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a b s t r a c t

The Pr–Co–In phase equilibria related to the indium-added PrCo5 permanent magnets have been sys-
tematically studied. The 800 ◦C isotherm and the PrCo5–PrCo2In polythermal section reveal several
compounds never reported for this system. One of them, the orthorhombic Pr3Co9In2, forms peritec-
tically at 957 ◦C and it is believed to be responsible for the increased coercivity of Pr–Co–In sintered
eywords:
are earth alloys and compounds
hase diagrams
etallography

rystal structure

magnets subjected to a post-sintering annealing. The Pr3Co9In2 compound forms a two-phase equilib-
rium with PrCo5; it is paramagnetic at room temperature and exhibits an antiferromagnetic ordering
at 198 K. Also observed were the hexagonal PrIn2 compound possibly stabilized by a small amount of
cobalt and an unidentified ternary phase with the approximate composition Pr45Co15In40. The work pro-
vides recommendations for the development and improvement of PrCo5 permanent magnets via indium
agnetic measurements
ermanent magnets

additions.

. Introduction

In a series of recent works [1,2], we reported the strong effect
f small indium additions on such well known and thoroughly
tudied permanent magnet materials as Sm2(Co, Fe, Mn)17 and
rCo5. The dramatic lowering of the sintering temperature, the
igh values of coercivity which could be reached without sac-
ificing the magnet density and the perplexing inversion of the
exture developed through hot plastic deformation have been ten-
atively associated with the indium-rich grain-boundary phases.
owever, these phases, which are present in small quantities and
ossibly under non-equilibrium conditions, could not be system-
tically characterized while studying permanent magnets. At the
ame time, according to Kalychak et al. [3,4], the current knowl-
dge of the rare earth–cobalt–indium systems is generally limited
o the structures of ternary compounds without systematic data
n the phase equilibria. In the Pr–Co–In system, four such ternary
ompounds – PrCoIn5, Pr2CoIn8, Pr12Co6In and PrCo2In – had been
iscovered. Because the latter composition is the closest to that of
he PrCo5 compound, it may seem natural to associate the grain-
oundary phase in the indium-added PrCo5 sintered magnets with
he PrCo2In phase. However, though the transmission electron

icroscopy study performed on the sintered magnets [5] did reveal

he PrCo2In phase, it linked the highest coercivity values to other
rain-boundary phase having a structure related to that of the
m2Co9In3 compound and not reported earlier for the Pr–Co–In
ystem.
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A systematic study of the phase equilibria in the cobalt-rich
Pr–Co–In alloys presented in this paper is intended to shed light
on the metallurgy of the PrCo5-based hard magnetic alloys. The
isothermal phase equilibria were established at the temperature of
800 ◦C, which is lower than the temperatures of the major trans-
formation observed in the Pr–Co–In sintered magnets [2] (those
transformations were additionally studied for a selected polyther-
mal section). It must be noted in this respect that we found the
PrCo5 binary compound to be fairly stable at 800 ◦C, which is con-
trary to the report by Chuang et al. [6], but well in agreement with
a report by Buschow [7].

2. Experimental

The Pr–Co–In alloy samples were prepared from praseodymium (purity 99.9%),
cobalt (99.8%) and indium (99.9%) by arc-melting under argon. The ingots were re-
melted four times to ensure their homogeneity. The weight loss detected after the
arc-melting varied greatly with the alloy compositions (with some ternary alloys
showing no weight loss at all), which can only be explained by the varied volatility
of indium. In those cases when the weight changes were significant, we corrected the
nominal alloy compositions for the (assumed) indium losses. The as-prepared ingots
were wrapped in tantalum foil, sealed in quartz tubes and isothermally annealed
at temperatures ranging from 800 to 1100 ◦C. Duration of the annealing depended
on the temperature as follows: 4–6 weeks at 800 ◦C, 2 weeks at a temperature just
below the solidus temperature, 5–7 h at a temperature just above the solidus, and
1 h at 1100 ◦C. All annealed samples were quenched in water. Most of the cobalt-
rich Pr–Co–In alloys appeared stable to air-storage at the room temperature (i.e.,
retained their silver luster for several months); however those containing consid-
erable amounts of the Pr–In binary phases oxidized noticeably after a few days (the

high susceptibility of the Pr–In phases to oxidation was earlier observed by Delfino
et al. [8]).

