

AmixHy = (1 — xv)%(—241.14— 347.19x — 1816.622),

dAmixl'_IY -~ AAmix["_IY (11)

AmixCpy = ~ )
mix™ p.Y dr AT (12)
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Table 2
The enthalpies of mixing at 1770 K and 1523XK.], and heat capacity change

17

at alloy formation at 1646 K

Xy  Presented data at 1770K Ref.[11] at 1523 K Heat capacity change at alloy formation at 1646 K
AmixHy £20  AmixHae AmixH *+ 20 AmixHy =20 AmixHge AmixH + 20 Amixcp.Y AmixCp,Ge Amixcp
(kdmol1) (kdmol 1) (kI mol 1) (kmol 1) (kdmol1) (kdmol1) (@mor1K—1) (@morlK-1) (Imorlk-1)

0.00 —241.14+-8.7 0.0 00 —250.0+£8.1 0.0 00 35.99 0.0 (0]

0.05 —237.4+45 -0.072 —11.94+0.34 —-248.4+3.6 —-0.021 —12.44+0.30 44.40 -0.21 2.02

0.10 —238.2+3.9 0.007 —23.81+£0.58 —250.6+3.6 0.18 —24.90+£0.52 50.54 -0.70 4.43

0.15 —241.4+4.0 0.48 —35.80+£0.79 —254.9+3.0 0.79 —37.56+0.69 54.62 -1.27 7.11

0.20 —245.3+3.5 1.30 —48.01+£0.98 —259.3+3.3 1.73 —50.48+0.86 56.83 -1.73 9.98

0.25 —248.3+3.1 2.18 —60.45+1.13

0.30 —249.3+3.8 2.53 —73.02+1.32

0.35 —247.2+5.7 1.50 —85.56+1.72

correspondingly,
AmixH = xy (1 — xvy)(—241.14— 173.60cy — 605.54r$).
(13)

The AmixHy data, which are reported if11] at 1523K,
can be represented through the alpha function by a third
order polynomial dependence with the third term equal to
—1816.622 (in kI molt):

AmixHy = (1 — xy)%(—25003 — 41241xy — 1816.622).
(14)

The corresponding\nmixH function can be derived by the
following equation (in kJ mol®)

AmixH = xy(1 — xy)(—25003 — 206.21x — 605.5432).
(15)

By substitution of Eqs(12) and(14) into Eq.(11), the fol-
lowing expressions can be derived (in J moK 1)

AmixCpy = (1 — xv)?(35.99+ 26405xy),
AmixCp = xy (1 — xy)(35.99+ 13202xy).

(16)
17)

The partial and integral enthalpies of mixing with confidence
intervals and calculated heat capacity change at alloy forma-
tion calculated by Eqg12—-17)are listed inTable 2.

Since, theAnix Hy is practically constant in the tempera-
ture interval from 1770 K to 1900 K, it is reasonable to treat
our data and data ¢13] together and to extrapolate the en-
thalpies of mixing on the whole concentration range. The
following equations have been derived (in kJ mil

AmixHy = (1 — xy)?(—246.22— 112234y + 16659.12%
—129161.43 + 358577.55§ — 399868.92%
+155561.42%), (18)

AmixH = xy(1 — xy)(—246.22— 561.17x + 5553.04%
—3229035x + 71715.51§ — 6664482«

+22223.06%). (19)

h

(=1
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-100

A mix Hys A ix H Ge and A4/ (k] mol ~
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=3
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Fig. 4. Plotof partial and integral enthalpies of mixing in liquid Ge-Y alloys:
(A) present work, experimental data Qﬂlnixl'_ly at 1770K; (M) data on
Amix Hy at 1900 K[13]; () data onAmix Hge at 1900 K[12,13]; lines are
results of joint treatment of data frofh3] and this work.

The results of common treatment of data fr{it8] and this
work are shown orrig. 4. The smoothed values of the en-
thalpies of mixing calculated using Eq4.7) and (18) with
their confidence intervals are listedTable 3.

The standard enthalpies of formation of yttrium ger-
manides (AH) were measured by e.mlf18], calorimetry

Table 3

The enthalpies of mixing at temperatures from 1770 K to 1900 K determined
by treating the data of the present study and ReS] together, evaluated
through thez-function (in kJ mot 1)

Xy AmixHy £+ 20 AmixHge AmixH £ 20 ¢

0.0 —246.2+ 8.5 0.0 00 —246.2
0.1 —234.1+35 -1.2 —24.5+0.6 —272.6
0.2 —244.4+3.4 1.1 —48.0+0.9 —299.8
0.3 —257.1+2.7 4.8 —73.8+1.2 —-351.5
0.4 —206.6+4.4 —-24.0 —-97.0+1.7 —404.3
0.5 —110.5+6.6 —-103.5 —107.0+2.9 —428.0
0.6 —-29.7 —201.3 —98.3 —409.7
0.7 1.7 —256.8 —75.9 —-361.2
0.8 0.4 —251.1+11.8 —49.9+2.1 —-311.7
0.9 -1.1 —2455+6.9 —25.5+1.0 —283.3
1.0 0.0 —251.0+15.2 0.0 —251.0
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Fig. 5. Plot of integral enthalpy of mixing in the liquid Ge-Y alloys vs. mole
fraction of yttrium; (—) common treatment of data frg&8] and this work;
(---) smoothed data dfL1]; (- - -) smoothed data dfL4]; and enthalpies of
formation of yttrium germanidest() e.m.f. data of18]; (a) calorimetric
datum of[19]; (@) calculated by Miedema’s meth¢20].

[19] and calculated by Miedema’s meth@@2D]. The A¢H
values are compared with theyixH of the liquid Ge-Y al-
loys onFig. 5. TheAtH data are in a good agreement with the
results of joint treatment, while they are significantly more
negative than the datadf4]. This fact serves as an additional
confirmation that the data of Rdf.4] are out of range.
Observed significant negativenixH values close ta\{H
testify that strong inter-component interaction in the yttrium

germanides remains at melting. This interaction can lead to

formation of YyGe;_x binary associates, which stoichiome-
try corresponds to the solid yttrium germanides.

4. Conclusions

In this work, the Amix Hy values were measured in the

D.S. Kanibolotsky et al. / Thermochimica Acta 433 (2005) 13-18

to suggestion thatyGe; _x binary associates with the yttrium
germanides stoichiometry form in the melt.
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