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Thermodynamics of Fe-Rich Intermetallics along the Rare Earth Series

D. Gozzi,* M. lervolino, and A. Latini

Dipartimento di Chimica, Universitdi Romala SapienzaPiazzale Aldo Morp5 - 00185 Roma, Italy

A set of thermodynamic properties of the Fe-rich part of the Fe/rare earth (RE) systems is presented for almost
all the elements in the rare earth series. This set of data comes entirely from electromotive force (€mf) vs
experimental measurements obtained by galvanic cells with a €adle crystal as the electrolyte. The standard
enthalpy and entropy of formation of RfEe 7 intermetallics have been obtained and compared with previous
results found for the REij; intermetallics. The enthalpy of formation of B intermetallics is decidedly

less exothermic than the enthalpy of formation of,RE7 with the exception of the value of fe 7, which is
endothermic. The REEe;; entropy of formation is always positive contrary to the values of\RE. For comparison
purposes, the thermodynamic data oF¥7 and DyCo;; have also been determined. The RE solubility in Fe

has been evaluated by the shift of the bcc Fe(110) plane spacing with respect to pure Fe as shown by corresponding
X-ray diffraction (XRD) data. Along the RE series, the atomic fraction of RE in the Fe solid solution changes
from (1.24 0.1)10*for Er to (9.2+ 0.2)10* for Ho. The values of the thermodynamic activity of RE coexisting
between the REFerrich phase and the Fe solid solution are reported along the series, and the related
partial excess free energy is given as electronic and dilatation contributions. The electronic partial excess free
energy of REFe; intermetallics is practically independent of the dilatation term contrary to theNRE
intermetallics.

1. Introduction and to compare them with those already obtained for thg RE
Si the sixties. int talli ds h d tNi17 intermetallics?® A further objective of the present study is
Ince the sixties, intermetatic compounds have arawn gréat o oy ajyation of the thermodynamic data of ;RIE;7 along

attenlt_lor_1 fo;#_ndersganﬁhng of th_e chem_|calf bot:'dhdl;]e to the|:r the metal transition, Me, series (F€0—Ni) and along the rare
peculiarity. This made them very interesting for both theoretical 4 series (L Gd—Lu).

approaches and application purposes. Among the large family

of intermetallics that can be synthesized and studied, the binaryz Experimental Section

and ternary systems containing rare earth and transition-metal h vani I i ¢ I the i .
elements were particularly considered. The interaction of d and , The galllyan_lc cell type utilized for all the investigated
f orbitals produces relevant properties, and such compounds carfntermetallics is

be superconductors, good permanent magnets, efficient catalyst M
—) Mo|RE, REE|CaF (s.c.)REFe,, Fe, REF|Mo (+) (1
and electrocatalysts, and hydrogen storage systems as well a.g, ) Mol 5ICaR, (s.cIREFey, Fey yIMo (+) (1)

in some cases, promising structural materials. where Fes is the RE saturated solution of Fe in equilibrium

A lot of work!~" related to their physicochemical properties  with the RBFey7 intermetallic phase produced by the eutectic
has been done, particularly phase diagrams, but the whole picturgeaction L<> REFei«(s) + Fess REF, is the RE fluoride. The
is still incomplete. In fact, notwithstanding such large interest, electrolyte is a Cafsingle crystal (s.c.), (111) oriented, shaped
thermodynamic data concerning heat capacities, formation s an 8 mm diameter 2 mm thick disk with polished surfaces.
enthalpies, and entropies are for some systems practically absenthe cell is assembled in a Knudsen cell-like holder (see Figure
in the literature. In general, among the experiméntdlworks, 1) using the classical sandwich-type arrangement. As reported
calorimetric data can be found more frequently, and different e|sewher@3-25> we modified the well-accepted experimental
techniques such as combustion calorimé®rgirect synthesis  procedure of emf vd measurements by performing them under
calorimetry?**and solution calorimet®}'“ have been used.  molecular effusion conditions; therefore, a high vacuum is
To derive the thermodynamics, measurements in reversiblerequired. This change is mandatory when the vapor pressure of
conditions are needed. To do this, the measurements of vaporat |east one of the galvanic cell components is high at the
pressur® 1’ and electromotive force (emf) of solid-state operating temperatures. To utilize symmetric galvanic cells as
galvanic cell$*2! are the most suited techniques. The emf cell 1, pure rare earth elements must be used in the anode. At
method when applicable is one of the most accurate. Papersthe operating temperature of the cell, which is in the range from
published by our group showed the applicability of the method (500 to 900y C, the vapor pressure of some rare earth elements
for determining the thermodynamic properties of some alu- s relatively high, particularly, for Sm, Eu, and Yb. As discussed
minides? and RENiy7 intermetallic§®~> with the elements of  e|sewher@3-25 in the above conditions, the treatment of emf
the rare earth series. vs T data should be changed with respect to the standard

The scope of this work was to determine the thermodynamic treatment of the solid electrolyte galvanic cells if the effusion
data of the REFe;; intermetallics that are practically unknown  occurs readily.