Microstructure of the annealed alloys was characterized using scanning electron
microscopy (SEM) and energy dispersive spectrometry (EDS). SEM was performed
on polished, non-etched ingot sections with a JEOL JSM-6335F instrument operating
in a backscattered electron (BSE) mode. The simultaneous EDS characterization was

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:gabay@physics.udel.edu
dx.doi.org/10.1016/j.jallcom.2010.03.247
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one with an IXRF Systems instrument and software. Besides SEM–EDS, differen-
ial thermal analysis (DTA) of the alloys was performed with a PerkinElmer Pyris
iamond TG/DTA instrument. Powder X-ray diffraction (XRD) data were collected
ith the Cu-K� radiation and subsequently analyzed with a Powder Cell program

9]. Magnetic properties of selected alloys were measured with a Quantum Design
agnetic Properties Measurement System.

. Results

.1. Phase equilibria in Co-rich Pr–Co–In alloys at 800 ◦C

Fig. 1 presents the phase relations determined after equilibra-
ion of the Pr–Co–In alloys for up to 6 weeks. The two-phase
quilibria which we consider established are drawn as solid,
hereas the dash lines represent our best judgment when the

esults were not fully conclusive: either too few alloys had been
tudied in the corresponding region or the SEM–EDS characteriza-
ion detected more than three phases. The alloys situated on the
ight side from the PrCo3 – D line (not all of them fall in to the area
hown) were partially or completely molten at 800 ◦C.

In a good agreement with earlier studies [4], the solubility of
ndium in the binary Pr2Co17, PrCo5, Pr5Co19, Pr2Co7 and PrCo3
hases was found to be very low. At 800 ◦C, the PrCo2In phase
orms two-phase equilibria with the Co and Pr2Co17 phases. Fig. 2(a)

hows a microstructure of the Pr15.1Co75.6In9.3 alloy situated near
he Pr2Co17–PrCo2In tie line (alloy 1). The amount of the Co phase
n this alloy is small, but, importantly, this phase is always embed-
ed in the Pr2Co17 phase. Such morphology may suggest that Co
endrites were the first to solidify, whereas the Pr2Co17 phase was

Fig. 2. BSE micrographs of (a) alloy 1 – Pr15.1Co75.6In9.3, (b) alloy 2 – Pr20.1Co66.3In13.6,
Fig. 1. The 800 ◦C isothermal section through Co-rich part of Pr–Co–In system.
Squares represent compounds, circles indicate experimental alloys; numbered
alloys are discussed in more detail in the text.

later formed peritectically (there were conflicting reports of con-
gruent melting and peritectic formation of the Pr2Co17 phase in the

binary Pr–Co system [10]).

According to our findings, the PrCo2In phase does not form a
two-phase equilibrium with the PrCo5 phase at 800 ◦C. Fig. 2(b)
presents microstructure of the Pr20.1Co66.3In13.6 alloy which is sit-

(c) alloy 5 – Pr18Co78In4 and (d) alloy 3 – Pr23.8Co72.2In4 homogenized at 800 ◦C.
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Fig. 4. (a) Powder XRD pattern of Pr3Co9In2 alloy homogenized at 950 ◦C and (b)
calculated pattern of hypothetical Pr3Co9In2 structure based on the Sm2Co9In3 type.
The “*” peak belongs to the PrCo2In impurity phase.
ig. 3. Powder XRD patterns of the alloys situated along the
rCo5–Pr3Co9In2–PrCo2In line and homogenized at 800 ◦C: 4 – Pr16.7Co83.3,

– Pr18Co78In4, 6 – Pr20Co70.2In9.8, 7 – Pr21Co65In14, 8 – Pr23.2Co58In18.8, 9 –
r25Co50In25.

