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Abstract

A knowledge of solid-liquid equilibria is necessary to optimise sintering temperature in industrial Sm.Co.v-type magnets. A
single-phase state is reported as precursor of the ceIlular microstructure of the Sm2Co 17 permanent magnets. The formation of
this phase at high temperature seems for a large part to be governed by Zr addition. In order to understand the behaviour of
2:17-type magnets. phase relationships have been investigated in the Co-rich field of the Sm-Co-Zr system.

The 1150°C isothermal section has been reinvestigated. A two-phase region was observed involving hexagonal and
rhombohedral Sm2Co 17 • An isoplethic section has been drawn for temperatures between 1150°Cand the melting points of the
aIloy with Co = 89 at.%. (Sm + Zr) = 11 at.%. Two four-phase equilibria have been observed. A tentative polythermal
representation of the Sm-Co-Zr system in the Co-rich field has been drawn.
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1. Introduction

The combination of high magnetisation and high
Curie temperature of Sm2Co\7-type permanent mag
nets makes them attractive for a number of applica
tions requiring high energy products and long term
stability for continuous operation up to 300°C,

A specific cellular microstructure must be obtained
to increase the coercivity [1], and the best magnetic
behaviour of Sm.Co.v-type magnets is obtained by
addition of Fe, Cu and Zr coupled with heat treat
ments.

In order to optimise the magnetic properties and
preparation conditions it is necessary to investigate the
phase relationships associated with these compounds.

Among the three elements commonly added to the
Sm2Co17, zirconium seems to be the most important in
the modification of phase relationships, but it is not
easy to derive the specific influence of Zr from the
bibliographical data concerning quinary alloys [2-7].

Following a study of the Sm-Co binary system in
the Co-rich field [8], we have investigated the Sm-
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Co-Zr ternary phase diagram and the influence of Zr
on the Sm2Co\7 phase.

The effect of Zr on the Sm2Co17 phase was studied
by Fujii et al. [9]. In this paper, samples were
prepared along the Sm2C0(17-x)Zrx line and annealed
at 1000°C for 1 week. From the X-ray diffraction
pattern it was found that rhombohedral Sm2Co\7
(denoted Sm2Co\7(R): Th 2Zn\7-type structure) can be
obtained for 0.0 os;; x os;; 0.6. From x =0.6 to x = 1.0 the
samples showed a mixture of rhombohedral and hexa
gonal forms of Sm2Co17 (Th2Ni\7-type structure). The
unit cell volume was increased by addition of Zr,
suggesting that Zr substitutes for Co in the Sm2Co\7
cell.

Another study was made by Nishio et al. [10]. The
1200°C isothermal section of the Sm-Co-Zr phase
diagram was established in the Co-rich field. Zr was
slightly soluble in the Sm2Co17(R) phase. It extends
the SmCo, stability range up to the hexagonal
Sm2Co\7 structure (denoted Sm2Co\7(H)): disordered
SmC07 (TbCu7-type structure) should form a bridge
between these two regions. The stabilisation by Zr of
the Sm2Co\7(H) form was confirmed and the trans
formation between the two forms of Sm2Co17 ap-
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Fig. 1. Sm-Co-Zr ternary system: isoplethic section with 89 at.%
Co.
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Two samples (Zr =0 and 1 at.% annealed for 96 h
at 1150°C) were prepared between A and M; a single
phase is observed by metallographic investigation. X
ray diffraction patterns show only the Sm2Co17(R)

form (Fig. 2(a)).
Between Nand P, samples with Zr =3 and 4 at.%

(annealed for 96 h at 1150°C) appear to be single phase
by metallographic investigation. Only the Sm2Co 17(H )
form is observed on X-ray diffraction patterns (Fig.
2(b)).

Between M and N a two-phase region has been
observed on sample Zr =2 at.% annealed 96 h at
1150°C. The X-ray diffraction pattern of this .sample
showed a mixture of rhombohedral and hexagonal
forms of Sm2Co17 (Fig. 2(c)). Some peaks are common
to the two forms of Sm2Co17; they correspond to the
SmC07 substructure. This two-phase domain has also
been observed by metallographic investigation (Fig. 3)
and the boundaries have been determined by micro
probe analysis (Table 1).