Intermetallic Synthesis.The samples were synthesized by

* Corresponding author. Email: daniele.gozzi@uniromal.it. melting the mixture of the components, rare earth (purity from
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trodes were gently polished in such a way as to be in perfect
contact with the electrolyte surfaces. The total length of the
cells was never greater than 12 mm. The electrical leads were
realized by Mo wires up to the feedthroughs of the furnace

= alumina flange. The temperature was measured by two S-type (Pt/Pt
;BN Rh 10 %) thermocouples. Another S-type thermocouple was
g Clectrodes used to drive the furnace power control. Before starting the emf
=1 CaF, electrolyte measurements, the system was carefully flushed with _Ar (O
I mm Mo jcads & wires < 1 ppm, HO < 1 ppm) and then outgassed by following a
= CaF, powder standard procedure, which did not allow an increase in the

temperature of the cell if the pressure inside the furnace was
greater than 80-% mbar. This procedure required at least 2
days. The total pressure during the experiment was maintained
Figure 1. Assembly of galvanic cell 1 inside the latticework is shown. below 11077 mbar. The emf measurements were performed
Three S-type thermocouples are positioned close to the cell. Two of them by means of a high-impedance preamplifierifl@hm, typical
are used to check the isothermal condition of the cell. The third thermocouple bias current 40 fA) connected to one of the analogue input
is utilized to drive the furnace power control. A scheme of the cell holder ~hannels of a data logger. The total precision in reading the
'Osuflfsoor ';f]go'\rﬂtﬁo:g;h an effusion hole on the top. This hole is also the way ¢ ¢\ \a5 ess than 5V. A data logger connected to a personal

' computer read the furnace temperature and pressure as well as

the emf. The stability of the temperature of the furnace at the

(99 t0 99.999) %) and Fe (99.99 wt % nominal purity), with SCt lemperalure was a!WaySt within 1 K. fThe te(;"'gera‘“re Chang‘ff
(91 to 94) atom % Fe. The preparation occurred by melting the roughout the experiments were performed by programme

. i
components by an e-gun according to the procedure reportedramlos with a slope of2| K-min™.
o : : .

elsewheré 'I_'he microstructure of the aIon_s was studied using 5 pata Evaluation Procedure
standard optical and electron metallographic methods. Quantita- _ )
tive electron probe microanalysis was also carried out using an It can be show#?**that the reaction Gibbs energiG, of
energy dispersive X-ray analyzer (EPMA) to confirm the final Cell 1 is given by the equation
composition of the samples. The X-ray analysis was carried out ) 0 P
on powder samples using a BragBrentano diffractometer AG=AG =AGy —aBAG 2
(Panalytical X'Pert Pro). o _ _ o,

Table 1 shows some information related to the available phasePecause the activity of RE in the anode is unihG, is the
diagrams of the REFe systems investigated with RE Pr27 standard free energy of the cell reaction, ahgs’ is the
Nd 28 Gd2° Tb3 Dy,3! Ho,32 Er3% and Lu3 Data concerning standard free energy of RE vaporization. The coefficigraad
the Y—Fe® and RE-C0%® systems that will be considered in f are, respectively, equal to
the Discussion section are also reported in the same table.

Preparation of Electrodes and Cell Assemblingll the A= 0,1 = (Plpeg] = 0,[1 ~ exp(A,G/RT)] (3)

f=2-1N)/(1-h) “4)

details of the experimental setup are reported in the literétute.
Only the essential information will be reported here.

The emf measurements were carried out in a high-vacuum andp andpeq are, respectively, the vapor pressures of RE out
vertical furnace made of a W(Th{resistor. The inconel spring-  of equilibrium and at equilibrium with the condensed phase.
loaded latticework (see Figure 1) was utilized for positioning g, is the vaporization coefficient, which i1 for metals. The
the holder of the electrochemical cell in the isothermal zone of g coefficient depends on both the stoichiometry of the cell
the furnace. The vertical force applied to the cell is maintained reaction
at a preset value by a feedback motion device in such a way as
to compensate the size changes due to the temperature variation$§(2 — 19h)/(1 — h)]RE(s)+
In this way, the contact pressure at the electrode/electrolyte [17/(1 — h)]RE.Fe,_.(s) = REFes) (5)
interface is independent of temperature. The effusion cell is
machined from a workable alumina rod (Aremco, USA). It and the solid solubility of RE in Fe representedtbywhenh
contains the electrodes, electrolytes, and Mo lead wires. Two = Q, reaction 5 becomes the formation reaction of theFRE
small holes (1 mm diameter) serve as an outlet for the Mo wires intermetallic. Throughout the text, the thermodynamic quantities
and cell outgassing. All the components of the cell were shapedwritten with subscript r or f refer, respectively, o= 0 andh
as small cylinders assembled as a sandwich with the electrolyte= 0. The magnitude ofi and its influence on the value of the
in the middle as shown in Figure 1. enthalpy and entropy of formation of the intermetallic compound

The electrodes have been prepared in a glovebox filled with will be discussed later on. Depending on the value of the ratio
inert and dry atmosphere according to the criterion of establish- p/pe, g can be practically zero or close to 1 or negative. In
ing the polyphasic coexistence through a close contact amongpractice, because the whole system is under high vacuum, the
the powder particles. Following the well-established standard situationq < 0 cannot be achieved at steady state. When
procedure, the pure solid phases, as fine powders, have bee® nothing changes with respect to the standard emf measure-
mixed in acetone and, after evaporation of the solvent, pressedments of galvanic cells. Due to the very low vapor pressures of
in a stainless steel mold for obtaining cylinders 6 mm in the REs studied (at 1000 K, the vapor pressure valuasge
diameterx (3 to 5) mm in height. All the pure rare earth metals from 3.310°13 mbar for Lu to 1.610°% mbar for Dy), the
and their respective fluorides (99.99 %, 325 mesh), both as relationshippm ~ p ~ peq holds, with py, being the pressure
powders, were purchased from Smart Elements (Austria) andmeasured inside the HV furnace. This impleges 0 in all the
Sigma-Aldrich (ltaly), respectively. The flat surfaces of elec- calculations. Ifg= 1, i.e., when in the presence of a high volatile
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Table 1. Intermetallic Phases in the RE-Fe Systems Investigated

