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The Phase equilibrium of the ternary Pr-Co-Fe system at 773 K was investigated by means of X-ray
powder diffraction (XRD), Rietveld method and scanning electron microscopy equipped with energy
dispersive X-ray spectroscopy. Nine binary compounds, i.e., Pr,Co47, PrCos, Pr,Co7, PrCos, PrCo,, Pr4Cos,
Pr5Co;, Pr;Co and PryFe;7; was confirmed to exist, The maximum solubility of Fe in binary compounds
Pr,Coy7, PrCos, Pr,Co7, PrCos, PrCo,, PrsCos and Pr;Co was determined to be 76.3, 14.1, 15.5, 20.7, 37.5,
2.3 and 2.9 at.%, respectively. No ternary compound was found.
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1. Introduction

Rare-earth-transition-metal (RE-TM) intermetallic compounds
have been extensively studied in the last decades [1]. Some of these
compounds (particularly the cobalt-based ones) show outstand-
ing magnetic properties which make them good materials for the
production of permanent magnets [2]. The phase diagram is an
important basis for materials research and materials application.
For the R-Co-Fe systems, the phase relations have not been inves-
tigated systematically until now except the Y-Fe-Co [3], Sm-Fe-Co
[4], Gd-Fe-Co [5] and Ho-Co-Fe [6] ternary system. The purpose
of the present paper is to provide the phase relationship in the
Pr—Co-Fe ternary system at 773 K.

The binary phase diagrams of the Pr-Co, Pr-Fe and Co-Fe sys-
tems have been investigated previously and summarized in [7-10].
At 773K, there is no binary compound in the Co-Fe system. Nine
intermetallic compounds Pr,Coq7 [11], PrCos [12], Pr5Coqg [13],
PryCo7 [14,15], PrCos [16], PrCo; [17], Pr4Cos [18], Pr5Coy, [19] and
Pr3Co [14] were found in the Pr-Co system and one intermetallic
phase PryFeq7 [20,21] in the Pr-Fe system. Shimotamai et al. [22]
reported the cubic (C15) laves phase PrFe, with Cu, Mg type struc-
ture (space group Fd3m, a=7.465 A). But Cannon et al. [23] reported
that the PrFe, phase was synthesized only under high pressures.
Buschow [24] investigated the influence of various impurities on
the metastable character of the RCos compounds. Binary phase
PrsCoq9 was reported by Ray et al. [13] and Wu et al. [8]. Accord-
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ing to Okamoto [9], Pr5Co19 was assumed to be a high temperature
phase such as the analogous compound SmsCo1g.

2. Experimental details

The purity of Fe, Co and Pr used in this work is 99.5, 99.8, and 99.5 wt.%, respec-
tively. The 120 samples (Table 1), each weighing 2 g, were prepared by arc melting
in a water-cooled copper crucible with a non-consumable tungsten electrode under
high pure argon atmosphere. The alloys were re-melted three times in order to
achieve complete fusion and homogeneous composition. The weight loss of the alloy
samples using in this work was less than 0.6%. After melting, all alloy samples were
subjected to a homogenizing anneal in evacuated quartz. The homogenization tem-
peratures of the binary and ternary samples were chosen according to the phase
diagrams of the Fe-Pr, Co-Pr and Fe-Co systems. The Co-rich alloys samples were
homogenized at 1073 K for 20 days, the Fe-rich alloys samples were homogenized
at 873K for 20 days, the Pr-rich alloys samples were homogenized at 773K for 20
days. Subsequently, they were cooled to 773K at a rate of 10K/h and kept at this
temperature for 10 days, then quenched in liquid nitrogen. Most samples were cut in
two. One is for X-ray powder diffraction (XRD), the other for metallographic inves-
tigation. Samples for X-ray diffraction analyses were powdered. The X-ray powder
diffraction measurements were performed on a Rigaku D/max 2500V diffractometer
with CuK « radiation and graphite monochromator operated at 40 kV, 250 mA. X-
ray powder diffraction patterns of same samples used for Rietveld refinement were
collected with a step size of 0.02° and a counting time of 2 s per step.