ated near the would-be PrCo5–PrCo2In tie line (alloy 2). The
icrostructure studies feature the Pr2Co17 phase (black areas;

his time, the phase seems to solidify via primary dendrites), the
rCo2In phase (bright areas) and a new phase (grey areas), which
e call Pr3Co9In2. It is the Pr3Co9In2 phase that was found to form

he two-phase equilibrium with the PrCo5 phase. Fig. 2(c) shows
ne example of the PrCo5 + Pr3Co9In2 microstructure observed
n the alloy 5 (Pr18Co78In4) situated on the PrCo5–Pr3Co9In2 tie
ine. The XRD data collected for the alloys 4–9 situated along the
ine connecting the PrCo5 and PrCo2In compositions (and pass-
ng through the Pr3Co9In2 composition) are shown in Fig. 3; these
ata are perfectly consistent with the SEM–EDS characterization.
ith increasing the indium content, a new XRD pattern distinct

y a pair of strong peaks at 39.0◦ and 39.4◦ emerges alongside the
rCo5 pattern. This new pattern becomes predominant in alloy 7
Pr21Co65In14), which is close to Pr3Co9In2 (Pr21.4Co64.3In14.3). With
further increase in the indium content, the new structure is grad-
ally replaced by the orthorhombic PrCo2In structure (the PrCo2Ga
ype, a = 0.5119 nm, b = 0.4089 nm, c = 0.7197 nm).

Because the exact stoichiometry of the Pr3Co9In2 compound
merged later in the study, the stoichiometic alloy was not included
n the 800 ◦C isothermal section. Fig. 4 presents the XRD pattern
f such stoichiometic alloy homogenized at 950 ◦C. We were able
o index this pattern based on the orthorhombic Sm2Co9In3 lat-
ice [11] with a = 2.3099 nm, b = 0.5070 nm and c = 0.4041 nm. It is
lear from the pattern calculated for this hypothetical structure
hat a further refinement is needed for the atomic positions in the
ew compound. Nevertheless, the match of the XRD peak positions
s well as the very narrow homogeneity range observed for the
ew compound are strong arguments in favor of its Pr3Co9In2 sto-
chiometry and its relation to the Sm2Co9In3 structure. It should
e noted that a Pr2Co9In3 compound was neither reported in the
arlier works nor found in the course of the present study.

One of the ternary phases we often observed in the cobalt-
ich Pr–Co–In alloys remains unidentified. The composition of this
Fig. 5. Powder XRD pattern of alloy 10 (Pr10.1Co71.1In18.8). Indexed are peaks of
supposed PrIn2 structure.

phase determined via EDS (not a very accurate technique) is around
Pr45Co15In40. At 800 ◦C, the phase, which we call “In-rich”, forms
two-phase equilibria with the Pr2Co7 (see Fig. 2(d)) and PrCo3
phases. In Fig. 1, these two-phase equilibria are represented by
lines Pr2Co7 – C and PrCo3 – D. Our attempts to obtain a pure In-rich
phase or to match the corresponding XRD pattern with those of sev-
eral known binary and ternary compounds (including the Lu5NiIn4
compound which has a similar stoichiometry) were unsuccessful.

We were not able to establish with certainty the phase equilibria
in the B–PrCo2In–Pr3Co9In2–Pr2Co7–C region. Even after anneal-
ing for 6 weeks, the samples of different alloys featured either
the PrCo2In + Pr3Co9In2 + In-rich microstructure (thus suggesting
a Pr3Co9In2 + In-rich two-phase equilibrium, as it is tentatively
drawn in Fig. 1) or the Pr2Co7 + PrCo2In + In-rich phase microstruc-
ture (which would rather imply a two-phase equilibrium between
the Pr2Co7 and PrCo2In phases).

Finally, characterization of the alloy 10 (Pr10.1Co71.1In18.8) indi-
cated the existence of yet another compound not reported for the
Pr–Co–In system. The alloy exhibited a two-phase microstructure
(not shown) of Co dendrites surrounded by a near-binary Pr–In
phase (according to EDS this phase contains up to 4 at.% Co). The
XRD spectrum of this alloy (Fig. 5) suggests that the Pr–In phase
has a hexagonal structure of the CaIn2 type with a = 0.490 nm
and c = 0.758 nm. Though the binary compound of this structure
is known to exist in the Yb–In system [12], it was not observed in

the Pr–In alloys. It is possible that in alloy 10 the PrIn2 compound
had been stabilized by the small amount of cobalt. Note, that the
XRD spectrum shown in Fig. 5 also contains the pattern of the pure
indium. We believe the indium metal is a product of rapid oxidation
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Fig. 7. Part of DTA heating curve of alloy 6 (Pr20.1Co70.2In9.7) homogenized at 800 ◦C.
◦

Fig. 6. Part of PrCo5–Pr3Co9In2–PrCo2In polythermal section.

f the PrIn2 phase in the powdered XRD sample. The same sample
e-measured after 6 months of storing in a low vacuum exhibited
markedly greater amount of the In phase, whereas the phase we

laim to be PrIn2 had completely disappeared.

