
T
d

T
I

a

A
R
R
1
A
A

K
T
N
G

1

a
[
i
f
a
p

a
c
e
o
t
h
t
l

t
w
o
c
c
c

0
d

Thermochimica Acta 516 (2011) 8–12

Contents lists available at ScienceDirect

Thermochimica Acta

journa l homepage: www.e lsev ier .com/ locate / tca

hermodynamic measurement of Nd–Fe system by
ouble Knudsen cell mass spectrometry

akashi Nagai ∗, Sho Shirai, Masafumi Maeda
nstitute of Industrial Science, The University of Tokyo 4-6-1 Komaba, Meguro-Ku, Tokyo 153-8505, Japan

r t i c l e i n f o

rticle history:
eceived 21 October 2010
eceived in revised form

a b s t r a c t

The activities of Nd in the Nd–Fe alloys were determined by double Knudsen cell mass spectrometry. The
activities of Nd in Nd–Fe alloys with Nd concentration from 8.5 to 93 at% were determined at 1373–1523 K,
measuring the ion current of vapor of Nd in equilibrium with melts, Nd2Fe17 + �Fe, Nd2Fe17 + liquid, and
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�Fe + liquid. The standard Gibbs energy of formation of Nd2Fe17 was calculated from the activities of Nd
obtained from the measurement, as follows: 2Nd(l) + 17Fe(�) = Nd2Fe17(s), �G◦

f Nd2Fe17
= −238, 000 +

130T ± (21, 000) J/mol (1373–1473 K).
The activities of Fe in Nd–Fe alloys were calculated based on the Gibbs–Duhem equation.

© 2011 Elsevier B.V. All rights reserved.

eodymium–iron alloy
ibbs energy

. Introduction

Rare Earth (RE) metals are used as various functional materi-
ls, including permanent magnets [1,2], hydrogen storage alloys
3,4] and luminescent materials [5,6]. The consumption of Nd is
ncreasing dramatically because of an exceptionally high demand
or Nd–Fe–B–(Dy) magnets and a significant amount of the magnets
re wasted [7]. Some researchers have reported on the recycling
rocess for these metals [7–10].

Thermodynamic properties of a system containing RE metal
t high temperature are very important to produce and recy-
le the materials. The properties cannot, however, be measured
asily by traditional methods, because the chemical affinities
f a RE metal with oxygen are very strong [11]. Therefore,
he thermodynamic properties of a Nd–Fe binary system at
igh temperature are not available and thermodynamic informa-
ion on intermetallic compounds in these systems is extremely
imited.

Double Knudsen mass spectrometry is suitable to investigate
he properties. The vapor pressure of the metals in equilibrium
ith the alloys could be measured by this method if containers
f the metals were chosen properly, because the measurement
ould be run under low oxygen partial pressure with high vacuum
ondition. The thermodynamic properties of RE metals in alloys
an be determined by the vapor pressure, and those in Fe–La and

∗ Corresponding author. Tel.: +81 3 5452 6298; fax: +81 3 5452 6299.
E-mail address: nagait@iis.u-tokyo.ac.jp (T. Nagai).

040-6031/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.tca.2010.12.023
Fe–Y binary alloys were investigated by this method in previous
studies [12,13]. In this study, the thermodynamic properties of
a Nd–Fe binary system were measured by double Knudsen mass
spectrometry.

2. Experimental

2.1. Preparation of alloys

Fig. 1 shows the phase diagram of Nd–Fe [14]. It has inter-
metallic compounds, Nd2Fe17 and Nd5Fe17. Nd–Fe alloys used in
this study as specimens were prepared by melting reagent grade
Nd grain (99.9%) and electrolytic Fe (99.99%) under high vacuum
(ca. 1.0 × 10−3 Pa) with an electron beam melting. The appara-
tus for electron beam melting was described elsewhere [15]. The
maximum power of the electron beam gun is 8 kW, and this gun
generates an electron beam with a thermal electron from a tung-
sten filament. Volume of a vacuum chamber is 0.06 m3, and the
inside of the chamber is evacuated by a rotary pump (65 m3 h−1),
a mechanical booster pump (253 m3 h−1) and a turbo molecular
pump (3600 m3 h−1). A water-cooled copper crucible 60 mm in
diameter is placed on the bottom of the chamber.

The alloys were melted four or five times, and were reversed
up and down or crushed at each run to mix them homogenously.