RE in RE-Fe Fe richest phase

system intermetallic phases F8, (x:y) reaction Fe at % T/°C ref
Pr 2:17 L— ProFe7tFes 89 1375 27
NdP 2:17 L— NdoFer+Fess 89 1483 28
Gd 1:2_1:3 6:23_2:17 + GFe7+Fes 89 1608 29
Th 1:2 1:3 6:23_2:17 + ThoFe+Fes 89 1585 30
Dy 1:2_1:3_6:23_2:17 + DysFerrt+Fess 89 1633 31
Ho 1:2_1:3 6:23_2:17 + HoFerr+Fess 89 1611 32
Er 1:2_1:3 6:23_2:17 + EnFertFes 89 1629 33
Lu 1:2_1:3_6:23_2:17 + LusFerrtFes 89 1593 34
Y—-Fe 1:2_1:3_6:23_2:17 + YiFert+Fes 89 1623 35
Dy—Co 31 12:7 4:3 1:2 1:3 2:7 1:5 2:17 —ICoFert+Fes 89 1663 36

aPrFe and PrFeg are also reported in the database of the International Center for Diffraction Data. The former is a metastabeNohBeg NdsFe;7,
and NdFe are also reported in the database of the International Center for Diffraction Data. The first two intermetallics are metastable phases.

Table 2. Evaluation of 4 and ds Parameters According to Equation 10 for the RE,Fe, Intermetallics

[ a(? _ a, _
T I _(HroH) AH S S-Sy (S~ )
REFe K K kJ-mol~lat? ref kFmol-lat? OH JKL:mol-tat? ref JKtmoltlat? Os
GdFe 300 0 5.81 37 6.10 0.95 38.63 37 40.89 0.94
ThFe 300 0 6.09 37 6.19 0.98 40.60 37 42.56 0.95
DyFe 300 0 6.21 37 6.03 1.03 41.62 37 43.35 0.96
HoFe 300 0 6.20 37 5.72 1.08 42.46 37 43.44 0.98
ErFe 300 0 6.13 37 5.51 1.11 42.28 37 43.01 0.98
LuFe 300 0 5.33 37 5.16 1.03 35.30 37 35.09 1.01

aData calculated by the Kopp rule through the enthalpy and entropy functions from Ivtantfermo.

RE, the effect of the vaporization on the energy balance of the which belong to the same RE-e system. Therefore, for
electrochemical cell should be taken into account. In this case, RE,Fe,
the cell reaction is
(Hy — HDe (St —SPe
B(L+ gRE(s)+ aREFe,_(s)= REFe;(s) + SARE(g) (6) Oy=——7— 0s=——F———
(Hr = Hok (S? - S’Gr K

which becomes reaction 5, through eq 4, when vaporization of
the RE is negligibled ~ 0). The coefficientx is equal to 17/ ~ Where the subscript€ and K refer, respectively, to the
(1 — h). This means thatAGce, the free energy change experimental and Kopp's rule calculated ddftas the reference
associated with the galvanic cell reaction, embeds the freetemperature. The enthalpy and entropy functiod$ ¢ Hgo
energy change of RE vaporization. Therefore, it is necessary toand @ %,8) of a given REFe;; at T are given by
subtract the above quantity, as stated by eq 2, to have data He ) )

corresponding to reaction 5. According to eq 2, the measured (Hf — Hag9 = 0 (HT — Hygd =

emf data are standard emf valugbthat are related tAGY,, Oul2(HE — Hog9re + 17(HZ — Hio9ed
by the equatlorAGCeII —yBFEY whereF is the Faraday’s

constant ang is the number of electrons exchanged in the cell (§ — ggg) = 5H(H$ — HgQS)K =

reaction. This quantity is also the RE valence state. The best

fitting straight I?ne thrgugrn experimental points should obey 042(St — Shogre T 17655 — Speded (11)
the equation

(10)

The enthalpy and entropy changes of reaction 5 at 298.15 K

are given by
E'=- F(A H’ + qBAH) + F(A S+apAs) (1)
v v Anggs: ArH'QF - z Vi(H'Qr - Hggs)i =
from which AH? and AS! are obtained at the average ! ) 0
temperaturd = 3; Ti/n, respectively, from interceptand slope A HT = (04 — D)(H7 — Haeg

o, as given below

Arggsz Ar§ - z Vi(§ - ggs)i =

A HT = —ypF. — qBAH7 (8) '
Ar§ - (és_ 1)(§ - §98)K (12)
A,S =ypFo — gBA 9
SV BAS ®) 4. Results
To correct the values oA H? and A,S to the reference Table 2 gives the values of; andds evaluated according to
temperature of 298.15 K, the enthalpy functidﬂl‘%(— Hggg) the above procedure only for REFHatermetallics whose data

