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The 773 K isothermal section of the phase diagram of the Ho-Co-Fe ternary system was investigated by
using X-ray diffraction technique, metallographic analysis and scanning electron microscopy with energy
dispersive analysis. The isothermal section of the ternary system consists of 6 three-phase regions, 16
two-phase regions and 11 single-phase regions. Three pairs of corresponding compounds of Ho-Co and
Ho-Fe systems, i.e., Ho,Co;7 and Ho,Fe;7, HoCos and HoFes, HoCo, and HoFe;, form a continuous series

of solid solution. At 773 K the compound HogFe;3_,Co, was found to have a wide homogeneity range from
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78 at.% Co.

0 to 29 at.% Co. The maximum solid solubilities of Fe in Co, Ho,Co7, Ho12Co7 and Hos;Co were determined
to be about 10, 9, 2 and 5 at.% Fe, respectively. The maximum solid solubility of Co in Fe is found to be

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Rare-earth transition-metal antimonides have been extensively
examined because of their diverse structures and properties [1].
Some phase diagrams of Ho-Fe-M [2-5] (M = transition metal) and
R-Fe-Co (R=rare earth) ternary systems [6-8] have been reported.
It was found that only limited investigations on the phase diagrams
of ternary Ho—Co-M systems in the whole concentration range are
available in literature [9-11]. However, studies on the Ho-Co-Fe
ternary system were not found in references. Refs. [12-16] report
the investigations on the phase diagrams of the Ho—-Co, Ho-Fe and
Fe—Co binary systems. There are eight binary compounds in the
Ho-Co binary system and four binary compounds in the Ho-Fe
system, respectively [9-16]. No binary compound was reported in
the Fe-Co binary system [14,16]. The crystallographic data for the
binary compounds in the Ho-Co-Fe ternary system can be found in
Ref. [17]. The purpose of this work is to investigate the phase rela-
tions of the Ho—Co-Fe ternary system by means of experimental
methods.

2. Experimental details

Samples with 2 g each were prepared by arc-melting of initial materials of at
least of 99.9wt.% purity under high-purity argon atmosphere. The samples were
turned over and remelted three times to ensure good homogeneity. The homoge-
nizing annealing was carried out at elevate temperature for 30 days in an evacuated
quartz tube, and then cooled down slowly to 773K and kept for 10 days. Finally,
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the samples were quenched into liquid nitrogen. The samples were broken into two
parts. One part of the samples were ground into powder and annealed in an evacu-
ated small quartz tube at 773 K for 2 days, then quenched into liquid nitrogen. For
the microstructural analysis and metallographic analysis of the samples, standard
techniques were used. The metallographic samples were etched by clean water.

Powder diffraction data of all the samples were obtained by using a Rigaku
D/max 2500V diffractometer with a CuK,, radiation and graphite monochromator
operated at 40 kV, 200 mA. Phase analysis of the samples was performed by using
computer software JADE5.0 [18] applied to the JCPDS-ICDD Powder Diffraction File
(PDF) database (ICDD, 2002 release). Scanning electron microscopy (SEM, Hitachi
S-3400N) with energy dispersive analysis (EDS, EDAX) and optical microscopy were
used for microstructural analysis.

3. Results and discussion
3.1. Phase analysis and solid solubility

Seven binary compounds in the Ho-Co system (Ho,Coq7,
Ho,Co7, HoCo3, HoCo,, Ho4Co3, Ho13Co7, Ho3Co and four binary
compounds in the Ho-Fe system (Ho,Fe7, HogFe,3, HoFes3, HoFe;)
have been confirmed to exist in our binary and ternary alloy sam-
ples except HoCos at 773 K. The XRD patterns of these compounds
basically corresponded with the respective PDF data or the diffrac-
tion patterns calculated from the crystallographic data available
in literature by using the PowderCell program [19] or lazy pro-
gram. The compound HoCos was considered as high temperature
phase with approximate eutectoid decomposition temperature of
1423 K and, below 1423 K, HoCos decomposes into the two phases
of Ho,Coq7 and Ho,Co7 [11,12,20]. At 773 K, the samples with com-
positions near HoCos were found to consist of the two phases of
Ho;,Co17_xFex and Ho;Coy_yFex. The binary compound HoCos was
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Fig. 1. The variation of the lattice parameters of the compounds HogFe;3_yCox with
the content of Co.

not observed under our experimental conditions, which is well
agreed with Refs. [11,12,20]. No ternary compound was found in
all ternary alloy samples.