All these results have been confirmed with samples

In the second stage the section has been studied at
various temperatures, and in order to confirm the
results samples not located on the section have been
investigated.

Finally, a tentative polythermal representation of
Sm-Co-Zr in the Co-rich range has been drawn.

peared to be first order; a two-phase region was
detected.

More recently, Allibert and coworkers [11-13] have
studied the 1150°C isothermal section of the Sm-Co
Zr phase diagram. The existence of a two-phase region
between Sm2Co17 and SmC07 was assumed, but it was
not observed.

In order to determine the effect of Zr on the
Sm2Co 17 phase, we have investigated an isoplethic
slab corresponding to a constant concentration of
cobalt (89 at%).

2. Experimental procedure

3. Results and discussion

Samples were prepared by weighing appropriate
amounts of the pure components (99.9 mass%). They
were placed in a water-cooled copper sample holder
and melted in an arc furnace under argon. A multi
melting procedure with intermediate crushing and
blending was necessary to secure adequately homoge
neous alloys.

As-cast samples show small phase segregation and
exhibit a disordered TbCue-type structure. After an
nealing at a high enough temperature for a sufficiently
long time segregation disappears and the structure is
no longer disordered.

In order to check if thermodynamic equilibrium was
reached, samples were annealed in different ways. One
part was annealed at 1150°C for 96 h and quenched in
water. The other was annealed at 1240°C for 12 hand
then at 1150°C for 10 h. As described later, the same
results were obtained in both cases.

The bulk composition was checked by plasma emis
sion spectroscopy. The observed phases were char
acterised by X-ray diffraction of ground samples and
by metallographic investigations. Phase compositions
were determined by beam microprobe analysis
(Cameca), and analyses were conducted at 25 kV using
PROZA correction. The phase diagram was studied
by the coupled techniques of differential thermal
analysis (DTA) and thermal gravimetry using a
Setaram TAG 24 device.

Samples along the Cog9Sm(II_X)ZrXline, with x =0,
1,2,3,4,6 and 8 at.%, were prepared and annealed at
1150°C for 96 h. Samples with x =1, 2 and 3 at.% were
annealed at 1240°C for 12 hand 1150°C for 10 h.

Two more samples, SmgC090Zr2 and
Sm7.5C091ZrU' not located on the section were pre
pared and annealed at 1150°C for 96 h.

As a first stage we have studied the isoplethic
section AB (Fig. 1) at constant temperature (1150°C).
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Fig. 2. X-ray diffraction patte rn of sa mple: (a) Sm I1Co•..Z r., an
nealed a t 11500C for lJ6 h (the peaks correspond to Ihe rhombohedr
a l Sm ,C'tI 17 structure] ; (h) Srn .Co•..Z r, an nea led at 115()°C' for 96 h
(the peaks correspond to the Sm,Co 17(1'I) structure) : (c) with I) at.'X,
Sm, 119 al. % Co . 2 al. % Zr annealed at 1150"C for 96 h showi ng a

mixture of the rhombohedral (2:17(R )) and hexagona l (2:17(II ))
forms of Sm ,Co 17 . Common peaks correspond to the su bs tructure
(Tblu ,) .
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Fig. 3. Micr ograph of sample with 9 al. % Sm. IN al.% Co. 2 al. % Zr .
annealed at 115()"C for 'J(j h. Microgr aph of sa mple e tched by 1%
nita!' Sm,Co 17m.) ap pears in ligh t grey. the hexago nal ph ase
a ppea rs as a da rker grey.

observed . For th e sa mple Z r = 2 at. % a two -phase
region has been observed .

Between Q and R a three-phase region ha s been
obse rve d for samples with Zr = () a t.'){. and Z r = X
a t.% (Fig. 4). Sm 2Co 17( H) bein g in eq uilibrium with
co ba lt and Zr 2 0 II ' The boundaries of thi s region
have been det ermined by microprobe anal ysis (T ab le
I). This result is full y co nsis te nt with the result s of
Nish io e t a l. [101 and Derk aoui c t a l. [13].

Between P and 0 a two-ph ase region conta ining
Sm 2Co I 7(/-1) and co ba lt mu st ex ist. This was obse rved
hy Nishi o c t a l. [10] and Dcrkaoui c t al. [131.

