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The isothermal section of the phase diagram of the Y–Fe–Cr ternary system at 773 K was investigated
by X-ray powder diffraction (XRD), optical microscopy, differential thermal analysis (DTA), scanning
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electron microscopy (SEM) equipped with energy dispersive spectroscopy (EDS). The isothermal section
consists of 8 single-phase regions, 14 two-phase regions and 7 three-phase regions. The maximum solid
solubilities of Cr in Fe, Y2Fe17, Y6Fe23 and YFe2 are 13, 18, 6 and 6 at.% Cr, respectively. The maximum
solid solubility of Fe in Cr is about 15 at.% Fe. It was found that there is some homogeneity range in the
ternary compound of YFe12−xCrx with x = 2.1–3.4 at 773 K.
–Fe–Cr system
-ray diffraction

. Introduction

Rare-earth iron-rich intermetallic compounds formed in many
–Fe–M (R is rare-earth element, M is transition metal) system
xhibit excellent magnetic properties. The magnetic properties of
he ternary compounds of R(Fe,M)12 and R3(Fe,M)29 have been
nvestigated intensively [1–15]. In both the compounds, the pres-
nce of a third element M (M = Ti, V, Cr, Mn, Nb, Mo, W, etc.) is
ecessary for the stabilization of the two phases. These compounds
re considered as potential permanent magnet materials due to
heir fairly high values of the Curie temperature, saturation magne-
ization and magnetocrystalline anisotropy. The inherent magnetic
roperties of these compounds can be further improved by intro-
ucing nitrogen, carbon or hydrogen in the interstitial positions
16–19].

The phase diagrams of Y–Fe, Y–Cr and Fe–Cr binary systems are
eported in Ref. [20]. There are four compounds, i.e. Y2Fe17, Y6Fe23,
Fe3 and YFe2 existing in the Y–Fe binary system. Two investiga-
ions on the phase diagram of the Fe–Cr system were found in
iterature [21,22]. It was reported that there is a unique binary
ompound FeCr (� phase) in the Fe–Cr system. Kubaschewski [21]
uggested that the � phase existed at the temperatures below
103 K, while Itkin [22] considered that the � phase existed above

13 K and pointed that the top of the miscibility gap was about
18 K. No binary compound was found to exist in the Y–Cr sys-
em according to Ref. [20]. Two ternary compound of the Y–Fe–Cr
ystem, i.e. YFe10Cr2 and Y3(Fe,Cr)29 have been found in literature
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[2,9,10]. Investigations on the compound YFe10Cr2 were available
in Refs. [2,9]. The phases of Y2Fe17 (with Th2Ni17-type struc-
ture), YFe10Cr2 (with ThMn12-type structure) and Y3(Fe,Cr)29 (with
Nd3(Fe,Ti)29-type structure) can be derived from the basic hexag-
onal CaCu5-type structure by the replacement of 1/3, 1/2 and 2/5
of the Y atoms by a pair of Fe atoms (known as dumb-bell atoms),
where Y and Fe occupy the Ca and Cu sites, respectively. The crystal-
lographic data of the binary and ternary compounds in the Y–Fe–Cr
system are listed in Table 1. However, the investigation on the phase
relationships of the Y–Fe–Cr ternary system is not available in liter-
ature. The purpose of this work is to investigate the phase relations
of the Y–Fe–Cr ternary system at 773 K.

2. Experimental

A total of 188 alloy buttons with weight of 2 g each were prepared in an electric
arc furnace under argon atmosphere using a water-cooled cooper crucible. The puri-
ties of Y, Fe and Cr were 99.9 wt.%, 99.99 wt.% and 99.9 wt.%, respectively. Titanium
was used as an oxygen getter during the melting process. The alloy buttons were
re-melted three times to ensure homogeneity. The weight losses of most alloys were
less than 1% after melting. All the as-cast samples were sealed in evacuated quartz
tubes for homogenization annealing. The heat treatment temperatures were chosen
according to the results of differential thermal analysis (DTA) on some typical alloys
or based on previous work of the binary systems. The Fe-rich or Cr-rich alloys were
kept at 1173 K for 30 days for homogenization, while the other alloys homogenized
at 973 K for 30 days. After that, all the alloys were cooled down to 773 K at a rate of
50 K/day and then kept for at least 10 days and finally quenched into liquid nitrogen.