The Materials Data Inc. software Jade 5.0 [25] and Powder Diffraction File (PDF
—4+ 2009) were used for phase identification. The metallographic alloy samples
were examined by optical microscopy (DMM660, Caikon, China) and then ana-
lyzed by SEM (S-3400N, Hitachi, Japan)/EDX (PV8200, Philip, USA) in backscattered
electron (BSE) imaging mode for microstructure observation and composition mea-
surement.

3. Results and discussion
3.1. Binary compounds

Table 2 lists the crystallographic data of the binary compounds
in the Pr-Co-Fe system at 773 K. No ternary compounds were fond.
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Table 1

The composition and phase composition of some samples of the Pr-Co-Fe ternary system.
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No. Nominal composition (at.%) Equilibrated phase No. Nominal composition Equilibrated phase
Fe Pr Co Fe Pr Co

1 0 10.5 89.5 Pr,Coy7 48 22 40 38 PrCo,_xFex +Pr3Coq_xFey

2 0 15.7 84.3 PrCos +PryCoq7 49 28 40 32 PrCo,_xFey +Pr3Coq_xFey

3 0 16.7 833 PrCos 50 10 50 40 PrCo,_xFey +Pr3Co_xFey

4 0 20.5 79.5 PrCos + PryCoy 51 16 50 34 PrCo,_xFey + Pr3Coq_xFey

5 0 24 76 Pr,Co7 +PrCos 52 22 50 28 PrCo,_xFey +Pr3Coi_xFey

6 0 30 70 PrCos +PrCo; 53 8 60 32 PrCo,_xFey +Pr3Coq_xFey

7 0 40 60 PrCo, +PrsCos 54 14 60 26 PrCo,_xFey +Pr3Co;_xFey

8 0 50 50 PrCo, +PrsCos 55 2 73 25 Pr5Co, +Pr3Coy_xFey + PryCos_yFey

9 0 60 40 Pr4Cos +PrsCo, 56 14 16 70 Pr,Coq7_xFey + ProCo;_yFey + PrCos_yFey
10 0 68 32 Pr4Cos +PrsCo, 57 27 16 57 Pr,Coq7_xFey + ProCoy_yFey + PrCos_yFey
11 0 73 27 PrsCo, +Pr3Co 58 24 20 56 PryCoq7_xFey + PryCos_yFey + PrCos_yFey
12 0 80 20 Pr;Co+aPr 59 18 22 60 Pr,Coq7_xFey + ProCo;_yFey + PrCos_yFey
13 0 86 14 Pr;Co+aPr 60 32 16 52 PrCos_xFey + PrCo,_yFey + ProCoq7_yFey
14 95 5 0 PryFeq7 + aFe 61 35 16 49 PrCos_xFex + PrCo,_yFey + PryCoq7_xFey
15 89.5 10.5 0 PryFes 62 24 24 52 PrCos_xFey + PrCo,_yFey + Pr,Coq7_xFey
16 84 16 0 oPr+PryFeq7 63 30 24 46 PrCo;_xFey + PrCo,_xFey + PryCoq7_xFey
17 70 30 0 oPr+PryFeq7 64 36 24 40 PrCo;_xFey + PrCo,_yFey + ProCoq7_xFey
18 66.7 333 0 oPr+PryFeq7 65 30 28 42 PrCos_xFey + PrCo,_xFey + PryCoq7_yFey
19 50 50 0 oPr+PryFeq7 66 36 28 36 PrCos_xFey + PrCo,_xFey + PryCoq7_xFey