Between R and B a two-phase region ex ists con
taining co ha lt and Zr2COl l ' This has already been
obse rve d in the Co - Z r hin ary ph ase dia gram.

3.2. lsoplethic section (Co = 89 lit . %)

In order to det ermine th e isoplcthic section. so me
sa mples were qu en ch ed and anal ysed a fte r annealing
at 1240°C. A DTA investi gation has also been per
formed o n samples anneal ed at 11 500C for l)() h having
co m pos itions between 0 and X at. '1., Zr.

Investigations o n sam ples anne a led at 1240°C show
th e evo lution of th e rhomhohedral -hexagonal two
phase region . Samples with Zr = 2 and 3 at. '){, appear
to be sing le-phase by met allographic inv esti gation and
the hexagonal struc ture is observed by X-ra y diffrac
tion. The hexagonal -rhombohedrallwo-phase region
was observed by metallographical investigations in the
sample with Zr = 1 a l.% (Fig . 5). The boundaries ha ve
been det ermined by microprobe analysis Cr ab le I).

Th e rhombohedral Sm 2 0 17 sing le-p hase region
exte nds up to 1320° . At high er temperature the
liquid ph ase is o bse rve d . This is in good ag ree me nt
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Table I

Micro p ro be analyses of samples annealed al 11511 a nd 124110C (al. 'y'.)

Sa mples Sm ,Co ,,( R ) Sm .Co p ( II ) Coba lt Zr,Co lI

Sm Co Zr Sm Co Zr Sm Co Zr Sm Co Zr Sm Co Zr

IISlI oC

Y IN 2 10,4 XX.5 1.1 R.9 XK5 2.0
X 90 2 IO.X XX,4 O.X 9.7 RX.7 1.9 0.2 Y9.R 0.0
3 Xl) X 6.7 XK9 4,4 0.2 99 .7 0.1 0.5 X3,4 10.1

1241I °C
10 IN XX.h 10.7 1l.7 XX.O 10.3 1.1

3.3. Sl/II/pll's not located O il tlu: isoplcth ic slide

- Sm2 0 17(H). cobalt and liquid;
- Srn2 0 17(1-1 ). Zr.Co .: and liquid;
- Z r2 0 11' cobalt and liquid .

Th e Srn, 0 17 rhomb ohedral + hexagonal two-phase
region must be adjace nt to a three-phase region
containing cobalt + m~ 0 17(R) Sm2 0 17(H). In
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Sa mp les

peratu re have been determin ed by microp rob e ana ly
sis (Table I).

The single-phase field of Sm ~ Co I 7(H ) is distinct
from the rhomb ohed ral one and it is prob ably ob
tained by defo rmation of the SmCo , structure through
the disordered SmCo7 structure. as reported by ishio
cta l.[ 10].

A three-phase region of Sm ~ Co I 7 ( R ) +
Sm ~ Co l7 ( H ) + liqu id is observed III the DTA curves
(Ta ble 2).

The three-phase Sm2 0 17(1-1 ) + Zr2 Co 11 + cobalt re
gion extends up to a four-phase equilibrium. clear ly
observed at 1212°C in the DTA curves (samples Zr = ()
and R at.% ). The specific microst ructu re of the Zr = X
at.% (Fig. 4) sample indicates that there is a eutectic
plateau . where the liquid is in equilibrium with
Sm ~Co I 7( J-1 ) . Zr ~ 0 11 and cobalt.

Originating from this four-phase plateau. several
three-phase regions are observed:

Sm- oX9al.°I.,-ZrfJal.%
Sm -CoXlJal. % -Zr lal.% 1270

Sm -CoXlJa t.% -Zr2al. % 136X
Sm -CoXlJal.% -Zr3a l.% 1267
Sm - CoX9al.% -Zr4a l.% 1215
Sm-CoINa l.% - Z r6al.%
Sm- ( 'o Xl)a l.% - Z rXat.%

Sm-Col)llal. % - Z r2al.%
SIll - Co91 al. % - Zr l .Sal. %

Fig . 4. Micr ograph o f a sample with 9 al. % Sm . Xli al. % ('0 . 2 al. %
Z r (as-cast) . Back scauc rcd e lectron scanning microscopy (15 kV),
Sm ,('o ,, (l I) pri mary phase appears in Iighl gre y. A precipitation of
Sm ,Co " and co ba lt (b lack) a ppears in a Z r,('o ll matrix (medium
grey) .

with our previou s work IX] . Th e Sm ~Co l7( l-I ) form is
not observed in the Sill-CO binary phase diagram .