It was found that three pairs of corresponding compounds of
Ho-Co and Ho-Fe, i.e., Ho,Coy7 and Ho,Feq7, HoCos and HoFes,
HoCo, and HoFe,, form a continuous series of solid solution. This
is because these pairs of compounds have the same space groups
and crystal structure-types, close lattice parameters and similar
characters [17].

The solid solubility of Co in Fe and HogFe;3 or Fe in Co, Ho,Co7
and Ho3Co were determined by X-ray diffraction technique using
the phase disappearing method combined with scanning electron
microscopy with energy dispersive analysis. By comparing the
movement and the disappearance of the diffraction patterns of the
single phases, the solid solubility of Co or Fe in these compounds
were roughly obtained.

The X-ray analysis pointed out that the compound HogFe;3_,Coyx
has a wide solid solubility range from around 0 to 30at.% Co
with x=0-8.7. The variation of the lattice parameters of the com-
pounds HogFe;3_xCox with the content of Co from 0 to 35at.%
Co (with x=0-10.15) pointing to the solid solution HogFe,3_xCox
existing with x=0-9.12 (i.e. from 0 to 31at.% Co), as shown in
Fig. 1. However, the sample No.69 with composition of Hog7C039
Fe493 contained the three phases of HogFey3_yCox, HooCoq7_xFex
and HoCos_4Fey indicated that the maximum solid solubility of
Co in HogFe,3 is no more than 30at.% Co. Further analysis by the
SEM (EDS) also showed that the maximum solid solubility of Co in
HogFe,3 is about 29 at.% Co. Fig. 2 presents the SEM micrograph of
the sample No. 69 (Ho,( 7Co3gFe4g.3) with measured composition of
Ho194C059 5Fesq.1. The light gray phase with measured composition
of Hoy1 6C029 gFesg 6 is HogFes3_yCox (x=8.4), the dark gray phase
is HopCoq7_xFex (x=10.70) and the white small dots with mea-
sured composition of Hoy77Co,g2Feq41 are HoCos_yFex (x=1.64).
Therefore, at 773 K, the solid solubility range of the solid solution

Table 1
Details of three phase-regions in the Ho-Fe-Co ternary system.

at%Co

Fig. 3. Isothermal section of Ho-Co-Fe system at 773 K.

HogFe;3_xCox was measured to be 0 <x <84, i.e. the maximum
solid solubility of Co in HogFe,3_4Coy is about 29 at.% Co.

Similarly, at 773 K, the maximum solubilities of Fe in Co, Ho, Co7,
Ho1,Co7 and Ho3Co were determined to be about 10,9, 2 and 5 at.%
Fe, respectively. The maximum solid solubility of Co in Fe was found
to be 78 at.% Co. No solid solubility of Fe in Ho4Co3 was observed at
773 K.

3.2. Isothermal section at 773 K

The isothermal section of the Ho—Co-Fe ternary system at 773 K
was investigated by using X-ray diffraction technique, scanning

Phase regions Phase components

Typical alloy compositions

1 aFe;_xCoy (x=0.78)+aCoq_xFey (x=0.1)+Ho,Coq7_xFex (x=1.9) No. 7 (Hos7Cog,Feq2.3) No. 145 (HogCog Feq1)

2 H02C017_,‘Fex (X = 342) + H02C07_xFex (X =0.81 )+ H0C03_XFEX (X = 04) No. 64 (H022A2C068‘0F69‘8 )a No. 134 (HOzoCOGQFEn )a

3 Ho,Coq7_xFey (X = ]0.70) +HogFez3_xCoy (X = 8.4) +HoCos_yFey (X= 1.64) No. 69 (H020‘7C030Fe4g,3 )a No. 156 (Hoz0.7Co33Feq4s3 )él
4 Ho4Cos +HoCo,_xFey (x=0.66)+Ho1,Co7_xFex (x=0.38) No. 74 (Hos7.1CogoFesg9)

5 Ho1,Co7_xFex (x=0.38) + HoCo,_xFey (x=0.66)+Ho3Co;_xFey (x=0.2) No. 76 (Hos7CossFeg) @ No. 115 (Hogz 3C032.8Fesq)

6 Ho +HoCo,_xFey (x=1.68)+Ho3Co;_xFey (x=0.2) No. 50 (Ho745Co055Fez0) No. 118 (Coi7Ho75Feg)

2 Phase identification by XRD and SEM, otherwise by XRD.
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Fig. 4. X-ray diffraction pattern of sample No. 50 (Ho745C0s5Fexo).
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Fig. 5. X-ray diffraction pattern of sample No. 76 (Hos;CossFeg).

