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a b s t r a c t

The Sm-rich side of the Sm–Co system has been experimentally reinvestigated using the differential
scanning calorimetry (DSC) method with slow rates of 1 ◦C/min and 0.5 ◦C/min as well as microscope
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and X-ray diffraction (XRD) analyses. Combining the experimental results from DSC, XRD and EPMA
(Electron Probe MicroAnalysis) analyses, five invariant reactions have been determined and the existence
of the Sm3Co and Sm5Co2 phases confirmed. The phase diagram of Sm–Co system has been accordingly
modified.

© 2010 Published by Elsevier B.V.
hermal analysis
canning electron microscopy

. Introduction

The permanent magnetic materials based on rare-earth inter-
etallic compounds have excellent magnetic properties such as

igh remanence and high maximum energy product. [1,2]. Among
hese, the widely used magnets are made up of representative
onstituents Sm(Co,Cu,Fe,Zr)x, and characterized by a continu-
us cellular precipitation microstructure consisting of Sm(Co,Cu)5
nd Sm2(Co,Fe)17 [3,4]. The magnetic properties of this series of
lloys are associated with the composition of each phase, the ratio
etween 1:5 and 2:17 type phases, and details of the cellular struc-
ure. Therefore, it is important to obtain information on the relevant
hase diagrams and here we have focused on the Sm–Co system.

The Sm–Co system has attracted much attention [5–15] for the
xcellent magnetic properties of the Co-rich alloys. The most recent
xperimental study of the Sm–Co system was carried out by Ge et al.
5]. They mainly concentrated on the Co-rich portion and their ver-
ion is similar to that previously proposed by Buschow and van der
oot [8,9]; they also confirmed the existence of Sm5Co19 and, in the
ase of SmCo5, only as a high temperature phase which undergoes
o decomposition. According to the information from literature, the
hase diagram on the Co-rich side of the Sm–Co system seems to
e fairly well established [7,15]. However, some uncertainty still

emains on the Sm-rich side.

Moreau and Paccard [13] pointed out that the Sm9Co4 (30.8 at.%
o) phase should be replaced by the Sm5Co2 (28.6 at.% Co) phase
ith a mS28-Mn5C2 structure type. Moreover, the temperature
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670 ◦C of the eutectic reaction L ↔ Sm + Sm3Co determined by Ge et
al. [5] is much higher than the 595 ◦C determined by Buschow and
van der Goot [8,9], although both carried out DSC analysis using
alumina crucible.

Therefore the Sm-rich side of the Sm–Co system needs revision
and is the subject of this work.

2. Experimental

All the alloys were prepared from elements with a purity of 99.9 mass% (Sm)
and 99.98+ mass% (Co). The samples, pellets of the finely mixed metal powders
or pieces of the metals, were enclosed in a gas-tight tantalum crucible sealed by
arc-welding under an argon atmosphere, and melted in an induction furnace. The
temperature was increased and controlled with the aim of avoiding any possible
reaction between Ta and Co.

The alloy buttons were divided into three pieces. One piece of about 500–700 mg
was sealed under an argon atmosphere in Ta crucible for differential scanning
calorimetry (DSC) analysis with two cycles from 350 to 820 ◦C with heating and
cooling rates of 1 ◦C/min, followed by a 2nd run at 0.5 ◦C/min. An empty Ta crucible
of the same weight as the Ta crucible holding the sample was used as a reference.

The DSC111 SETARAM apparatus designed as a Calvet calorimeter (where the
cylindrical reference and working cells are surrounded by two differentially con-
nected thermal fluximeters) was used in a continuous mode. The calorimeter was
calibrated by measuring the melting temperature (Tm) of metallic In, Sn, Pb and
Zn (99.999 mass% purity) and the temperature was obtained with an accuracy of
Tm ± 0.5 ◦C.

For selected alloys the remaining portions of ingots were put in an Al2O3 crucible,
sealed under argon atmosphere in quartz tubes and subjected to heat treatment at
540 ◦C for 54 days and 620 ◦C for 20 days respectively, and then quenched in icy
water. Several alloys were also annealed at 500 ◦C for 45 days and quenched in the
same way.
After DSC measurements and annealing treatments, microstructural observa-
tion by light optical microscopy (LOM), scanning electron microscopy (SEM) and
chemical analysis by energy dispersive X-ray spectroscopy (EDXS) was carried out
on polished specimens. A Leica Digital Microscope and a Zeiss EVO 40 SEM (Carl
Zeiss SMT Ltd., Cambridge) operating at 20 kV, equipped with an INCA 300 Electron
Probe MicroAnalysis (EPMA) were employed.

dx.doi.org/10.1016/j.jallcom.2010.08.035
http://www.sciencedirect.com/science/journal/09258388
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ig. 1. Experimental phase diagram of the Sm–Co system in the Sm-rich region. The
oints marked are taken from the heating run, see text.