The X-ray diffraction (XRD) data were collected on a Rigaku D/Max 2500V
diffractometer with Cu K� (� = 0.154056 nm) radiation and graphite monochroma-

tor operated at 40 kV, 200 mA. Data for Rietveld refinement were collected in the
2� range from 15◦ to 100◦ with a step size of 0.02◦ and a counting time of 2 s per
step. The Materials Data Inc. software Jade 5.0 [24] with powder diffraction file
(PDF release 2002) was applied for the phase identification. The differential ther-
mal analysis (DTA) was performed on a Netzsch STA 409PC thermal analyzer. The
Hitachi S-3400N scanning electron microscopy (SEM) equipped with EDAX energy

dx.doi.org/10.1016/j.jallcom.2010.04.161
http://www.sciencedirect.com/science/journal/09258388
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Table 1
Crystal structure data of the binary and ternary compounds in the Y–Fe–Cr system.

Compounds Space group Structure type Lattice parameters (nm) Refs.

a b c ˇ

FeCr P42/mnm (No. 136) FeCr 0.87966 – 0.45582 [23]
Y2Fe17 P63/mmc (No. 194) Th2Ni17 0.8472 – 0.8288 [23]
Y6Fe23 Fm3̄m (No. 225) Th6Mn23 1.212 – – [23]
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The solid solubilities of Cr in the compounds Y2Fe17, Y6Fe23, YFe3
and YFe2 were determined by X-ray diffraction technique using the
phase-disappearing and lattice parameter method combined with
YFe3 R3m (No. 166) NbBe3

YFe2 Fd3̄m (No. 227) MgCu2

YFe10Cr2 I4/mmm (No. 139) ThMn12

Y3(Fe,Cr)29 A2/m (No. 12) Nd3(Fe,Ti)29

ispersive spectroscopy (EDS) and optical microscopy were used for microstructural
nalysis. For the electron probe microanalysis and metallographic analysis of the
amples, standard techniques were used. The metallographic samples were etched
y a solution containing 1% HF, 3% HNO3 and 96% H2O.

. Results and discussion

.1. Phase analysis

Four binary compounds, i.e. Y2Fe17, Y6Fe23, YFe3 and YFe2 and
ternary compound YFe10Cr2 in the Y–Fe–Cr ternary systems have
een confirmed to exist at 773 K by analyzing the XRD patterns of
he binary and ternary samples. The XRD patterns of these com-
ounds basically corresponded with the respective PDF data or the
iffraction patterns calculated from the crystallographic data avail-
ble in literature by using the PowderCell program [25] or lazy
rogram.

In order to verify the existence of the � phase at 773 K, a series
f alloy samples with the composition of near FeCr were prepared.
he XRD analysis results of the binary alloy samples indicated that
ll the samples consisted of the phases of Fe and Cr pointing to the
bsence of the � phase at 773 K. The XRD analysis on the ternary
lloy samples with composition near FeCr also pointed out that the

phase is absent at 773 K. This is in good agreement with that
eported in Refs. [26,27]. No binary compound was observed in the
–Cr system at 773 K.

A series of samples with composition near YFe10Cr2 were pre-
ared to confirm the existence of the ternary compound YFe10Cr2.
he ternary compound of YFe10Cr2 with a tetragonal ThMn12-type
tructure was confirmed to exist at 773 K. It was found that there
re some homogeneity range in YFe Crx with x = 2.1–3.4 at 773 K.
12−x
hat is to say the homogeneity range of the phase YFe12−xCrx

xtended from about 16 at.% Cr to 26 at.% Cr at 773 K. Fig. 1 presents
he XRD pattern of sample No. 155 with the single phase of
Fe12−xCrx (x = 2.5).

ig. 1. The XRD pattern of sample No. 155 with the single phase of YFe12−xCrx

x = 2.5).
139 – 2.459 [23]
350 – – [23]
415 – 0.4733 [9]
645 0.8455 0.9678 97.462◦ [10]