20 30 70 0 aPr+PryFeq7 67 40 16 44 PrCo,_xFey + PryCoy7_xFey
21 1 74 25 Pr3Co;_yxFey +PrsCo; 68 48 16 36 PrCo,_xFey +PryCoq7_xFey
22 1 80 19 Pr;Coq_xFey + aPr 69 54 16 30 PrCo,_xFey +PryCoy7_xFey
23 2 20 78 Pr,Co7_yFey + PrCos_xFey 70 64 16 20 PrCo,_xFey +PryCoq7_xFey
24 10 20 70 PrCoy_xFey + PrCos_yFey 71 40 22 38 PrCo,_xFex +PryCoq7_xFey
25 5 333 61.7 PrCo,_xFey 72 48 22 30 PrCo,_xFey +PryCoq7_yFey
26 30 333 36.7 PrCo,_xFey 73 50 25 25 PrCo,_xFey +PryCoq7_yFey
27 6 24 70 Pr,Co;_xFey + PrCos_xFey 74 42 28 30 PrCo,_xFey +Pr,Coy7_xFey
28 14 24 62 Pr,Co7_xFey + PrCos_xFey 75 57 25 18 PrCo,_xFey + Pr3Co;_xFey + PryCoq7_yFey
29 8 15 77 Pr,Coq7_xFey + PrCos_yFey 76 40 34 26 PrCo,_xFey +Pr3Coy_xFey + PryCoq7_xFey
30 4 12 84 Pr,Coq7_xFey + PrCos_yFey 77 48 34 18 PrCo,_xFey +Pr3Co;_xFey + PryCoq7_xFey
31 14 12 74 PryCoq7_xFey + PrCos_yFey 78 30 44 26 PrCo,_xFey +Pr3Coy_yFey + PryCoq7_yFey
32 4 30 66 PrCo;_xFey + PrCo,_xFey 79 36 44 20 PrCo,_xFey + Pr3Co;_xFey + PryCoq7_xFey
33 14 29 57 PrCo;_xFey +PrCo,_yFey 80 22 54 24 PrCo,_xFey +Pr3Co;_xFey +PryCoq7_xFey
34 26 30 44 PrCos_xFey + PrCo,_yFey 81 26 54 20 PrCo,_xFey + Pr3Coy_xFey + PryCoq7_xFey
35 8 37 55 Pr4Cos_yFey + PrCo,_xFey 82 14 64 22 PrCo,_xFey + Pr3Coy_xFey + PryCoq7_xFey
36 2 48 50 PryCos_yFey + PrCo,_xFey 83 64 25 11 oPr+PryCoq7_yFey +Pr3Coq_xFey
37 4 42 54 PryCos_xFey + PrCo,_xFey 84 49 40 11 aPr+PryCoq7_xFey + PrsCoq_xFey
38 20 12 68 Pr,Coq7_yFey + PryCoy_yFey 85 41 48 11 aPr+PryCoq7_xFey + PrsCoq_yFey
39 28 12 60 Pr,Coq7_xFey + ProCo7_xFey 86 24 60 16 oPr+PryCoq7_yFey + Pr3Coq_xFey
40 18 18 64 Pr,Coq7_xFey + ProCoy_yFey 87 30 60 10 oPr+PryCoq7_yFey + Pr3Coq_yFey
41 90 6 4 aFe +PryFey7 + PryCoy7_xFey 88 10 74 16 oPr+PryCoq7_xFey + Pr3Co;_xFey
42 60 34 6 oPr+PryFeq7 + PryCoq7_yFey 89 20 74 6 oPr+PryCoq7_xFey + Pr3Coq_xFey
43 46 50 4 oPr+PryFe;7 + PryCoq7_yFey 90 10 80 10 oPr+PryCoq7_yFey +Pr3Coq_yFey
44 32 66 2 aPr+PryFeq7 +PryCoq7_xFey 91 8 44 48 PryCos_yxFey + PrCoy_xFey + Pr3Coq_xFey
45 13 5 82 Pr,Coq7_xFex + aFe +aCo 92 6 50 44 PrsCos_yFey + PrCo,_xFey + Pr3Coq_xFey
46 24 16 60 Pr,Coq7_xFey + ProCos_xFey 93 5 57 38 PryCos_yFey + PrCo,_xFey + Pr3Coq_yFey
47 14 40 46 PrCo,_xFey +Pr3Coq_xFey 94 3 67 30 PryCos_xFey + PrCo,_xFey + Pr3Coq_yFey

