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The activities of La and Fe in the La-Fe alloys, and those of Y and Fe in the Y-Fe alloys were determined
by multi-Knudsen cell mass spectrometry. The activities of La and Fe in La-Fe alloys with La from 39.3
to 94.3 at% were determined at 1473-1623 K, measuring the ion currents of the vapor of La and Fe in
equilibrium with La-Fe melts, and liquid +yFe. The activities of Y and Fe in Y-Fe alloys with Y from 15.1
to 87.8 at% were calculated at 1473-1573 K by measuring the ion currents of vapor in equilibrium with
Feq17Y2 +Fey3Ys, Fea3Ye + FesY, FesY +liquid, Y-Fe melts, and liquid + aY.
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1. Introduction

Rare earth (RE) elements have been increasingly used in a
wide range of advanced materials, including permanent magnets
[1,2], hydrogen storage alloys [3,4] and luminescent materials [5,6].
In steelmaking industries, studies have been conducted on the
use of RE metals as deoxidants [7,8] since they have stronger
affinities for oxygen than conventional deoxidants. Although ther-
modynamic properties of intermetallic compounds and molten
alloys in RE-Fe systems are required to use RE metals in high
temperature processes of steelmaking, those available in the lit-
erature [8-10] remain limited, which seems to be related to
experimental difficulties brought by the high reactivity of RE
metals.

Fig. 1(a) shows the phase diagram of the La-Fe, [11] although
partial mixing enthalpy in the liquid phase of La-Fe alloy [12] or the
effect of deoxidation in liquid steel [8] were studied in the litera-
ture, activity in La-Fe alloy has not been yet examined. In the case of
the Y-Fe system (Fig. 1(b)[11]), there are several intermetallic com-
pounds, Fe{7Y,, Fe;3Ye, FesY and Fe, Y. Subramanian and Smith [13]
reported Gibbs energies of formation of these compounds, which
were determined by electromotive force (EMF) measurements at
low temperature (893-1271K). The activities of Y derived from
their data, however, involve a contradiction: there is a segment
where the activity of Y decreases in spite of increasing Y compo-
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sition. Research other than that by Subramanian and Smith [13]
focused on partial mixing enthalpy in the liquid phase [14].

The thermodynamic measurement of alloys containing a RE
metal by traditional methods is very difficult because of such met-
als’ strong affinity with oxygen. Using Knudsen mass spectrometry,
the authors were successful in measuring the vapor pressure of RE
metals and those in the alloys [15,16]. In this study, the activities
of La and Fe in the La-Fe system, and that of Y and Fe in the Y-Fe
system were determined by multi-Knudsen mass spectrometry.

2. Experimental
2.1. Multi-Knudsen cell mass spectrometry

Knudsen cell mass spectrometry was developed as a method to measure vapor
pressures of alloys and compounds. In this method, vapor pressure is monitored as
ion current which is proportional to the pressure. The pressure, P;, and ion current
of i-species, I;, measured by mass spectrometer are related through the following
fundamental equation: [17]

LT (1)

where T, b and o; are the absolute temperature, device sensitivity constant and
ionization cross-section of i-molecule, respectively.

Multi-Knudsen cells allow the measurement of ion currents of evaporated
species from two or more substances under identical conditions in an experimental
run: one substance is an experimental specimen and others are taken as reference
substances, which is typically pure substance i. In this case, the constants, b and
o;, can be regarded as equivalent for the substances, and thus activity of i in the
specimen, a;, can be deduced directly:
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Fig. 1. Phase diagrams of binary systems, (a) La-Fe and (b) Y-Fe.

where P; and I? are the vapor pressure and the ion current of species i in equilibrium
with the pure substance, respectively.

Details of the equipment for Knudsen cell mass spectrometry used in this study
are described elsewhere [15-19]. A cell holder in a vacuum chamber could hold four
Knudsen cells, and ion currents from each cell or background could be detected indi-
vidually by rotating the cell holder. The cells were heated by a Ta electric resistance
heating element. Temperatures of these cells were measured by three Pt-13% Rh/Pt
thermocouples that were placed in holes drilled at the bottom of the cell holder. A
quadrupole mass spectrometer (QMS) was used to monitor and measure ion cur-
rents of the evaporated species. The QMS was placed on top of the vacuum chamber
in which the Knudsen cell unit was installed. The inside of the chamber was evacu-
ated by a rotary pump and a turbo molecular pump (TMP), and the vacuum degree
was kept below 1.0 x 10~ Pa during experiments. The atomic or molecular beams
of evaporated species from the Knudsen cell is injected into the ion source in QMS,
where they are converted into positive ions by impact of the electrons emitted from
the heated filament. Emission current of the filament and ionization potential were
2000 A and 102 eV, respectively. The ions in the ion source are injected into the
quadrupole mass filter, which rejects all except those of a specific mass-to-charge
ratio (m/z); thereafter masses were detected by an electron multiplier.