In order to verify the existence of Y3(Fe,Cr)29 at 773 K, four sam-
ples with the compositions Y3Fe29−xCrx (x = 3.0, 4.0, 5.0, 6.0) were
prepared. The as-cast samples were subsequently annealed in a
sealed quartz tube for 10 days at 1273 K, and then quenched in liq-
uid nitrogen. The XRD patterns of these samples corresponded with
the XRD data of Y3(Fe,Cr)29 calculated from the crystallographic
data available in literature [10,28] showing the existence of the
phase Y3(Fe,Cr)29 in the samples. The samples were re-annealed
in an evacuate quartz tube at 1173 K for 30 days, cooled down to
773 K at a rate of 50 K/day and kept for more than 10 days. The
XRD analysis indicated that the samples consisted of the phases of
Y2Fe17−xCrx and YFe12−xCrx without the phase Y3(Fe,Cr)29 in the
samples. This means that the phase Y3(Fe,Cr)29 in the samples was
absent and had decomposed into the two phases of Y2Fe17−xCrx and
YFe12−xCrx at 773 K. This pointed to that the phase Y3(Fe,Cr)29 is a
high temperature phase, which is in accordance with the results
of the Refs. [11,18,26,28]. Fig. 2 is the micrograph of the sample
No. 177 with composition Y3Fe29−xCrx with x = 5.0 (annealed at
1173 K for 30 days and 773 K for 10 days). The sample contained
the two phases of Y2Fe17−xCrx and YFe12−xCrx without the phase
of Y3(Fe,Cr)29 reported by Refs. [10,28]. In Fig. 2, the background
with composition of Y10.4Fe71.2Cr18.4 is Y2Fe17−xCrx and the light
grey pieces with composition of Y8.8Fe68.8Cr22.4 are YFe12−xCrx. No
new ternary and binary compound was found in the system.

3.2. Solid solubility
the SEM (EDS). By comparing the movement of the diffraction pat-

Fig. 2. Micrograph of sample No. 177 with composition Y3Fe29−xCrx with x = 5.0
(annealed at 1173 K for 30 days and 773 K for 10 days). The background is Y2Fe17−xCrx

and the light grey pieces are YFe12−xCrx .
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Fig. 4. Variation of the lattice parameters of Y6Fe23−xCrx with the content of Cr.

T
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ig. 3. The XRD patterns of the samples with composition of Y6Fe23−xCrx (x = 0.29,
.58, 0.87, 1.16, 1.45, 1.74, 2.03).

erns of the single phases and the disappearance of the phases, the
olid solubilities of Cr in these compounds were roughly obtained.
he lattice parameters of samples containing Cr and/or compounds
2Fe17−xCrx, Y6Fe23−xCrx, YFe3−xCrx and YFe2−xCrx were also cal-
ulated and refined from XRD patterns by using the computer
oftware Jade 5.0 and the least square method to determine the
olubilities of Cr in these compounds. The SEM (EDS) was also
pplied to observe the solubilities of the compounds. Fig. 3 presents
he XRD patterns of the samples Y6Fe23−xCrx (x = 0.29, 0.58, 0.87,
.16, 1.45, 1.74, 2.03). It can be seen clearly from Fig. 3 that
hese samples contained the single phase of Y6Fe23−xCrx point-
ng to the maximum solid solubility of Cr in Y6Fe23−xCrx is around
at.% Cr (x = 2.03). Analysis by lattice parameter method gave the

ame result. Fig. 4 shows the variation of the lattice parameters
f Y6Fe23−xCrx with the content of Cr obtained by the computer
oftware Jade 5.0 and the least square method. Further analysis
y the SEM (EDS) also showed that the maximum solid solubility
f Cr in Y6Fe23 is 6.0 at.% Cr. Fig. 5 is the micrograph of the sam-
le No. 65 with composition Y28.6Fe68.6Cr2.8 in the phase region
f Y6Fe23−xCrx + YFe2−xCrx + YFe3. The grey strip-shape phase with
omposition of Y33.7Fe61.3Cr5.0 is YFe2−xCrx, the grey bulge back-
round with composition of Y25.8Fe72.9Cr1.3 is YFe3 and the grey
ieces with composition of Y21.2Fe72.8Cr6.0 are Y6Fe23−xCrx. The
ietveld refinements for the solid solution Y6Fe23−xCrx were carried
ut by using the DBWS9411 program [29]. The Rietveld refine-
ent results indicated that the maximum solid solution of Cr in

6Fe23−xCrx is 6 at.% Cr (x = 1.74). Table 2 presents the Rietveld

efinement results of the compounds Y6Fe23−xCrx (x = 0.58, 1.16,
.74, 2.03, 2.32). The Rietveld refinement of the sample No. 162
Y6Fe23−xCrx, x = 2.03) pointed to that the sample contained a
mall amount of YFe12−xCrx and Y2Fe17−xCrx except the main
hase of Y6Fe23−xCrx. There are 93.8 wt.% Y6Fe23−xCrx, 4.9 wt.%

able 2
ietveld refinement results of the compounds Y6Fe23−xCrx (x = 0.58, 1.16, 1.74, 2.03, 2.32)