Selected powder specimens have been investigated by XRD analysis performed
sing a Philips X’Pert MPD machine (Philips, Almeno, The Netherlands) equipped
ith a copper target, excited to 40 kV and 30 mA, and a solid state detector. This anal-

sis was used both for phase identification and for lattice parameter measurements.
he lattice parameters were refined by least-squares fit, using the Nelson–Riley
unction.

. Results and discussion

.1. Differential scanning calorimetry results

The Sm-rich portion of the Sm–Co phase diagram has been mod-
fied on the basis of the DSC results and is shown in Fig. 1. The
SC analysis data are summarized in Table 1 and the temperature
ssigned to the five invariant reactions identified in this work is
eported in Table 2. Generally, the temperature values reported
ere are taken from the second DSC run at a rate of 0.5 ◦C/min,
xcept for the temperature of reaction e3 which is taken from the
rst cycle at the rate of 1 ◦C/min. On heating, the onset tempera-
ure of the thermal effect was selected as the temperature of the
nvariant reaction and, for alloys with Co content >20 at.%, the peak
emperature of the last thermal event as the liquidus temperature
16]. Because of the limited temperature range in which the DSC
nstrument can work, the liquidus temperature of the alloys with
o < 20 at.% has not been detected.

For the samples containing Sm together with the Sm3Co phase,
he DSC curves obtained in the two cycles and related to the invari-
nt reactions e1 and e2 coincide. The thermal effect corresponding
o the invariant reaction e3 which only appeared in the first heating
rocess, and which disappeared in the following process due to the
ffect of hydrogen, will be discussed later.

The temperature of the e4 and p1 invariant reactions is in fairly
ood agreement with that reported by [5,8]. Some examples of the
SC curves for as-cast samples obtained at different heating rates
re shown in Fig. 2a–c. From Fig. 2a it is obvious the congruent
elting of the Sm3Co phase.

.2. The effect of crucibles
Because of the high reactivity of the rare-earth metals, especially
n a liquid state, the contamination from the crucible cannot be
ompletely eliminated. Tungsten and tantalum crucibles are con-
idered to be the best because they do not react with the molten
Fig. 2. (a–c) Examples of the DSC heating curves of Sm–Co alloys processed in Ta
crucibles.

rare-earth metals at temperatures below 1000 ◦C. van der Goot and
Buschow [8] and Ge et al. [5], both used alumina crucible for DTA
measurements. We also used alumina crucibles at first, but we
observed the formation of a small quantity of Sm–Al–Co ternary
phase. A BN crucible was then tried out, but was also found to
be unsuitable because of the reaction with the metals. Therefore,
Ta crucibles were used. As the samples investigated belong to the
Sm-rich side, the reaction between Ta and Co can be disregarded.

For all the samples having a composition < 25 at.% Co, the DSC
results for the 2nd run showed systematically a small peak at

◦
around 450 C, which did not exist in the first heating run. This
can be correlated to the partial reaction of Sm with hydrogen as
observed by Leon-Escamilla and Corbett who highlighted that Ta
becomes permeable to H2 above 600 ◦C [17]. Thus, in the 2nd heat-
ing run of DSC analysis, despite the argon flux, Sm was thought
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Table 1
Experimental results of DSC (◦C) and SEM–EDS compositions of the investigated Sm–Co alloys.

Sample at.% Co 1st heating 1st cooling 2nd heating 2nd cooling Reaction
1 ◦C/min 0.5 ◦C/min