La-Fe and Y-Fe master alloys were prepared by melting reagent grade La grain
(99.99%) or reagent grade Y (99.9%) grain and electrolytic Fe (99.99%) with an elec-
tron beam melting technique. The alloys were melted three or four times, and were
reversed up and down or crushed at each run. The compositions of the alloys were
selected to be able to estimate the activities of La or Y and Fe at experimental
temperature for any compositions based on the measured activities. The chemi-
cal compositions of the master alloys were determined by analysis with inductively
coupled plasma atomic spectroscopy (ICP-AES, SPS4000, Seiko Instruments Inc.).

Reagent grade pure La grain (99.99%), Y grain (99.9%) and electrolytic Fe (99.99%)
were used as a reference substance for the measurements of La-Fe and Y-Fe alloy.
Since La and Y are easily oxidized in the air, the La and Y grains were preserved in
spindle oil. They were put into a high vacuum chamber for measurement as soon as
possible after being taken out of the oil and rinsed with acetone and ethanol within
a short time. Before and after the experiment, the oxygen concentration of La and
Y was analyzed by inert gas fusion-infrared absorptiometry (LECO N/O, TC-436AR),
and the content was confirmed to be low enough to ignore.

Table 1

Conditions for activity measurements of Fe-La alloys.
Exp. # Temperature, T/K Concentration of La, (at%) Phase
L1 1473-1623 393 +£ 0.1 (+yFe +liquid)
L2 1473-1623 48.9 + 0.2 (Liquid)
L3 1473-1573 56.7 £0.1 (Liquid)
L4 1473-1598 64.3 £ 0.1 (Liquid)
L5 1473-1573 71.0 £ 0.2 (Liquid)
L6 1473-1573 86.6 + 0.1 (Liquid)
L7 1473-1573 943 +£ 04 (Liquid)

Table 2

Conditions for activity measurements of Fe-Y alloys.

Exp. # Temperature, T/K Concentration of Y, (at%) Phase

Y1 1473-1573 15.1 £ 0.5 (Fer7Ya +Feys Ye) — (liquid)
Y2  1473-1573 232 + 0.1 (FeysYs +FesY) — (liquid)
Y3  1473-1573 253 + 0.3 (FesY +liquid)

Y4 1473-1573 49.1+03 (Liquid)

Y5  1473-1573 60.7 + 0.2 (Liquid)

Y6  1473-1573 702 + 0.4 (Liquid)

Y7 1473-1573 833 + 0.6 (oY +liquid) — (liquid)

Y8  1473-1573 87.8 4+ 0.2 (oY +liquid)

About 0.5 g of an experimental specimen, which was La-Fe or Y-Fe alloy, and
reference specimens, which were pure La or Y and Fe, were charged to each Mo
Knudsen cell with an inner crucible. The cells had a diameter of 10 mm, a height of
20 mm and thickness of 1 mm. The lid of each cell had an orifice; a lid witha 1.19 mm
diameter orifice was used for measurements of La-Fe alloy and a lid with a 0.4 mm
diameter orifice for Y-Fe alloy. According to Knudsen [20], the diameter of the orifice
of a Knudsen cell must be less than one tenth of the mean free path of evaporated
species so that Knudsen effusion is achieved. Mita et al. [21] by measuring the vapor
pressure of zinc, detected that the ion current was proportional to partial pressure.
The orifice of Knudsen cell in this study provided an equilibrium condition between
gaseous and condensed phases at the experimental temperature. The materials of
the inner crucibles were Al, 05 for Fe, Mo for Y and Ta for La and the experimental
alloys. As mentioned, the cell holder could be hold four Knudsen cells. In each mea-
surement, experimental alloy was charged to one of them, two references (La and
Fe, or Y and Fe) were put into two cells and the fourth cell was empty to measure
the ion current of the background.