and entropy function§ — Sy of RE:Fey intermetallics of the enthalpy and entropy functions are avail&@blEhe above
should be known. Unfortunately, no data can be found in the procedure cannot be applied to the4Fe and Nd-Fe systems
literature. The above functions can be qualitatively obtained by because such data are missing. The data for the calculations of
calculating the deviationsy and ds from the Kopp rule of  the HS — Hyo9 and G — Sy terms in the above functions
known enthalpy and entropy functions of intermetallics,/R&, were taken from the Ivtanthermo database.
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Figure 2. emf vsT curves for all the RE-e 7 intermetallics examined.
The curves obtained for )Fe;; and DyCoi7 are also shown. Note that
only Y,Fe7 displays the negative slope.
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Figure 3. Panel A. Average atomic volume in ¢t intermetallics against
the atomic fraction of Fe in Gég,. The partial atomic volume of Gd at
Xeq—0 is obtained by linear extrapolation starting from the highest Fe
concentrations. Panel B. Evaluation of tiéeshift (A) of the Fe(110) feature
due to the solubility of Gd in the Fe solid solution.

Table 3. Coefficients of the Best Fitting Straight Lines through the
Experimental emf »s T Points. According to Eqs 8 and 9. and ¢
Are, Respectively, the Intercept and Slope

T L +AL o +Ao

RE in REFe; K \% \% VK ~1 VK1
Pr 995 —0.036 61073 7.410° 6-10°©
Nd 1022 0.021 21073 4210 2:10°©
Gd 972 0.101 303 2.910° 3-10°©
Th 1041 0.122 4073 2.410° 4-10°©
Dy 965 0.129 2103 4.00105 2:10°©
Ho 1066 0.143 103 2.86105 1.10°
Er 959 0.137 5103 4510° 510°©
Lu 1054 0.149 4073 47105 4-10°©
Y oFerr 895 0.2640 904 -—-5810° 1-10°
Dy»Co17 1059 0.307 3103 3.310° 3-10°®

Figure 2 shows the experimental emf Vglata for all the
investigated REFe 7 intermetallics. The coefficients with as-
sociated errors of the best fitting straight lines are reported in
Table 3.

For correct calculation of the thermodynamic quantities, it is
necessary to knoyd given by eq 4 through the value of the RE
solubility in Fe, named in the above equation. In a previous
work,2®> we evaluatedh by measuring the @ shift in the XRD

Table 4. Solubility Data of RE in Fe atxgg—0 from XRD Spectra
and Calculation of Coefficient 2

RE in VRE(XRE_’O) A A260 h
REFe&7  cm*mol™t pm ° % B
Y 16.9+ 0.1 0.006 —0.092 0.16A40.001 1.972
Pr 16.7+£ 0.1 0.002 -—0.035 0.056+0.002 1.990
Nd 16.5+ 0.2 0.001 -0.016 0.028:0.001 1.995
Gd 16.2+ 0.1 0.002 -—0.037 0.059-0.002 1.990
Tb 16.0+£ 0.2 0.002 -0.030 0.06Gt 0.001 1.989
Dy 15.8+ 0.2 0.001 -0.013 0.03Gt0.003 1.994
Ho 15.6+ 0.2 0.003 -—0.037 0.092-0.002 1.984
Er 155+ 0.1 0.004 -0.073 0.012:0.001 1.998
Lu 15.0+ 0.3 0.002 -—0.033 0.065-0.003 1.989

AA(20) = (20)ni,. — (20)ni; Alare, — ard) = (U V2] [sin(sd2)] " —
[sin(/2)]™%; x[Fe(110)]= (20)110= 44.67F; B = (2 — 1%)/(1 — h); 1
cmémol~1 = 1072INp nm3-at 1.

Table 5. Crystallographic Data for All the Intermetallics in the
Gd—Fe Systent

crystaline _ & P ¢ Mo Va
GdFeg system pm pm pm 1IGnm® Z 103nm?
GdFe Fd 3n 738 - - 40194 8 16.74
Gd Fe R 3m 5148 — 2462 565.06 9 15.70
GdsFez  Fm 3m 1212 - — 1780 4 15.34
GdFer;  P&/mmc 839 - 853 520 2 13.68

a1 cmf-mol~! = 10-2!Na nm®-at™?; iy = volume of the unit cellZ =
number of molecules in the unit ceVy = V/Z(x + y) = average atomic
volume.

spectrum of RENi;7 + Niss samples with respect to the (111)
most intense feature of pure Ni. Such a procedure requires
calculation of the partial molar volume of RE at infinite dilution,
Vre(xre — 0), wherexre is the atomic fraction of RE. To do
this, the average atomic volumé, = V,/Z(x + y), of the atoms
in the lattice unit cell of REFg, is considered as a function of
the stoichiometry of all the intermetallics belonging to a given
RE—Me system. For length reasons, the procedure will be
shown only for the GeFe system, whereas the complete set
of results has been summarized in Table 4. Consider Table 5
where the crystallographic parameters of all the intermetallics
of the Gd-Fe system are reported. To obtdini.e., xre—0, a
linear dependency from the atomic fraction of R&g, of the
Fe lattice parametesg,, in the Fe solid solution was assumed
according to the equation
Bre = 8pe 1 (085 0XedXre (13)