Cr content, x Phases Space group Lattice parameters (nm)

a b

0.58 Y6Fe23−xCrx Fm3̄m 1.20776(1)
1.16 Y6Fe23−xCrx Fm3̄m 1.20770(2)
1.74 Y6Fe23−xCrx Fm3̄m 1.20765(1)

2.03 Y6Fe23−xCrx Fm3̄m 1.20737(1)
YFe12 I4/mmm 0.8587(5)
Y2Fe17 P63/mmc 0. 8462(2)

2.32 Y6Fe23−xCrx Fm3̄m 1.20742(1)
YFe12 I4/mmm 0.84641(4)
Y2Fe17 P63/mmc 0.84607(3)
Fig. 5. The micrograph of the sample No. 65 with composition ofY28.6Fe68.6Cr2.8. The
grey strip-shape phase is YFe2−xCrx , the grey bulge background is YFe3 and the grey
pieces are Y6Fe23−xCrx .

Y2Fe17−xCrx and 1.1 wt.% YFe12−xCrx in the sample. The lattice
parameters of these phases were refined to be of a = 1.20737(1) nm
for Y6Fe23−xCrx, a = 0.8587(5) nm and c = 0.4776(3) for YFe12−xCrx,
and of a = 0. 8462(2) nm and c = 0.8283(3) nm for Y2Fe17−xCrx. The
Rietveld refinements for the solid solution Y6Fe23−xCrx also pointed

out that the substitutions of Cr atoms for Fe prefer to partially
occupy the 4b and 24d sites (Cr0.5Fe0.95 at 4b and Cr0.329Fe0.671 at
24d for the sample No. 162) in the solid solution phase Y6Fe23−xCrx.
Table 3 lists the Rietveld refined atomic parameters and isotropic
temperature factors for the sample No. 162 (Y6Fe23−xCrx, x = 2.03).

.

Weight fraction (%) Reliability factors

c Rp Rwp Rexp

100 0.110 0.145 0.051
100 0.109 0.136 0.047
100 0.114 0.147 0.051

93.8 0.106 0.136 0.051
0.4776(3) 1.1
0.8283(3) 4.9

81.2 0.103 0.136 0.050
0.47939(4) 10.0
0.82894(4) 8.8
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Table 3
Rietveld refined atomic parameters and isotropic temperature factors for the compound Y6Fe23−xCrx (x = 2.03).

Atoms Sites x y z Occupancy Beq

M1 (M = Fe,Cr) 4b 1/2 1/2 1/2 Cr0.5Fe0.95 0.1743
4 1/4 Cr0.329Fe0.671 0.9637

0 1 0.3713
782(1) 0.3782(1) 1 0.6240
772(1) 0.1772(1) 1 0.3574
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Fig. 7. Isothermal section of the phase diagram of the Y–Fe–Cr ternary system at
773 K.

Table 4
Details of the typical alloys and phase components in three-phase regions.

Phase regions Alloy compositions Phase components

1 Y9.4Fe87.5Cr3.1 �-Fe + Y2Fe17−xCrx + YFe12−xCrx

2 Y5.2Fe69.8Cr25.0 �-Fe + YFe12−xCrx + Cr
3 Y9.4Fe68.7Cr21.9 Y2Fe17−xCrx + YFe12−xCrx + Y6Fe23−xCrx

4 Y24.1Fe68.8Cr7.1 YFe12−xCrx + Y6Fe23−xCrx + YFe2−xCrx
M2 24d 0 1/
Y 24e 0.2030(1) 0
Fe3 32f 0.3782(1) 0.3
Fe4 32f 0.1772(1) 0.1

ig. 6 presents the observed, calculated and differential X-ray
owder diffraction patterns for the sample No. 162 (Y6Fe23−xCrx,
= 2.03). The R-factors of the Rietveld refinement for the sample
o. 162 are Rp = 0.106 and Rwp = 0.136, respectively.

Similarly, the maximum solid solubilities of Cr in Y2Fe17 and
Fe2 were determined to be 18 and 6 at.% Cr at 773 K, and the max-

mum solid solubilities of Cr in Fe and Fe in Cr were about 13 at.% Cr
nd 15 at.% Fe, respectively. The homogeneity range in the ternary
ompound YFe12−xCrx was found to be about x = 2.1–3.4 at 773 K.
he samples No. 183 and No. 184 with compositions of Y25Fe74Cr1
nd Y25Fe73Cr2 were prepared to determine the solid solubility of
r in YFe3. The X-ray diffraction analysis pointed out that both the
amples contained the same three phases of Y6Fe23−xCrx, YFe2−xCrx

nd YFe3. No solubility of Cr in YFe3 is observed at 773 K.