Table 2
Crystallographic data of the compounds in the Pr-Co-Fe ternary system at 773 K.
Compound S.G. or symmetry Structure type Lattice parameters (A) Ref.
a b c

a-Fe Im3m (229) w 2.861 [26]
a-Co Fm3m (225) Cu 3.544 [27]
a-Pr P63/mmc (194) La 3.670 11.828 [28]
PryCoq7 R3m (166) ThyZny7 8.425 12.269 [11]
PrCos P6/mmm (191) CaCus 5.013 3.980 [12]
Pr,Coy R3m (166) Co7Er, 5.06 36.520 [14]
PrCos R3m (166) BesNb 5.068 24.79 [16]
PrCo;, Fd3m (227) Cu;Mg 7.312 [17]
Pr4Cos P6 (174) Cuslay 5.880 9.649 [18]
PrsCo; C2/c(15) B,Pds 16.54 6.48 7.10 [19]
Pr3Co Pnma (62) CFe3 7.143 9.780 6.410 [14]
PryFeq; R3m (166) ThyZnyy 8.585 12.464 [21]
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Fig. 1. XRD patterns of the sample No. 18 (Pr33 3Fegs7) contained the phases of Pr,Fe 7 and a-Pr.

Nine intermetallic phases, i.e., Pr,Co17, PrCos, Pr, Co7, PrCos, PrCo,,
Pr4Cos, Pr5Co,, Pr3Co and PryFe;; accept for PrsCoqg9 and Pr Fe,
have been confirmed to exist in our work. In order to identify the
presence or absence of the phase Pr Fe,, an alloy sample (No. 18)
with composition of Pr3333Fegss7 was prepared. Fig. 1 shows the
X-ray diffraction patterns of this alloy sample. From Fig. 1, it can be
seen that the sample No. 18 consists of the two phases of PryFe
and a-Pr. No evidence was found to confirm the existence of Pr Fe,
under our experimental conditions. Mansey et al. [29] indicated
that In the system “PrFe,—PrCo,”, the cubic C15 phase based upon
PrCo, is stable at mole fractions exceeding 0.5 of PrCo,, with less
than 0.25 mole fraction of PrCo, no laves phase was detected in the
diffraction photographs. Our result about the absence of PrFe; is in

good agreement with the observation by Mansey et al. and as well
as the results reported in Refs. [20,23,30,31]. The X-ray diffraction
patterns of the sample No. 4 with Pr,g 5C079 5 nominal composition
are shown in Fig. 2. It is obvious that the sample No. 4 consists of
PrCos and PryCo7 phases. In other words the compound Pr5Coqg
was not existent. This result agrees well with the results reported
in Refs. [32,33].

3.2. Solid solution
In order to determine solid solution of Fe in Pr,Co7 precisely,

ten samples with nominal composition of Pr,Coy7_xFex (x=0, 3.17,
3.80, 5.51, 7.03, 8, 10, 12, 14, 16, 17) were prepared and standard
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Fig. 2. XRD patterns of the sample No. 4 (Pry5C0795) contained the phases of Pr,Co7 and PrCos.
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reference material (SRM 640c) was added to each sample. The X~
ray diffraction data were collected in the 20 range from 26° to
90° and calibrated using SRM 640c as an internal reference. Fig. 3
shows the powder X-ray diffraction patterns (28.2° <26 <48.2°) of
the PryCoq7_xFey alloys with x=0, 3.17, 3.80, 5.51, 7.03, 8, 10, 12,
14. From Fig. 3 we can see that there is no phase change in the XRD
patterns except shifts in the positions of Bragg reflections towards
lower 26 angles. Accurate lattice parameters were obtained by a
least-squares refinement of the calibrated data. The lattice param-
eters and cell volume are listed in Table 3 and are plotted as a
function of x in Fig. 4(a and b). Because the sample with x=16
is two phases, so we can deduce that the value of x should be
greater than 14 and less than 16. Combining the result obtained
from the Ritveld refinement of sample No. 75 (PrysCoqgFes7),
we obtained the maximum solubility of Fe in Pr,Coq7 is about
76.3at.% at 773K, it is close to that reported by Satyanarayana
et al. [34].

We also observed the formation of solid solution for the PrCos,
Pr,Co7, PrCos, PrCo,, Pr4Cos and CoPr3 compounds. Similarly, the
solid solubility of Fe in other binary compounds was determined
by lattice parameter method, Rietveld method or by SEM/EDX tech-
nique. On the basis of the results of experiment, the maximum solid
solubility of Fe in binary compounds PrCos, Pr,Co7, PrCos, PrCo,,
Pr4Cos and Pr3Co was determined to be 14.1, 15.5, 20.7, 37.5, 2.3
and 2.9 at.%, respectively.