This assumption is well justified whexke—0 because the
Henry behavior of the solid solution hol@%%® The partial
atomic volume of RE atgre—0, Vre(XrRe—0), can be obtained
by extrapolation of curve¥, vs xre at Xrs—>1. The extrapolated
straight line should obey the equation

oV,
X
where V2, = NaaZ, is the volume of an Avogadro number,

Na, of lattice unit cells of bcc Fe, each one having two
atoms. Combining eqs 13 and 14 can be calculated by the

equation
2V e(¥ee—0
h= 3A/an[ﬂ _ 1]

Vee
where A = (are, — ard = (i/«/ﬁ){[sin(XSJZ)]*l — [sin(y/

- 1
VreXge—~0) = 2 Vge + (14)

(15)
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Table 6. Enthalpy and Entropy of Reaction [(2— 1%h)/(1 — h)]RE(s) + [17/(1 — h)]RExFe1-n(s) = REFei#(sf

L ArH$ Anggs aAnggs Ar§ Arg%
RE in REFer7 K kJ-(mol at)* kJ-(mol at)1 kJ-(mol at)* JK~1-(mol at)* JK~1(mol at)*
Pr 995 1.09+ 0.02 - —6.5 2.24+0.01 -
Nd 1022 —0.64+0.01 - 0.3 1.28+ 0.01 -
Gd 972 —3.03+0.03 =2.0) —-0.5 0.88+ 0.01 3.0
Th 1041 —3.69+ 0.02 =3.3) -1.3 0.73+ 0.02 2.6
Dy 965 —3.92+0.01 —4.6 -1.3 1.21+ 0.02 2.7
—1.9+ 25 %

Ho 1066 —4.32+ 0.02 —6.7 —5.8 0.85+£ 0.01 1.8
Er 959 —4.174+0.04 —6.6 —-2.0 1.37+0.01 2.0
Lu 1054 —4.51+0.02 —5.4 —-7.3 1.42+ 0.02 (1.2)
YoFe7 895 —7.93+0.01 - —8.7 —1.74+0.02 -

973 —6.38+0.31 - —1.90+ 0.28 -
Dy.Cor7 1059 —9.35+ 0.09 -8.0¢ —10.4 1.00+ 0.09 -

aData calculated from Miedenta Ref 42.¢ Ref 43.9 Ref 14.¢ Data within round brackets should not be considered reliable.

Table 7. AGS, and AGRg contributions to the Partial Excess Free Energy of REAGE, Calculated at 1000 K According to Equation 17

h AGEL AGEe AGEe
RE in REFe7 % log are kJmol~1 kJmol-1 kJmol~1 RE atomic number

Y 0.1674+ 0.001 —3.58300+ 0.00008 —-14 260 —274 39
Pr 0.056+ 0.002 —0.5718+ 0.0005 51 254 —203 59
Nd 0.028+ 0.001 —0.9457+ 0.0007 51 248 —197 60
Gd 0.059+ 0.002 —2.010+ 0.001 23 238 —215 64
Tb 0.060+ 0.001 —2.135+ 0.001 21 232 —211 65
Dy,Fer7 0.030+ 0.003 —2.626+ 0.001 17 226 —209 66
Dy:,Nig7 0.151+ 0.003 —9.33 —129 172 —297
Ho 0.092+ 0.002 —2.4517+ 0.0009 12 220 —208 67
Er 0.012+ 0.001 —2.840+ 0.003 20 217 —197 68
Lu 0.065+ 0.003 —2.848+ 0.003 7 201 —194 71

2 Yby(Fe) = 7.73.byDy(Ni) = 2951077, ref 25.

Table 8. Enthalpy and Entropy of Reaction [(2— 1%h)/(1 — h)]Dy(s) + [17/(1 — h)]DynMe1-n(s) = Dy-Mei#(s) and Comparison of the
Thermodynamic Data along the Fe~Co—Ni Series

:r dAng% ArH1§' Anggs Ar§ Arggs Areg
Me in Dy,Me;7 K kJ:(molaty?  kJ(molaty? kJ(molaty! JKI:(molaty? JK I(molat)? kJ-(mol at)1 logageatT
Fet 965 —-1.3 —3.924+ 0.06 —-4.6 1.21+0.06 2.7 —5.091+ 0.002 —2.626+ 0.001
-1.¢
Carb 1059 —-10.4 —9.354+0.09 - 1.00+ 0.09 - —10.419+ 0.005 —4.882+ 0.002
Ni¢ 1092 —14.6 —20.3+£0.1 —-19.1 —1.774+0.09 —2.0+0.1 —18.44+0.2 —9.33+0.09

apresent work? 8 = 2 was assumed.Ref 25.9 Calculated data from the Miedema semiempirical médaRef 14.

2)I with y = (20)110 for the most intense XRD line, (110), Y Fe#? and Dy,Co;7/* are also reported. The correction at
in the GdFe 7 + Feissample and in pure Fe, respectivelyis 298.15 K of the thermodynamic data obtained Tatwas

the X-ray wavelength of Cuil radiation (154.056 pm). Thus,  performed only for the intermetallics havidg andds evaluated

A is calculated from the XRD spectruivize(xge—0) is obtained in Table 2. The correction at 298.15 K should produce more

from the above-mentioned extrapolation; a@pgd= 286.65 pmMt negative valuesdy > 1) of AHj, with respect toA HZ and
andh are easily calculated through eq 15. _ more positive valuesdg < 1) of A;Sjes with respect toA, S..