N.23
3 618

675 672 675 671 e2

N.11 6 604 600
675 675 675 675 e2

683 683 680

N. 12 8 610
676 672 675 675 e2

N. 7 10 640 640
677 677 677 677 e2

683 684 680 e1

N. 8 12 633 640
676 676 676 e2

686 681 685 684 e1

N. 16 14.5 620
676 672 676 673 e2

682 680 e1

N. 22 16 634 630 620
676 674 676 676 e2

684 679 684 680 e1

N. 20 17 613 615
676 673 675 676 e2

684 677 683 679 e1

N. 9 18 675 675 675 676 e2

686 683 684 683 e1

690 684 694 688 Liquidus

N. 17 19 675 674 675 676 e2

685 678 685 678 e1

686 679 689 683 Liquidus

N. 10 20 623
675 673 676 676 e2

685 679 684 678 e1

N. 4 21 671 676 675 e2

682 680 684 678 e1

689 681 689 684 Liquidus

N. 18 22 676 675 674 675 e2

684 677 684 677 e1

691 679 689 679 Liquidus

N. 19 23 676 677 675 677 e2

684 686 683 e1

699 690 697 689 Liquidus

N. 5 24 684 680 686 680 e1

700 693 697 690 Liquidus

N. 6 25 699 687 696 690 Liquidus

N. 3 26 604 608 608 606 p1

693 687 695 688 Liquidus

N. 24 27 613 617 613 614 p1

692 690 695 690 Liquidus

N. 13 28 606 613 606 610 p1

687 686 688 687 Liquidus

N. 25 29 583 577 584 578 e4

615 618 614 615 p1

684 682 682 677 Liquidus

N. 14 30 584 579 580 580 e4

612 614 605 612 p1

664 664 667 665 Liquidus

N. 15 32 586 579 583 583 e4

613 615 603 615 p1

659 654 660 657 Liquidus

N. 29 38 584 583 e4

585 Liquidus

e: Eutectic reaction
p: Peritectic reaction
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ig. 3. (a–f) Micrographic aspect of selected Sm–Co samples: (a) alloy Sm–8Co as-
hite phase (Sm3Co) and (Sm + Sm3Co) eutectic mixture; (c) alloy Sm–22Co anne

dark grey phase); (d) alloy Sm–27Co as-cast, light grey phase (Sm3Co), dark grey p
m–29Co after DSC, light grey phase Sm5Co2 crystals and eutectic mixture (Sm5Co2

o absorb hydrogen. In order to clarify this, pure Sm sealed in Ta
rucible was subjected to the same DSC procedure.

In the first run, on heating, only a small effect at 735 ◦C
as observed. However, on cooling, a peak appeared at

35 ◦C.
XRD analysis carried out on the sample after DSC showed the

resence of �(Sm) and the remaining diffraction lines could be
ndexed as SmH2. Considering the Sm–H phase diagram [18], the
eak thermal effect at around 450 ◦C observed in the 2nd DSC mea-
urement on heating was therefore due to the reaction �(Sm)(solid
olution) ↔ �(Sm) + SmH2. This observation is in agreement with
he findings of Beaudry and Gschneidner [19] who reported that
ydrogen has in fact a pronounced effect on the �-Sm and the
hite phase (Sm) and (Sm + Sm3Co) eutectic mixture; (b) alloy Sm–20Co after DSC,
t 500 ◦C for 45 days and quenched in icy water, light grey phase (Sm) and Sm3Co
(Sm5Co2 with peritectic formation) and Sm5Co2–SmCo2 eutectic mixture; (e) alloy
Co2); (f) alloy Sm–38Co eutectic mixture of (Sm5Co2 + SmCo2).

� ↔ � transformation is lowered from 731 ◦C to 430 ◦C, stabilizing
the �-Sm phase over the �-Sm allotrope.

A further confirmation of these assumptions was obtained by
using the only two Mo crucibles at our disposal at the time. Sm and
Co powders with a composition of 16 at.% Co were sealed in the
larger Mo crucible and synthesised by induction melting. One piece
of ingot was sealed in the smaller Mo crucible and investigated by
DSC in the 400–800 ◦C temperature range with a rate of 0.3 ◦C/min.

Three effects were recorded on heating at 620, 674 and 683 ◦C and
two effects on cooling at 677 and 676 ◦C. No thermal effect was
observed at 450 ◦C.

These considerations allowed us to disregard the effect at 450 ◦C
and to assign to the reaction �(Sm) ↔ �(Sm) + Sm3Co the thermal
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Table 2
Invariant reactions in the Sm–Co system determined in this work in comparison with literature data.

Type Invariant reaction T (◦C) This work T (◦C) [8] T (◦C) [5]

e1 Liquid ↔ �(Sm) + Sm3Co 685
Liquid ↔ (Sm) + Sm3Co 595 670

e2 �(Sm) ↔ �(Sm) + Sm3Co 675 – –

e3 �(Sm) ↔ �(Sm) + Sm3Co ∼620 – –
Liquid ↔ Sm3Co 696 695 700

p1 Liquid + Sm3Co ↔ Sm5Co2 613 605 613
e4 Liquid ↔ Sm5Co2 + SmCo2 583 575 590

Table 3
Crystallographic data in the Sm-rich region of the Sm–Co system.