The experimental conditions, i.e., temperature range, concentration of Lain La-Y
alloy, Y in Y-Fe alloy and measured phases are summarized in Tables 1 and 2.

3. Results and discussion
3.1. La-Fe alloys

Ion currents from the La-Fe alloys, pure La and Fe were mea-
sured by multi-Knudsen cell mass spectrometry, representative

results of these measurements are shown in Fig. 2. From the La-Fe
alloys and pure La, ion currents were clearly detected at m/z=139.

Fig. 2. lon currents from La, Fe-La alloy and yFe.
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Fig. 3. Chemical potentials of La and Fe in La-Fe alloy, (a) La and (b) Fe.

This current would be due to 139La. La has isotopes of 138La and
1391 3, but no significant ion current was observed at m/z =138, since
the natural abundance of 138La is too low, 0.09% [22]. The ion cur-
rent at m/z=139 was used for the derivation of the activity of La.
From the La-Fe alloy and pure Fe, ion currents were detected at
m/z=54 and 56. Fe has isotopes of >*Fe, >6Fe, >’Fe, and >8Fe [22],
and their natural abundances are 5.8, 91.72, 2.2 and 0.28%, respec-
tively. The ratio of the currents at m/z=56 and 54, Isg/Is4=15.81
for pure Fe and 15.92 for La—Fe alloy were in good agreement with
that of the natural abundance of >*Fe and °6Fe, >*Fe/>6Fe =15.81,
confirming that these currents were due to 5*Fe and >°Fe. The ion
currents due to °’Fe and *8Fe could not be detected because of their
low natural abundance. The sum of the ion currents at m/z=54 and
56 was used as the ion current of Fe in the calculation of the activity.

As indicated by Eq. (2), the activities of La in the alloys can be
determined as the proportion of ion current of La from the La-Fe
alloy to that from pure La. The activity of Fe can also be obtained
from the ion currents of Fe from the alloy and pure Fe. Fig. 3 shows
the chemical potential (RTIn a;, and RT In age ) against temperature.
With increasing temperature, the chemical potential of each alloy
except for that with 39.3 at% La slightly decreased linearly. Slopes of
the lines for the alloy of 39.3 at% La changed at around 1550K, since
the phase of the alloy changes from solid Fe +liquid to a single liquid
at this temperature. The liquidus line of the La-Fe system seems to
be lower than that in the literature (Fig. 1(a)).

Fig. 4. Composition dependence of activities in La-Fe alloys at 1573 K.

Fig. 5. Composition dependence of activities of La and Fe in La-Fe alloys at 1573 K.
The activities of La and Fe determined by multi-Knudsen cell mass spectrometry are
indicated by white and black marks, respectively. The dotted line shows La activity
derived using the Gibbs-Duhem equation from the measured Fe activities.

The activities at 1573 K were replotted against the composition
ofthealloy inFig. 4. The open and closed circles in the figure indicate
the activities of La and Fe, respectively. Since the activities were
measured in a wide range of composition, itis also possible to derive
the activity of one component from that of the other one based on
the Gibbs-Duhem equation. La activities were calculated from the

Fig. 6. lon currents measured from oY, Fe-Y alloy and yFe.
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Fig. 7. Chemical potentials of Y and Fe in Y-Fe alloy, (a) Y and (b) Fe.

Fe activities using the following equation:

XFe
X
Iny,=-— / °Fe dIn yre 3)
X

Fe=1 La

where y; and X; are the activity coefficient and mole fraction of i
component, respectively. The derived La activity is shown in Fig. 5
by the dotted line, and it agreed well with the data directly mea-
sured by the multi-Knudsen cell mass spectrometry, this good
agreement provides evidence that the activities were appropriately
measured by multi-Knudsen cell mass spectrometry.

3.2. Y-Fe alloys

The multi-Knudsen cell mass spectrometry was carried out for
the Y-Fe alloys using pure Y and Fe as reference substances. Fig. 6
shows ion currents measured from Fe-70.2 at% Y alloy, pure Y and
pure Fe at 1573 K. From pure Y and the Y-Fe alloy, significant ion
current was detected at m/z =89. This current should be due to 8°Y,
since Y has no isotope other than 89Y [22]. Similar to the case of the
La-Fe alloys, ion currents at m/z=54 and 56 were detected from
the Y-Fe alloy and their ratio of Isg/Is4 = 15.97 was almost the same
as the ratio of natural abundance of *Fe and >®Fe, 15.81.