The average atomic volume in the lattice unit céf}, as Therefore, data in Table 6 are reported within round brackets
function of Fe contentxr,, of the intermetallics in the GdFe if the above conditions were not satisfied. This implies that the

system is shown in Figure 3A (see also Table 5). By extrapolat- approximation based on the Kopp rule does not work.

ing the above curve atrs—0, starting from the highestre

values, the partial molar volume of Gd in Fe at infinite dilution, 5. Discussion

Ved(Xca—0), is obtained. A portion of the XRD spectrum of ) ) )

GdFe; + Fesis reported in Figure 3B where the peak of To treat exh_austlvely the thermodynamlc behavior along the

polycrystalline Si, used as an internal reference, is shown rare earth series of the Fe-rich phase in the RE systems,

together with the peak of Fe in the sample. The latter feature is @nd for a better comprehension of the text, it is important to

shifted at lower 2 values with respect to the line of Fe(110) in  divide the whole matter as follows: (i) Calculation of the

pure Fe (2 = 44.67F)* (see inset in Figure 3B). As expected, Fhermodynamic excess qu?ntities. (ii). Comparison of t.he data

decreasing @, the lattice parameter increases. This is consistent in the Fe~Co—Ni series. (iii) Comparison of the data in the

with the enlargement of the Fe lattice due to the presence of al@—~Gd—Lu rare earth series.

small quantity of Gd in it. The values df andh are given in Calculation of the Thermodynamic Excess QuantitieBhe

Table 4. Gibbs energy change associated with galvanic cell 1 depends
Given thatps, oy, and ds are known, it is now possible to  on the chemical potential difference of fluorine, and the positive

compute eqs 9, 10, and 12. The results are reported in Table 6side of the cell is that where the fluorine chemical potential is

For comparison purposes, the available literature data for higher. Due to the coexistence of RE fluoride with RE at
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Figure 4. Partial excess free energiGgg, for all the REFer; interme- (dilatation)

tallics investigated is reported..¥e 7 is also plotted. The calculation was  Figure 5. Electronic partial excess free energy is plotted against dilatation
performed at 1000 K according to egs 16 to 18. The dilatation and electronic partial excess free energy for the #& 7 and RENiy7 intermetallics. In
contributions tcAGEE are plotted. The error bars were estimated within the case of REFe7, the electronic contribution is almost independent of
5 %. the dilatation contribution to the partial excess free energy.

different activities in both electrodes, the positive side of the KkJmol-1
cell is also that where the RE activity is lower. This implies
that cell 1 behaves as a concentration cell without transport of
RE. Therefore, eq 2 can be rewritten as

passing from one RE element to the next. In the case
of the RENi1; intermetallics, a more negative value-§{.8 +
0.4) kImol~1] was founck® It is worth noticing that, as expected,
Y is out of the above trend as shown in Figure 4.
0_ AR0 _ 0 _ Comparison of the Data in the Fe-Co—Ni Series. By
AG= AGee — ABAGT = inspection of Table 8, the trend regularity from Fe to Ni of the
BRTIN age = — BYFE’(T) — qBA,G’ (16) thermodynamic data of reaction 5, for the formation of,Dy
) ) ) ) Me17, appears clearly. The related free energy changes indicate
with y = 3 andage = 1 on the negative side’(T) is the an increasing stability with DyNii7, about three times more
experimental linear function of the cell emf Vsthe coefficients stable than DyFer7. This behavior was alreat&observed in
being reported in Table 3 for each intermetallic investigated. the systems GeMe where the trena\H(Ni) < AH?(Co) <
Through eq 16, the activity value, as a function of temperature, AH?(Fe) holds. The explanation of this sequence stands in the
can be calculated as well as the partial excess free energy Ofgradual change of the number of d electrons in Me, the atomic
RE, AGgg, given by energy level, and the d bandwidth. Colifegt al. attributed
the d bandwidth as the predominant effect because the first two
cancel. If the BrewerEngef’*8rule was considered, the same
. o - . _ sequence would be obtained. In fact, it states that the stability
where yge is the activity coefficient of RE in SeqU|I|b(|um of a RE-Me intermetallic compound increases as the Me d band
between the pha_sEes BEew7 and Fes Elsewheré? as a first )0 omes filled with the s band electrons of RE (Dy[X&]6s
approximation AGge has been considered as the sum of o 410 The complete filled d band is obtained only with Ni ([Ar]-
excess termaGge and AGge. They are, respectively, associ-  493¢). The partial excess free energy of Dy in Fe and i#Ni
ated to the electronic contribution due to the transfer of valence jg compared in Table 7. The respective values of the activity
electrons from the Fermi level of RE to the Fermi level of Fe (qefficient are (7.73 and 2.990°7. Therefore, two very
and the dilatation of the Fe lattice upon the addition of RE. To gifferent levels of interaction between Dy and transition metal
reach thermodynamic equilibrium, the electron transfer from e exist. This should be attributéto magnetic effects due to
RE to Fe occurs becausgFe) > ¢(RE)** where¢ is the Fe and Co. On the other hand, it appears from Table 7 that in

AGEg = RTIn yge = RTIn(ag/h) = AGRe + AGhe (17)

electron work function. An estimation &Gge and AGxe can Dy.Fe; the dilatation and electronic contributions are almost
be attempted by using the equatidbelow for evaluatingh balanced, different from the situation in PNiy7. Furthermore,
G‘éE first all the above considerations match with the values of the entropy
g _ changes that are positive only in the presence of large magnetic
AGRe(Xre—0) = (Brdbrd (Ve — VB9 + effects as in the case of Biye; and DyCoy7.
[(Bedbed V(1 — b1 — (Ve Ve)® 9] (18) Comparison of the Data in the La-Gd—Lu Rare Earth