.3. Isothermal section of the Y–Fe–Cr system at 773 K

The isothermal section of the phase diagram of the Y–Fe–Cr
ernary system at 773 K has been studied by using the X-ray diffrac-
ion technique, optical microscopy, differential thermal analysis,
canning electron microscopy equipped with energy dispersive
pectroscopy analysis. By comparing and analyzing a total of 188
inary and ternary alloy samples and identifying the phases in each
ample, the 773 K isothermal section of the phase diagram of the
–Fe–Cr ternary system is obtained. The isothermal section consists
f 8 single-phase regions, 14 two-phase regions and 7 three-phase
egions, seen in Fig. 7. The typical alloys and the details of the three-
hase regions of the isothermal section of the Y–Fe–Cr ternary
ystem are given in Table 4.

Fig. 8 presents the XRD pattern of the equilibrated sam-
le No. 42 (Y20.0Fe46.0Cr34.0) consisting of the three phases of
Fe12−xCrx, YFe2−xCrx and Cr and proving the existence of the

hree-phase region of YFe12−xCrx + YFe2−xCrx + Cr. The microstruc-
ure of the sample No. 179 (Y9.4Fe68.7Cr21.9) examined by SEM
learly showed the existence of the three phases of YFe12−xCrx,
2Fe17−xCrx and Y6Fe23−xCrx, seen in Fig. 9. The grey background
ith composition of Y8.7Fe66.6Cr24.7 is the phase YFe12−xCrx, the

ig. 6. The observed, calculated and differential X-ray powder diffraction patterns
or the sample No. 162 (Y6Fe23−xCrx , x = 2.03).

5 Y28.6Fe68.6Cr2.8 Y6Fe23−xCrx + YFe2−xCrx + YFe3

6 Y20.0Fe46.0Cr34.0 YFe12−xCrx + YFe2−xCrx + Cr
7 Y25.1Fe19.8Cr55.1 YFe2−xCrx + Cr + �-Y

Fig. 8. The XRD pattern of the sample No. 42 (Y20.0Fe46.0Cr34.0) containing the three
phases of YFe12−xCrx , YFe2−xCrx and Cr.
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Fig. 9. The SEM micrograph of the sample No. 179 (Y9.4Fe68.7Cr21.9) indicated the
existence of the three-phase region of YFe12−xCrx + Y2Fe17−xCrx + Y6Fe23−xCrx . The
grey background is the phase YFe12−xCrx , the bright grey bulge pieces are Y2Fe17−xCrx

and the black pieces are the phase Y6Fe23−xCrx .
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ig. 10. The XRD pattern of the sample No. 72 (Y7.1Fe68.8Cr24.1) consisting of the
hree phases of Y6Fe23−xCrx , YFe12−xCrx and YFe2−xCrx .

right grey bulge pieces with composition of Y10.9Fe68.9Cr20.2 are
2Fe17−xCrx and the black pieces are the phase Y6Fe23−xCrx. The
RD pattern of the sample No. 72 (Y7.1Fe68.8Cr24.1) located in the

hree-phase region of Y6Fe23−xCrx + YFe12−xCrx + YFe2−xCrx is given
n Fig. 10, indicating the existence of the three-phase region of
6Fe23−xCrx + YFe12−xCrx + YFe2−xCrx.

. Conclusion

The phase relations of the Y–Fe–Cr ternary system at 773 K
as been determined by using X-ray powder diffraction, opti-
al microscopy, differential thermal analysis, scanning electron

icroscopy equipped with energy dispersive spectroscopy tech-

iques. The isothermal section consists of 8 single-phase regions,
4 two-phase regions and 7 three-phase regions. Four binary com-
ounds and one ternary compounds were confirmed to exist in the
ystem at 773 K. The maximum solid solubilities of Cr in Fe, Y2Fe17,

[
[

ompounds 502 (2010) 87–91 91

Y6Fe23 and YFe2 is 13, 18, 6 and 6 at.% Cr, respectively. The maxi-
mum solid solubility of Fe in Cr is about 15 at.% Fe. There are some
homogeneity range in the unique ternary compound of YFe12−xCrx

in the system with x = 2.1–3.4 (from 16 at.% Cr to 26 at.% Cr) at 773 K.
No solubility of Cr in YFe3 is observed at 773 K. The ternary com-
pound of Y3Fe29−xCrx was not observed at 773 K. No new ternary
and binary compound was found in the system.
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