Th e rhombohedral + hexagon al Sm~ Co 17 region has
been observed for the sample with Zr = I at. l

}; , an
needed at 124()°C. Th e phase boundaries al this tern -

Fig . 5. M icrogra ph of a sa mp le with l) al. % Sm . XlJ al. % 0 . 2 a l.%

Z r. annealed at 1240°C for 12 h and at I 150°C for 10 h. M icrogra ph

of sa mp le e tc he d hy 1% nital, Srn ,Co l1 (R) a ppears in light grey. the
he xago nal ph ase appears as a darker grey.
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orde r to confi rm the existence of this region. the
samples SmxCo~()Zr 2 and SmnCo'J) Zr 15 were pre
pared and annea led at 11 5()OC for l)(i h.

The three-phase region has been observed for these
samples by metallograph ic investigat ion. X-ray diffrac
tion and microprobe analysis (Table 1). DTA curves
show a four-phase plateau at 1275°C (Table 2). At this
temperature liquid. coba lt. and rhombohedra l and
hexagonal forms of Sm2Co l 7 are in a tra nsitory
equilibrium.

3.4. Polyth ermic representation in the Co-rich range

Based on this result and on the isoplethi c section. a
tent ative polytherm ic represent ation has been drawn
(Fig. 0).

4, Conclusion

A knowledge of solid- liquid equilibria is very im
portant to optimise sintering temperature in industrial
2:17-type perm anent magnets.

The isoplethic section at Co = Xl) at. 'X, has been
investigated and the solid- liquid equilibrium deter
mined .
Two four phase equilibria are observed:

- one involving Co. Sm2Co I 7(H ). Zr2Co 11 and liquid
occurs at 1212°C;
- one involving Sm2Co I 7(H ). Sm2Co 17(R ). Co and
liquid occurs at 1275°C.

Two single-phase regions have been observed: one
for Sm 2Co l7 (1~). and one for Sm2Co 17(l-I). A two-
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Fig. Ii. Sm -Co-Zr te rna ry system: pol ythermic reprcscruauon in the Co -rich ran ge . ( Inset : Sm,Co ,,( R) and Sm .Co , (from Sru .Co, to
Sm !Co ,, (I I)) single-phase fields shown by das hed lines on the main dia gram.) T he right-han d side represe nts equilibr ia with the liqu id. T he
three-p hase region Sill , o ,,( R) + Co + liquid is denoted by Eut la and Eut Ih . The th ree-ph ase region Sm,Co ,,( R) +- Sm ,Co , -t liqu id is
de noted by Pe r la. Per l h, Pe r lc and Per ld . T he four-p hase transitor y eq uilibrium between Sm ,Co ,,( R) + Sm ,Co, ·j Co -t- liqu id is denot ed
hy T ran I. The three-phase region Sm ,Co ,,( R) +- SIll ,CO, -t- Co is denoted hy Tri l a, Tri l b. Tri lc, The three-phase domai n Sru.Co, -j Co «
liquid is denot ed by T ri 2a. Th e four -phase eutectic equilibrium between Sill .Co , t- Zr ,COl' + Co + liquid is denoted by Qua I. T he th ree-ph ase
region SIll ,CO, +- Zr , Co lI +- Co is denoted hy Tri 3a.
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phase field has been observed between them, and it
confirms that Sm2Co 17(H) is not observed in the Sm
Co binary phase diagram.

As suggested by Nishio et aI. [10], the Sm2Co17(H)

structure is probably obtained by deformation of the
Smf'o, structure through the disordered SmCo7 struc
ture.

This result is just a point of departure and will be
completed by a second isoplethic section with Co = 85
at.% before performing further investigations on
quaternary and quinary alloys corresponding to the
permanent magnet composition.

The single-phase state obtained at high temperature
near 1150°C in 2:17-type permanent magnets is a
precursor of the cellular microstructure [1-11]. At
this point of investigation, the formation of this single
phase state seems for a large part to be controlled by
Zr addition.
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