.2. PrCo5–Pr3Co9In2–PrCo2In polythermal section

Our earlier studies of the indium-added PrCo5 permanent mag-
et materials [2] identified the temperature range between 850
nd 975 ◦C as the one of particular interest. Within this range, the
eating DTA curves of the Pr–Co–In ternary alloys or those of the
intered magnets typically detected two endothermic transforma-
ions (it is important to have in mind that the sintered magnets are
ot exactly ternary systems; they always contain certain amount
f oxygen).

In the present work, we choose ternary alloys situated on the
rCo5–Pr3Co9In2–PrCo2In line for the detailed polythermal study;
ts results are presented in Fig. 6. The transformation temperatures
lotted as solid triangles were determined by DTA. The two melting
ransformations,

r3Co9In2 → Pr2Co17 + PrCo2In + L (1)

nd
rCo2In → Pr2Co17 + L, (2)

were found to be only a few degrees apart (see Fig. 7 as an
xample); and it was difficult to determine accurately the high-
st of the two transformation temperature from the DTA data,

Fig. 8. BSE micrographs of Pr3Co9In2 alloy (a) homogenized for 2 we
Heating rate is 10 C/min.

even when the heating rate was as low as 2.5 ◦C/min. More-
over, when heated above the solidus temperature, the DTA results
appeared to be rather controversial (even more so when cooled
from above the solidus temperature). These inconsistencies might
be caused by oxidation, since the argon flow used during the mea-
surements could only partially protect the highly reactive samples.
Therefore, the high-temperature part of the polythermal section
had to be reconstructed based on the SEM–EDS characteriza-
tion of the annealed and quenched samples represented by the
open circles in Fig. 6. According to this reconstruction, the high-
temperature stability of the PrCo5 phase in the equilibrium with
the ternary liquid decreases sharply as the indium content in the
liquid increases.

The as-prepared Pr3Co9In2 alloy exhibited a non-equilibrium
microstructure (not shown) of the Pr2Co17 dendrites and three
ternary phases, Pr3Co9In2, PrCo2In and “In-rich” one. Fig. 8(a)
shows the microstructure of the same alloy after homogeniza-
tion for 2 weeks at 950 ◦C, when it becomes nearly a single
phase. The subsequent exposure to 957 ◦C (a transformation tem-
perature suggested by the DTA results) produces large Pr2Co17
precipitates surrounded by a mixture of the PrCo2In and In-rich
phases, but most of the Pr3Co9In2 phase remains intact. This
apparent four-phase equilibrium confirms that 957 ◦C is the tem-
perature of a peritecic reaction (1). The temperature of peritectic

reaction (2), 962 ◦C, has been determined in a similar fash-
ion.

eks at 950 ◦C and (b) subsequently annealed for 7 h at 957 ◦C.
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Fig. 10. Parts of 10 ◦C/min DTA heating curves of (a) Pr17.1Co82In0.9, (b)
Pr17.5Co81.6In0.9, (c) Pr18.5Co80.5In1 and (d) Pr19.5Co79.6In0.9 alloys homogenized at
800 ◦C. Inset shows the alloy compositions in the 800 ◦C isothermal section.
ig. 9. Magnetization curves of Pr3Co9In2 alloy homogenized at 950 ◦C. Inset
resents magnetization values at 5 kOe as a function of temperature.

.3. Magnetic properties of Pr3Co9In2 phase

Fig. 9 presents magnetization curves of the nearly single phase
r3Co9In2 alloy. Apart from the small amount of a ferromag-
etic impurity phase (probably, PrCo5), which is evident from the

ow-field data, the curves exhibit a paramagnetic behavior. At
oom temperature, the susceptibility of the paramagnetic phase is
.8 × 10−4 emu/g Oe. The magnetization measured at the constant
eld of 5 kOe (at this field the magnetization of the ferromagnetic

mpurity phase is saturated) exhibits a sharp maximum at 198 K,
hus indicating the apparent transition from paramagnetic to anti-
erromagnetic state.