3.3. Isothermal section of the Pr-Co-Fe ternary system at 773K

Both of SEM/EDX technique and quantitative phase analysis
using Rietveld method were used to detect the phase compo-
sition of a sample located in the three-phase region. Fig. 5(a)
is the SEM image of sample No. 56 (PrigCojgFei4). It can be
observed that there are three different phase. The composi-
tion of these three phases analyzed by SEM-EDX with ZAF
matrix corrections was Pry1.1Co725Feq67, PriggCog7.1Feia9, and

dinalh
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Fig. 5. (a) SEM image of sample No. 56 (PrigFe;4Co7¢) and (b) Rietveld refinement
results for the same sample indicated the existence of the three phase Pr,Coq7_xFex

(x=3.17), PrCos_xFey (x=0.91) and Pr,Co7_xFeyx (x=1.39).

Table 3
The lattice parameters and cell volume of the compound Pr;Co;7_yFey.
X Composition of Fe (at.%) a(A) c(A) v (A3)
0 0 8.4377(2) 12.2539(5) 755.5321
3.17 16.7 8.4678(5) 12.3330(1) 765.8441
3.80 20 8.4691(4) 12.3560(5) 767.5079
5.51 29 8.4876(5) 12.3994(2) 773.5723
7.03 37 8.5019(7) 12.4364(3) 778.4973
8.0 42.1 8.5190(3) 12.4558(6) 782.8513
10.0 52.6 8.5390(4) 12.4899(7) 788.6847
12.0 63.2 8.5691(6) 12.5091(1) 795.4757
14.0 73.7 8.5877(4) 12.5184(5) 799.5260
Table 4

The Rietveld method and SEM/EDX experimental results for some alloys in the Pr-Co-Fe system at 773 K.

No. Nominal composition(at.%) Phase composition (at.%) Phase analysis by Rietveld method Lattice parameters (A) obtained by Rietveld method
Pr Co Fe Pr Co Fe a b c

56 16 70 14 111 722 16.7 PryCoq7_xFey (x=3.17) 8.4678(5) 8.4678(5) 12.3330(1)
219 62.6 15.5 Pr,Co7_xFey (x=1.39) 5.08611(3) 5.08611(3) 36.7790(4)
189 67.1 14.0 PrCos_xFey (x=0.91) 5.02757(2) 5.02757(2) 4.01233(2)

60 16 52 32 9.4 53.5 37.1 PryCoq7-xFex (x=7.03) 8.5019(7) 8.5019(7) 12.4364(3)
353 28.6 36.1 PrCo,_xFey (x=1.11) 7.4298(4) 7.4298(4) 7.4298(4)
27.8 51.5 20.7 PrCos_xFey (x=0.87) 5.1147(1) 5.1147(1) 24.8072(9)

75 25 18 57 12.1 124 75.5 Pr; Coi7_xFex (x=14.5) 8.5883(4) 8.5883(4) 12.5196(7)
329 29.6 375 PrCo, «Fey (x=1.2) 7.4302(2) 7.4302(2) 7.4302(2)
723 239 3.8 Pr3Coq_xFey (x=0.11) 7.1351(8) 9.8162(10) 6.4327(8)

93 57 38 5 33.2 54.9 119 PrCo,_xFey (x=0.35) 7.4215(5) 7.4215(5) 7.4215(5)
74.7 224 2.9 Pr3Coq_yFey (x=0.12) 7.1359(1) 9.8178(2) 6.4304(1)
55.8 419 2.3 PrsCos_xFey (x=0.16) 5.863(2) 5.863(2) 9.617(2)




6792 W. Wang et al. / Journal of Alloys and Compounds 509 (2011) 6787-6793

PrCo:«Fe.f5
oy
" 4,

s '
Q2. 0Um

-
(b) 4 PrasCogFesy
ak ' Ry=9.44%
Ryp=12.670%
3k : I
E 1
z 2 both
} 1
k! 10 I
1k ; } : # 1l
i ‘s%ﬁis '
L+ R L L R R L Ty ey
0.0 - 'r 'wujln.;'LU{.Ll‘. .,,‘.k A ‘.'_'“JL)L o ol

20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0
2-theta

Fig. 6. (a) SEM image of sample No. 75 (Pr;5Co;sFes7) and (b) Rietveld refinement
results for the same sample indicated the existence of the three phase Pr,Co7_yFey
(x=14.5), PrCo,_yFey (x=1.2) and Pr3Co;_xFey (x=0.11).