The chemical compositions of the master alloys were determined
by chemical analysis with inductively coupled plasma atomic spec-
troscopy (ICP-AES, SPS4000, Seiko Instruments Inc.). 8.5, 16, 49, 72,
and 93 at%-Nd–Fe alloys were prepared in this study as experimen-
tal specimens.

dx.doi.org/10.1016/j.tca.2010.12.023
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:nagait@iis.u-tokyo.ac.jp
dx.doi.org/10.1016/j.tca.2010.12.023
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Table 1
Conditions for activity measurement of Nd–Fe alloys.

Exp. # Temperature, T
(K)

Mole fraction
of Nd, XNd

Phase

1

1373–1523

0.085 (Nd2Fe17 + �Fe) − (�Fe + liquid)
2 0.16 (Nd2Fe17 + liquid) − (�Fe + liquid)
3 0.49 Liquid

pure Nd (reference substance) and that of background were taken
as the net ion currents of experimental specimens or reference sub-
stance. The detected ion currents of Nd from pure Nd at 1473 K are
listed in Table 2 with the natural abundance of Nd [24]. The ratio
of ion currents was in good agreement with the natural abundance

Table 2
Ion current of Nd from pure Nd at 1473 K.

Mass-to-charge, m/z Ion current from
pure Nd, Ii (A)

Natural abundance
of Nd (%)

142 1.03 × 10−11 27.1
143 4.39 × 10−12 12.2
Fig. 1. Phase diagram of Nd–Fe system.

.2. Double Knudsen cell mass spectrometry

Knudsen cell mass spectrometry was developed as a method
o measure vapor pressure of gaseous species in equilibrium with
lloys and compounds. In this method, vapor pressure of i-species,
i, is monitored as ion current, Ii, which is proportional to the pres-
ure [16].

i = kiTIi (1)

here T and ki are the absolute temperature and the constant
ncluding device constant and ionization cross section, respectively.
ouble Knudsen cells allow the measurement of ion currents of
vaporated species from two or more substances under identical
onditions in an experimental run. Comparing ion currents from an
xperimental specimen and reference substance, which is typically
pure substance, activity of i-species, ai, can be deduced directly
ithout the constant, ki.

i = Pi,specimen

Pi,reference
= Ii,specimen

Ii,reference
(2)

Details of the equipment used in the double Knudsen cell mass
pectrometry are described elsewhere [12,13,17–21]. A cell holder
n a vacuum chamber could hold four Knudsen cells. Ion currents
rom each cell or background could be detected individually by
otating the cell holder. The cells were heated by a Ta electric
esistance heating element, and temperatures of those cells were
easured by three Pt–13%Rh/Pt thermocouples placed in holes

rilled at the bottom of the cell holder.
A quadrupole mass spectrometer (QMS, Leybold Inficon 300 M)

as used to monitor and measure ion currents of the evapo-
ated species. The QMS was placed on top of the vacuum chamber
n which the Knudsen cell unit was installed. The inside of the
hamber was evacuated by a rotary pump and a turbo molecu-
ar pump (TMP, 0.5 m3/s), and the vacuum degree was kept below
.0 × 10−4 Pa during experiments. The atomic or molecular beams
f evaporated species from the Knudsen cell were injected into the
on source in QMS, where they were converted into positive ions by
mpact of the electrons emitted from the heated filament. Emission
urrent of the filament and ionization potential were 2000 �A and
02 eV, respectively. The ions in the ion source were injected into

he quadrupole mass filter, which rejected all except those of a spe-
ific mass-to-charge ratio (m/z); thereafter masses were detected
y an electron multiplier.

Reagent grade pure Nd grain (99.9%) was used as a reference for
he measurements of Nd–Fe alloys. Since Nd is easily oxidized in
4 0.72 Liquid
5 0.93 Liquid

air, the Nd grains were preserved in spindle oil. Nd–Fe alloys and
Nd grains were put into a high vacuum chamber for the measure-
ment as soon as possible after being taken out of the oil and ground
with sandpaper, then, rinsed by acetone and ethanol within a few
minutes. About 0.2 g of the experimental specimens, which were
Nd–Fe alloys, and reference specimen, which was pure Nd, were
charged to each Mo Knudsen cell with an Y2O3 inner crucible. The
cells had a diameter of 10 mm, a height of 20 mm and the thickness
of 1 mm. The lid of the cell had an orifice; the diameter of which
was 0.4 mm.