. Discussion

The situation when the Sm–Co–In and Pr–Co–In, the two sys-
ems one might reasonably expect to be quite similar, feature
o compositionally different yet structurally related compounds
s Sm2Co9In3 [4,11] and Pr3Co9In2 seems peculiar and even
omewhat unsettling. In view of the finding presented in this
aper, one may even consider a re-investigation of the Sm–Co–In
ystem (unfortunately, we were not able to access the origi-
al report on the Sm2Co9In3 compound). On the other hand,
he stoichiometry of the Pr3Co9In2 compound which we report
nd which is situated exactly between the PrCo5 and PrCo2In
ompounds appears to be rather reasonable, since the struc-
ure of this compound (if it is indeed of the Sm2Co9In3 type)
ncorporates elements of both the PrCo5 and PrCo2In structures
3,4].

If our reconstruction of the polythermal phase equilibria is cor-
ect, the need for a prolonged homogenization for obtaining the
r3Co9In2 compound is caused not only by the peritectic mech-
nism of its formation, but also by the prior formation of the
rCo2In compound, which is closer to the composition of the liq-
id phase. The same thing must apply to the Pr–Co–In sintered
agnets [2,5]; once the magnets with as little as 0.5–1.5 at.% In

re cooled from the sintering temperature of 975 ◦C (i.e., from
he PrCo5 + L phase region), they contain the metastable PrCo2In
hase. The function of post-sintering annealing is to produce the
table Pr3Co9In2 phase, which tends to envelop the PrCo5 grains
5] insulating them magnetically and, therefore, contributing to

he coercivity increase (the short duration of the post-sintering
nnealing compared to the homogenization of ingots can be
xplained by the much finer microstructure of the sintered mag-
ets). We found [2] that the optimum annealing temperature
harply decreases with the Pr content. Because of the partial oxi-
Fig. 11. (a) BSE micrograph and (b) room-temperature hysteresis loop of alloy
6 (Pr20Co70.2In9.8) homogenized for 4 weeks at 800 ◦C. Maximum applied field is
50 kOe; data are corrected for self-demagnetizing field.

dation, the nominal composition of the sintered magnets cannot
be directly compared to the Pr–Co–In phase diagram, but the latter
does exhibit a similarly sharp decline of the solidus temperature
at similarly low indium concentrations. The DTA curves of four
alloys containing 0.9–1 at.% In shown in Fig. 10 demonstrate that
within the PrCo5–Pr3Co9In2–Pr5Co19 triangle, the solidus temper-
ature is more than 50 ◦C lower than at the PrCo5–Pr3Co9In2 tie
line.

It is interesting to note that since the equilibrium room-
temperature microstructure of the alloys situated on the
PrCo5–Pr3Co9In2 tie line contain a highly anisotropic ferromag-
netic phase and a paramagnetic phase, magnetic hardness may
be expected in these alloys even without the use of a powder
metallurgy. Fig. 11(a) shows the equilibrium microstructure of
alloy 6 (Pr20Co70.2In9.8) featuring small (smaller than 15 �m) areas
of the PrCo5 phase embedded into the paramagnetic Pr3Co9In2
matrix. The bulk alloy exhibited a moderate coercivity of 3.8 kOe;
judging from this result, it is probably possible to develop “cast
and annealed” permanent magnets with the PrCo + Pr Co In
5 3 9 2
microstructure. However, the low saturation magnetization of such
magnets and the high cost associated of the large indium additions
make them unlikely candidates for practical applications.
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. Conclusion

The work presents a detailed, though far from complete,
haracterization of the phase equilibria in the cobalt-rich
r–Co–In alloys and provides guidelines for development and
mprovement of PrCo5 permanent magnets via indium addi-
ions. In order to avoid undesirable ferromagnetic phases and
ssure magnetic insulation of the PrCo5 grains, the opti-
um effective magnet composition should be situated on the

rCo5 + Pr3Co9In2 tie line. Heat treatment of the magnet must
avor formation of the Pr3Co9In2 phase, which is stable below
57 ◦C.
cknowledgement
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