The activities of Y and Fe in the Y-Fe alloys were determined
from the ion currents using Eq. (2), and the chemical potential
against temperature of Y and Fe in these alloys is shown in Fig. 7. The

Fig. 8. Composition dependence of activities in Y-Fe at 1473 and 1573 K.

activities at 1473 and 1573 K are also plotted against mole fraction
of Y in the alloy in Fig. 8.

From the measured activities of Fe and Y, the Gibbs energies of
formations of FesY, AG; Feyy» WeTE derived as follows. AG; Feyy Was
calculated using the activities for the 25.3 at% Y-Fe alloy. The equi-
librium reaction in this alloy can be expressed as Eq. (4), and there
is a relationship between the chemical potential of component i,

LS.

3Fe (inliquid)+Y (inliquid) = FesY (4)

HFesy = 3UFe + My (5)
Eq. (5) can be rewritten with ,u;.’s and activities of i as follows:

M;%Y +RT Inape,y = 3(fige + RT Inape) + ity + RT Inay (6)

The activity of FesY is equal to unity since the compound is
stoichiometric.

Ifesy — 3Mge — Ky = 3RTInare + RT Inay (7)

Therefore the following equation was derived,

AG; re;y = 3RTInare + RT Inay (8)
Using the measured values ag. and ay, AG; Feyy Was determined

to be

AG; Fesy = —119, 000 + 34T + 20, 000/ (9)

4. Conclusions

The activities of La and Fe in La-Fe alloys with La concentration
from 39.3 to 94.3 at% were determined at 1473-1623 K by measur-
ing the ion currents of the vapor of La and Fe in equilibrium with
La-Fe melts and liquid +yFe.

The activities of Y and Fe in Y-Fe alloys with Y con-
centration from 15.1 to 87.8at% were determined at
1473-1573K by measuring the ion currents in equilibrium
with Feq7Y +Fey3Ys, FeasYg +FesY, FesY +liquid, Y-Fe melts and
liquid + Y.

The Gibbs energies of formation of Fe3 Y, Fe;3Yg, and Fe17Y, were
estimated with the activities of Y and Fe in Y-Fe alloy.

Acknowledgements

The authors thank Professor Shu Yamaguchi in Department
of Materials Engineering, School of Engineering, The Univer-
sity of Tokyo, for valuable discussion on chemical potentials;



76 T. Nagai et al. / Journal of Alloys and Compounds 507 (2010) 72-76

Professor Kazuki Morita and Professor Toru H. Okabe in Insti-
tute of Industrial Science, The University of Tokyo for helpful
discussion; as well as Dr. Masao Miyake in Graduate School
of Energy Science, Kyoto University for advice throughout this
project.

Appendix A.

o

The Gibbs energies of formation of Fe;3Yg and Fe17Y2, AG

f Fey3Yg
and AG; Fe,v,» WeTe also calculated with activities obtained in

measurement of the 23.2 and 15.1 at% Y-Fe alloys. In this calcu-
lation, it was assumed that these compounds were stoichiometric
and their activities could set at unity, although this was not true of
F623Y5.

AG; FepsYs WaS determined using the activities for the 23.2 at%
Y-Fe alloy in which FesY and Fe,3Yg are in equilibrium. The equi-
librium can be expressed as

6Fe3Y + 5Fe = Fey3Ye (10)

AG; FeysVs = 6AG, Fe;v + S RT Inare (11)
Thus, by the above-obtained are and AG; Fesy" AG; FeysYe could

be determined to be

AG{ g, .y, =459, 000 + 14T = 360, 000 (12)

o

In the same manner, AG; Fep,y, Was obtained using the equilib-

rium in the 15.1 at% Y-Fe alloy. The equilibrium in this alloy can be
expressed as

Fey3Yg + 28Fe = 3Fe 7Y, (13)

3AG; e, y, = AG; oy, +28RTInar (14)

AG, FeiYs could be determined to be
AG; FerrYy = 20, 000 — 46T =+ 386, 000 (15)
AG; FeysVe and AG; Fei Yy’ however, contain large errors because

of the assumption and calculating methods.
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