Series.The dilatation contribution to the partial excess free

whereV2, Bre andb. are for Fe at 300 K, respectively, the ~ energy, AGgg, is plotted in Figure 5 against the electronic

molar volume (7.05 cfamol~1), bulk modulus at 1 bar (1.67  contribution,AGZg, for both the RENi17°> and REFe,7 inter-
10 N-m~2),%6 and the pressure coefficient Bfe, (0Brddp)T, metallics investigated. The uncertainties in the above quantities
(5.29)46 By taking into account the data reported in Tables 4 were evaluated withig= 5 %. Some points arise from inspection
and 6 as well as the equations 16 to 18, Table 7 was generatedf this figure: (i) The electronic term of the REe7 interme-
with the excess quantities calculated at 1000 K. The trend of tallics is practically independent of the corresponding dilatation
the excess quantities along the rare earth period is also giventerm. In RENi7, the AGS: term becomes even more negative
in Figure 4. There is a regular and almost linear trendGf, as theA(_S‘F’zE term increases. (i) ThAGg; values of the RE

vs atomic number that means, according to eq 17, an almostFe ;7 intermetallics are significantly less negative than the values
exponentially decreasing trend of the RE activity coefficient of the corresponding REli;~. (iii) The light rare earths, Pr and
along the rare earth series. By fitting theG5; data, one Nd, show the highest and comparam@‘;E values in both
deduces that this quantity decreases constantly-8yq+ 0.6) systems. It is worth noticing that the crystal structure of these



2356 Journal of Chemical and Engineering Data, Vol. 52, No. 6, 2007

Table 9. Comparison of the Thermodynamic Data along the Rare Earth Series

T Ang aAngga Af§ AfG$

RE:Me;7 K kJ+(mol at)™* kJ-(mol at)? JK1:(mol at)? kJ-(mol at)* logage at T ref
Pr Fe 995 1.09- 0.02 —6.5 2.24+ 0.01 —1.141+ 0.001 —0.5718+ 0.0005 pw
NiP 955 —17.58+ 0.02 —-13.9 —1.274+0.02 —16.37+ 0.04 —8.52+ 0.02 25
Nd Fe 1022 —0.64+0.01 0.3 1.28: 0.01 —1.943+ 0.001 —0.9457+ 0.0007 pw
Ni 998 —18.35+ 0.01 —-13.8 —1.63+0.01 —16.72+ 0.02 —8.35+0.01 25
Gd Fe 972 —3.03+0.03 -0.5 0.88+ 0.01 —3.916+ 0.001 —2.010+ 0.001 pw
Ni 1023 —-23.0 —14.3 —54 —-17.5 —8.56 38
Th Fe 1041 —3.69+ 0.02 -1.3 0.73+ 0.02 —4.454+ 0.005 —2.135+ 0.001 pw
Ni 1023 —19.03+ 0.06 —14.8 —1.224+0.02 —17.78+ 0.08 —8.72+0.04 24
Dy Fe 965 —3.92+ 0.0 -1.3 1.21+0.02 —5.091+ 0.002 —2.626+ 0.001 pw
Co 1059 —9.35+0.09 —-10.4 1.00+ 0.09 —10.419+ 0.005 —4.882+ 0.002 pw
Ni 1092 —20.3£0.1 —14.6 —1.77+0.09 —18.4+0.2 —9.33+0.09 23
Ho Fe 1066 —4.32+ 0.02 —-5.8 0.85+ 0.01 —5.224+ 0.001 —2.4517+ 0.0009 pw
Ni 1085 —20.37+ 0.09 —-14.1 —1.804+ 0.09 —18.4+0.2 —8.54+0.09 24
Er Fe 959 —4.17+0.04 -2.0 1.37+£0.01 —5.484+ 0.006 —2.840+ 0.003 pw
Ni 995 —19.7+0.1 —15.0 -1.4+0.1 —18.3+0.2 —9.4+0.1 25
Lu Fe 1054 —4.51+ 0.02 -7.3 1.424+0.02 —6.016+ 0.007 —2.848+ 0.003 pw

Ni - - —19.9 - - - -
Y Fe 895 —7.93+0.01 —-8.7 —1.744+0.02 —6.372+ 0.002 —3.583+ 0.001 pw
973 —6.38+ 0.31 —1.90+ 0.28 —4.6+ 0.6 —2.44+0.3 42

Ni - - —22.2 - - - -

a Calculated data from the Miedema semiempirical madg(2 — 15h)/(1 — h)]Pr(s)+ [13/(1 — h)]PrNii—n(s) = Pr2Nix(s); pw= present work® From
ref 14, AHjgs = —1.9 & 25 %).

light intermetallics is rhombohedral, whereas the structure of be written asS! = S)(L) + SE) + wS(mRE) + zS(mMe)

the other ones in the series is hexagonal. (iv) According to eq where L and E are, respectively, the lattice and electronic
17 and Table 7, the balance betwekGhe and AG, i.e., A contributions, andS(m,RE) andS/(mMe) are the respective
GEE, is always negative for RiEli;7 and always positive for magnetic contributions from the rare earth and Me (Fe, Co, and
RE.Fe 7 intermetallics. This implies a weak interaction of RE  Ni) atoms to the entropy. Assuming the contribution of some
in Fe with respect to the stronger interaction between RE and magnetic couplings of RE and Me in the compound is negligible,
Ni. its entropy of formation is given bS, ~ AS)L) + AS/E).