According to Knudsen [22], the diameter of the orifice of a Knud-
sen cell must be less than one tenth of the mean free path of
evaporated species so that Knudsen effusion is achieved. Mita et al.
[23], by measuring the vapor pressure of zinc, demonstrated that
an ion current proportional to partial pressure was detected. The
orifice of the Knudsen cell in this study provided an equilibrium
condition between gaseous and condensed phases at the experi-
mental temperature. As mentioned, the cell holder could hold four
Knudsen cells. In each measurement, experimental alloys were
charged to two of them, one reference (pure Nd) was put into a
cell and the fourth cell was empty to measure ion current of the
background. The experimental conditions (i.e., temperature range,
concentration of Nd in Nd–Fe alloy, and measured phase) are sum-
marized in Table 1.

3. Results and discussion

Ion currents from the Nd–Fe alloys and pure Nd were measured
by double Knudsen cell mass spectrometry at 1373–1523 K. The ion
currents were monitored by scanning mass-to-charge ratio, m/z,
and the scan was repeated about 60 times for each specimen. Before
and after the measurement of the specimen, background of the ion
currents was measured in the same way. Typical results of the ion
current during a measurement at 1473 K are shown in Fig. 2. From
the Nd–Fe alloys and pure Nd, ion currents were clearly detected
at m/z = 142–146, 148, 150, which were due to 142Nd, 143Nd, 144Nd,
145Nd, 146Nd, 148Nd, and 150Nd. The differences between the aver-
age ion currents from Nd–Fe alloys (experimental specimens) and
144 8.72 × 10−12 23.8
145 2.72 × 10−12 8.3
146 5.97 × 10−12 17.2
148 1.93 × 10−12 5.8
150 1.84 × 10−12 5.6
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Fig. 2. Ion currents from

f Nd. The sum of the ion currents at m/z = 142–146, 148, 150 was
sed as the ion current of Nd in the calculation of the activity.

Meanwhile, ion currents at m/z = 54, 56, 57 and 58, which were
ue to 54Fe, 56Fe, 57Fe, and 58Fe could not be detected in most exper-

ments, since the vapor pressure in equilibrium with the alloys are
oo low to be detected.

As indicated by Eq. (2), the activities of Nd in the alloys can be
etermined as the proportion of ion currents of Nd from Nd–Fe
lloys to that from pure Nd. The activities of Nd are listed in Table 3.
n the measurements for the 49, 72, and 93 at% Nd–Fe alloys, which
xist as Nd–Fe melt at 1373–1523 K, negative deviation is observed
nd the activities are closer to the ideal solution with rising tem-
erature. Fig. 3 shows the chemical potential, RT ln aNd, against
emperature calculated with the determined activities of Nd in
d–Fe alloys with increasing temperature, the value of RT ln aNd

n each alloy with 49, 72, and 93 at% Nd slightly increase linearly.
he value of 16 at% Nd–Fe alloy decreases with rise in experimental
emperature. According to the phase diagram of the Nd–Fe binary
ystem, 16 at% Nd–Fe alloy exists as two phases with Nd2Fe17 and
d–Fe melt under 1481 K, �Fe and Nd–Fe melt over the tempera-

ure. The composition of the Nd–Fe melt is indicated by the liquidus

ine. Since the Nd concentration of this line is smaller as the exper-
mental temperature rises, the activity becomes lower. The slope
f lines for the alloy with 8.5 at% Nd changed at around 1481 K,
ecause the phase of the alloy changed from solid Nd2Fe17(s) + �Fe
o �Fe + Nd–Fe melt at this temperature. In addition, the value

able 3
ctivity of Nd in Nd–Fe alloy.

Temperature, T (K) Activity of Nd, aNd

0.085 0.16

1373 0.079 ± 0.015 0.27 ± 0.06
1398 0.082 ± 0.009
1423 0.096 ± 0.020 0.23 ± 0.01
1448 0.11 ± 0.01
1473 0.15 ± 0.02 0.24 ± 0.05
1498 0.21 ± 0.01
1523 0.19 ± 0.01 0.21 ± 0.03
Temperature, T/ K

Fig. 3. Chemical potential of Nd in Nd–Fe alloys.

above 1481 K is in good agreement with that of 16 at% Nd–Fe for

the Nd content of Nd–Fe melt under these experimental conditions
is the same as that described by the liquidus line.