electron microscopy and metallographic analysis. By compar-
ing and analyzing a total of 164 alloy samples and identifying
the phases in each sample, the 773K isothermal section of the
phase diagram of the Ho-Co-Fe ternary system is obtained. The
isothermal section, as shown in Fig. 3, consists of 11 single-phase
regions, 16 two-phase regions and 6 three-phase regions. Typi-
cal alloy composition and details of the three-phase region are
given in Table 1. Fig. 4 is the X-ray diffraction pattern of sam-
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Fig. 6. Metallographic graph of sample No. 76 (Hos;7CossFeg). The gray background
is the phase Hoq,Coy_«Fey, the dark pieces are HoCo,_xFeyx and the light gray areas
are Ho3Coq_yFey.
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Fig. 7. X-ray diffraction pattern of sample No. 52 (HogoCoz65Fei3s).
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Fig. 8. Metallographic graph of sample No. 134 (Ho,oCosgFe11) in the three-phase
region of Ho,Coy7_yFey +Ho,Co7_xFey, + HoCos_.Fey. The gray area is the phase of
Ho,Co7_xFey, the light white-gray area is HoCos_yFey, and the black areas are
Ho,Co7_xFey.

ple No. 50 (Ho745C055Feyq) located in the three-phase region of
Ho +HoCo,_4Fex (x=1.68)+Ho3Co;_yFex (x=0.2). Fig. 5 presents
the X-ray diffraction pattern of sample No. 76 (Hos7CossFeg)
containing the three phases of Hoq,Co;_xFex, HoCo,_yFey and
Ho3Co;_xFex indicating the existence of the three-phase region
of Hoi;Co7_xFex (x=0.38)+HoCoy_yFex (x=0.66)+Ho3Coq_xFex
(x=0.2). The SEM metallographic graph of the same sample No.
76 (Hos;CossFeg) is given in Fig. 6. The gray background with
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Fig. 9. XRD patterns of No. 74 (Hos71CogoFesg) consisting of HoCo,_yFey,
Ho1,Co7_xFey and Ho4Cos.



W. He et al. / Journal of Alloys and Compounds 509 (2011) 632-635 635

composition of Hogj51Co362Fez217 is the phase Hoq,Co_yFey,
the dark pieces (Ho335Co411Fez57) are HoCo,_yFey and the
light gray areas are HosCoj_yxFeyx. Fig. 7 presents the X-ray
diffraction pattern of sample No. 52 (HoggCozssFeq3s) in the
two-phase region of HoCo,_yFex+Ho3Co;_yFey. Fig. 8 is the
SEM metallographic graph of sample No. 134 (Hoy¢CoggFeq1)
containing three phases of Ho,Co7_xFex (x=3.42)+Ho,Co7_xFeyx
(x=0.81)+HoCos_xFex (x=0.4). The gray area with measured com-
position of Ho,1.73Cog748Fe10.7g is the phase of Ho,Co7_yFey, the
light white-gray area (Hoys5.53C0g596Feg 51) is HoCos_yFey and the
black areas are Ho, Co17_yFey. Fig. 9 presents XRD patterns of No. 74
(Hos7.1CogoFe;g) consisting of Ho 5 Coy_yxFex (x=0.38), HoCo,_,Fey
(x=0.66) and Ho4Cos.

4. Conclusion

The 773K isothermal section of the phase diagram of the
Ho-Co-Fe ternary system was investigated by using X-ray
diffraction technique, metallographic analysis, scanning electron
microscopy with energy dispersive analysis. The isothermal section
of ternary system consists of 6 three-phase regions, 16 two-phase
regions and 11 single-phase regions. Three pairs of correspond-
ing compounds of Ho-Co and Ho-Fe, i.e., Ho,Coq7 and Ho,Fe;7,
HoCo3 and HoFe3, HoCo, and HoFe,, form a continuous series of
solid solution. At 773 K the compound HogFe;3_,Cox was found to
have a wide solubility range from 0 to 29 at.% Co with x=0-8.4. The
maximum solid solubility of Fe in Co, Ho,Co7, Ho1,Co7 and Ho3Co
were determined to be about 10,9, 2 and 5 at.% Fe, respectively. The
maximum solid solubility of Co in Fe was found to be 78 at.% Fe. No
solid solubility of Fe in Ho4Co3 was observed at 773 K. No ternary
compound was found in all ternary alloy samples.
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