The trend in the thermodynamic data of the,R&j inter- If we compare REMe; 7 intermetallics with the same structure,
metallics along the RE series is clearly indicated in Table 6. rhombohedral or hexagonal, but with different Me, we have to
Because the average experimental temperatures are not s@ttribute such large value differences betweenAt® mainly
different, we can examine the trend atH-? instead of the to the electronic termAﬁ(E). Looking at the electronic
AHjss values, which are in some cases missing and affected structure of Fe ([Ar]4%8d) and Ni ([Ar]4<3cP), it appears
by the uncertainties connected to the evaluation of the enthalpyevident that the saturation of the d band of the transition metal
function (HZ — Hbgg). Going from Pr to Lu, the values are even  with the s band electrons of the RE element, as occurs i RE
more exothermic starting fromrH$ of Pr, which is endother- Niy7 intermetallics, brings it to a lower number of electronic
mic. This kind of evidence was already described in the microstates; thereforafﬁ(REgFeg) >0 andAS? (RExNi17)
literature!* and it was attributed to the increase of the atomic < 0. The progressive filling of the d band of the transition metal
energy level of the rare earth element. In particular, one canis also consistent with the trend a%S, observed in DyMe;;
observe that the most relevant changes are related to Pr andvith Me = Fe, Co, Ni. This phenomenon produces effects also
Nd, whereas from Gd to Lu the\,H? values are almost on AH? which becomes even more exothermic, and the
similar. As stated by the authotéthe value 0fAHjgg of Dy, thermodynamic stability (see the column heade@?) in-
Fer7 (see Table 6) should be considered with caution due to creases mainly for the enthalpy contribution.
some experimental uncertainties in the aluminum solution  (¢) The activity of RE coexisting with Rile;; and Mas
calorin_wetry, which produce large errors when the heat of age(Ni) < age(Fe), and the respective values differ by several
formation is low as in the case of Bfye;7. For comparison  orders of magnitude. Also in this case, there is a trend along
purposes, an almost complete summary of the thermodynamicine RE series wittarg(Me) decreasing from Pr to Lu, though
data of RENi1; and REFe7° is presented in Table 9. In the  thjs trend is more evident when Me Fe. In fact,ap(Fe)Ag-
same table, th&ng98 values calculated according the semi- (Fe) = 186, whereasip(Ni)/ag(Ni) = 7.6. So, high activity
empirical model of Miedentaare also reported. As stated by values of RE in the REFe; series indicate a very weak
the author, those values should be considered to be affected bynteraction between atoms.

a systematic uncertainty of more than 10rkdl™1, i.e., for RE- (d) The behavior of YFer7. We studied this system for two
Meiz, > 0.5 kJ (molat) . By inspection of Table 9, at least  (ea50ns: (1) To check our emf technique with the same
four key points can be considered: ) _ _ ) experimental technique utilized years before on the samEeY
(a) The enthalpy of formation)Hy. The inequalityAHz- system?? If the different experimental temperatures of both the
(RE:Niy) < AHYREFey) is satisfied everywhere. The val-  measurements on,¥e; (present work and ref 42, see bottom
ues are always exothermic with the exception ofFExy. rows of Table 9) are considered, the data found are in good
(b) The entropy of formationAS. . The inequalityA,Si- agreement. This supports the present results and the comparison

(RE2Niy7) < Afﬁ(REzFen) is satisfied everywhere. The val-  with previous results on RBi17 intermetallics. (2) To compare
ues related to REFey are always positive. According to its thermodynamic properties with bftiey7. This comparison is
Germano et aPf8 the entropy of an intermetallic Rile, could very interesting because Lu and Y have a similar outer electronic
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configuration (Y= [Kr]5s%4d}; Lu = [Xe]6s%4145d") and both

the intermetallics have a hexagonal structure. By considering a

suitable scaling oAfH$ for the different experimental temper-

atures, it is reasonable to assume that at the lowest temperature,

514)

i.e., 895 K, theAfH$ values should converge approximately to

a similar value, whereas the same reasoning cannot be applie

to theAfS$ values that are opposite in sign. At first glance, this

cannot be attributed either to magnetic contributions, because

Y and Lu have practically the same magnetic susceptibility
[(187.7-10°6 and 182.910°%) cm?-mol1, respectively], or to a
significant difference of the electron work function values [(3.1

and 3.3) eV, respectively]. At the present time, no reasonable
explanation can be supplied. Further investigations are required(m

to look inside this apparent anomaly.

6. Conclusions

According to the scope of this work, the missing thermody-
namic data of several REe;; intermetallics in the RE series

have been measured, and they have been compared witt‘flg)

previous data obtained for RRii; intermetallics. The com-

parison shows an internal consistency and regularity that is
expected on the basis of different electronic and magnetic

properties of Fe and Ni. This is particularly evident both in the
Fe—Co—Ni series, as shown for Dile;7 intermetallics, and
along the RE series. From the point of view of thermodynamic
stability, the REFe7 intermetallics are decidedly less stable
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