Using the measured activities of Nd in 8.5 at% Nd–Fe alloy,
the standard Gibbs energy of formation of Nd2Fe17, �G◦

f Nd2Fe17
, is

0.49 0.72 0.93

0.28 ± 0.06 0.43 ± 0.01 0.77 ± 0.03

0.32 ± 0.01 0.48 ± 0.03 0.84 ± 0.08

0.39 ± 0.01 0.52 ± 0.02 0.91 ± 0.04

0.42 ± 0.01 0.55 ± 0.01 0.95 ± 0.01
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Fig. 4. Standard Gibbs energy for formation of Nd2Fe17.
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erived. By the X-ray diffraction pattern of 8.5 at% Nd–Fe alloy, the
pecimen was identified as a mixture of Nd2Fe17 and �Fe; therefore,
t is believed that the specimen at the experimental temperature

as a mixture of Nd2Fe17 and �Fe. The equilibrium reaction in this
lloy can be expressed by Eq. (3), and there is a relationship among
he chemical potentials of component i, �i’s, since the chemical
otentials on both sides should be equal when these phases are in
quilibrium.

Nd(l) + 17Fe(�) = Nd2Fe17(s) (3)

Nd2Fe17
= 2�Nd + 17�Fe (4)

q. (4) can be written with �i
◦’s and activities of i as follows.

◦
Nd2Fe17

+ RT ln aNd2Fe17
= 2(�◦

Nd + RT ln aNd) + 17(�◦
Fe + RT ln aFe) (5)

he activity of Nd2Fe17 is equal to unity since the compound is
toichiometric. The activities of Fe are also equal to unity since
olubility of Nd to Fe is insignificant.

◦
Nd2Fe17

− 2�◦
Nd − 17�◦

Fe = 2RT ln aNd (6)

he following equations were, thus, eventually derived.

G◦
f Nd2Fe17

= 2RT ln aNd (7)

sing the measured values aNd, �G◦
f Nd2Fe17

could be determined to
e

G◦
f Nd2Fe17

= −238, 000 + 130T ± (21, 000) J/mol (1373–1473 K) (8)

he assigned uncertainty was estimated by the standard deviation
f the value based on Eq. (7).

Hennemann et al. [25] reported the Gibbs energy change of the
ollowing reaction.

Nd(˛) + 17Fe(˛) = Nd2Fe17(s) (9)

G◦
f Nd2Fe17

= −34, 380 − 12T ± (40) J/mol (298–1184 K) (10)

akeda et al. [8] calculated the Gibbs energy of formation of Nd2Fe17
s Eq. (15) by extrapolating the value of this equation and using
hermodynamic data of the phase transformation of Nd and Fe (Eqs.
11)–(14)).

d(�) = Nd(l) (11)

G◦
trans Nd = 64140 + 77.72T log T − 292T J/mol (1294–3400 K) (12)

e(�) = Fe(�) (13)

G◦
trans Fe = 53, 050 + 77.93T log T − 284.5T J/mol (1185–1667 K) (14)

G◦
f Nd2Fe17

= −1, 064, 000 − 1480T log T + 5408T J/mol (1294–1667 K) (15)

his can be expressed as Eq. (16) in the temperature range of
294–1481 K:

G◦
f Nd2Fe17

= −175, 000 + 115T J/mol (1294–1481 K) (16)

he Gibbs energy of formation of Nd2Fe17 determined in this study
s shown in Fig. 4 with that by a previous study [25]. This value is ca.
0 kJ higher than that determined at 1373–1473 K in present study
lthough the slope of the two equations is similar.

The activities at 1373 K were re-plotted against the composition
f the alloy in Fig. 5. The open circles in the figure indicate the activ-
ties of Nd. Since the activities of Nd were measured over a wide
ange of composition, it is also possible to derive the activities of Fe

ased on the Gibbs–Duhem equation. Fe activities were calculated
rom the Nd activities using following Eq. (17):

n �Fe = −
∫ ln �Nd

ln �◦
Nd

XNd

XFe
d ln �Nd (17)
Mole frac�on of Nd, XNd

Fig. 5. Composition dependence of activities of Nd and Fe in Nd–Fe alloys at 1373 K.

where � i and Xi are activity coefficient and mole fraction of i com-
ponent, respectively. Using the activity coefficient on the liquidus
line, �L

i
, the following equation was obtained:

ln �Fe = ln �L
Fe −

∫ ln �Nd

ln �L
Nd

XNd

XFe
d ln �Nd (18)

The composition of liquidus line is based on the phase diagram,
and activity of Fe in the two phase region, Nd2Fe17 + Nd–Fe melt,
which is equal to that on the liquidus line, was calculated by the
activity of Nd in 16 at% Nd–Fe alloy and the standard Gibbs energy
of formation of Nd2Fe17 (Eq. (8)). The derived Fe activities at 1373 K
are also shown in Fig. 5.
4. Conclusions

The activities of Nd in Nd–Fe alloys with Nd concentration
from 8.5 to 93 at% were determined at 1373–1523 K, measuring
the ion current of the vapor of Nd in equilibrium with Nd–Fe
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