Phase Type structure Lattice parameters (Å) Refs. and remarks

a b c Beta V (Å3)

�-Sm cP2-W – – – – – [20]
�-Sm hP2-Mg 3.663 3.663 5.845 67.9 [21]
�-Sm hR9-Sm 3.629 3.629 26.21 298.9 [22]
�-Sm hR9-Sm 3.627 3.627 26.19 298.4 T.W., alloy N.23 (3 at.% Co) annealed 54 days at 540 ◦C
Sm3Co oP16-Fe3C 7.055 9.605 6.342 429.8 [23]
Sm3Co oP16-Fe3C 7.049 9.605 6.336 429.0 T.W., alloy N.18 (22 at.% Co) annealed 45 days at 500 ◦C
Sm3Co oP16-Fe3C 7.052 9.605 6.339 429.4 T.W., alloy N.6 (25 at.% Co) annealed 20 days at 620 ◦C
Sm5Co2 mS28-Mn5C2 16.282 6.392 7.061 96.6 730.0 [13]
Sm5Co2 mS28-Mn5C2 16.220 6.411 7.032 96.6 726.4 T.W., alloy N.25 (29 at.% Co) annealed 20 days at 620 ◦C
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SmCo2 cF24-MgCu2 7.260 7.260 7.260
SmH2 cF12-CaF2 5.370 5.3704 5.3704
SmH2 cF12-CaF2 5.368 5.368 5.368

.W. = this work

ffect at around 620 ◦C observed in the first run of the DSC mea-
urements in the (Sm–Sm3Co) two-phase field alloys.

.3. XRD and metallographic analysis

The XRD results are summarized in Table 3 and are consistent
ith crystal structure literature data [8,13,20–24] available for the

m–Co phases in the Sm-rich region.
The X-ray diffraction results obtained for the Sm3Co in sam-

les belonging to the Sm–Sm3Co two-phase region pointed to a
egligible homogeneity field.

The X-ray diffraction pattern obtained for the sample at 28.5 at.%
o was indexed as mS28-Mn5C2 with lattice parameters in good
greement with those reported for Sm5Co2 by Moreau and Paccard
13]. The phase Sm9Co4 reported by van der Goot and Buschow [8]
nd Ge et al. [5] with 30.8 at.% Co and orthorhombic structure was
ot found in this work.

As far as the alloys richest in samarium are concerned, no def-
nite indication was obtained from the EPMA analysis for the Co
olubility in �-Sm which was close to zero, below the margin of
rror for the instrument used. On samples annealed at 620 ◦C for
0 days, the Co solubility observed in �(Sm) is about 1.3 at.% Co.

According to the EPMA analyses of the different samples after
SC, the eutectic composition of the reaction e1 is around 20.0 at.%
o and of the reaction e4 is 37 at.% Co, which agree very well with
he thermal effects recorded, the microstructure observed and the
iterature data.

Selected microphotographs of the analysed alloys using the
ackscattered electrons (BSE) signal are reported in Fig. 3(a–f).

Fig. 3a shows the BSE image of the as-cast Sm–8Co with primary
m crystals surrounded by the Sm–Sm3Co eutectic mixture. Pri-

ary crystallization consistent with the liquidus curve was tested

y metallographic investigation of selected samples after DSC mea-
urements. As an example, crystals of Sm3Co and �(Sm)–Sm3Co
utectic mixture is shown in Fig. 3b in a sample with the Sm–20Co
omposition and the primary crystallization of Sm5Co2 is shown
382.7 [8]
154.9 [24]
154.7 T.W., alloy N.23 (3 at.% Co) after DSC

in Fig. 3e in a Sm–29Co sample. Micrographs of the heat-treated
Sm–22Co (annealed at 500 ◦C for 45 days) specimen is given in
Fig. 3c. The peritectic formation of the Sm5Co2 phase is con-
firmed by the BSE image of the Sm–27Co specimen reported in
Fig. 3d, where the Sm3Co primary crystals surrounded by the
Sm5Co2 phase and the (Sm5Co2–SmCo2) eutectic mixture can be
observed. Micrograph of Sm–38Co alloy showing a nearly pure
eutectic formed by Sm5Co2 (gray phase) and SmCo2 (black phase)
is reported in Fig. 3f.

4. Conclusions

The revised version of Sm–Co phase diagram on the Sm-rich
side is proposed. More than 23 Sm–Co alloys were prepared and
characterized. Only the use of slow heating/cooling rates for the
DSC analysis makes it possible to clarify the relationship between
Sm3Co phase and different allotropic forms of Sm. The effect of
crucibles has been highlighted. The existence of the Sm3Co, Sm5Co2
and SmCo2 binary phases has been verified and the temperatures
of five invariant reactions have been determined.
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