Pry1 9Cog 6Feqs5, respectively. Fig. 5(b) is the quantitative phase
analysis results using Rietveld method for the same sample No.
56 (PrigCo7gFe14). It also contains three phases of Pr,Coq7_xFey,
PrCos_yxFey and PryCo;_yxFey. Rietveld refinement shows when Fe
atoms randomly distribute on Co sites of Pr,Coq7, PrCos and
Pr,Co7 with 0.19, 0.18 and 0.20 occupation fraction respectively,
i.e., the composition of these three phases is Prigs53C07247Fe17,
PI'] 6‘67C068.33 F615 and PI‘22.22C062_22FC]5.56 respectively' the refine-
ment results are the best (Rp =8.69%, Rwp = 11.60%). It can be seen
that the results obtained from Rietveld refinement are in good
agreement with that determined by SEM-EDX. The Rietveld refine-
ment and the SEM image for some representative samples No.
56 (PI']6C070F€]4), No. 75 (PI’25CO]8F657), No. 60 (PF1GCO52FE32)
and No. 55 (Pry3CoysFe;) located in corresponding three phase
regions are shown in Figs. 6-8. Table 4 lists the nominal com-
positions of No. 56, No. 60, No. 75 and No. 93 alloy samples,
the phase composition determined by SEM/EDX, the phase con-
tent and the lattice parameters obtained by Rietveld refinement
method.

On the basis of the results of XRD and SEM/EDX analysis, nine
binary phases, i.e., Pr,Coq7, PrCos, PryCo7, PrCos, PrCo,, PryCos,
Pr5Co,, Pr3Co and PryFeq; have been confirmed to exist, ten
three-phase regions were observed in the present work. They are:
PryCoq7_xFex + aFe + aCo; PryCoq7_yxFex + PryCoy_yFex + PrCos_yFey;
PryCoq7_xFex + ProCoy_yFex + PrCos_yFey; PrCo,_yFey + Pr3Coq_yFey
+ PryCoq7_xFex; PrCoy_yFex + Pr3Coqi_xFex + PrpCoq7_xFex; aPr
+ PryCoq7_xFex + Pr3Coi_yxFex; PryCos_yFex + PrCop_jFex +

b
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Fig. 7. (a) SEM image of sample No. 60 (PrysCos,Fes;) and (b) Rietveld refinement
results for the same sample indicated the existence of the three phase Pr,Coq7_xFex
(x=7.09), PrCos_yFey (x=0.87) and PrCo,_yFey (x=1.11).

Pr3Coq_xFex; PrsCoy + Pr3Coq_yFeyx + PryCos_yFex; aFe + PryFeqy
+ Pr,Coq7_xFex; aPr + PryFeq7 + ProCoq7_yxFex. The isothermal sec-
tion of the Pr-Co-Fe ternary system at 773K is constructed and
presented in Fig. 9. No ternary compounds were found.

2mm x470 BSE3D

Fig. 8. SEM image of sample No. 55 (Co3Pr73Fe;) indicated the existence of the
three phases. A: Pr3Co;_xFey (x=0.11), B: Pr5Coy, and C: Pr4Cos_xFey (x=0.16).
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Fig. 9. Isothermal section of the phase diagram of the Pr-Co-Fe ternary system at 773 K.

4. Conclusion

The isothermal section of the Pr-Co-Fe ternary system at 773 K
has been determined by using our experimental results obtained
by comparison of the X-ray diffraction patterns, SEM/EDX and
Rietveld refinement method. There are 9 binary compounds and
no ternary compound. The maximum solubility of Fe in binary
compounds Pr;Coy7, PrCos, PryCoz, PrCos, PrCoy, PryCosz and Pr3Co
was determined to be 76.3, 14.1, 15.5, 20.7, 37.5, 2.3 and 2.9 at.%,
respectively.
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