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Experimental Determination of Phase Equilibria
in the Co-Cr-V Ternary System
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The phase equilibria in the Co-Cr-V ternary system were investigated by means of optical
microscopy, electron probe microanalysis and x-ray diffraction. Four isothermal sections of the
Co-Cr-V ternary system at 800, 1000, 1100 and 1200 °C were established. The experimental
results show that: (1) no ternary compound was found in this system; (2) the ¢ and (V, Cr) phases
form the continuous solid solutions from the Co-Cr side to Co-V side in the isothermal sections at

800-1200 °C.

Keywords Co-Cr-V, microstructure, phase diagrams

1. Introduction

The Co-Cr base alloys have been widel%/ used as
commercial magnetic recording materials,!'™* and the
Co-V system is a potential candidate of ultra-high density
recording media because of phase separation between the
ferromagnetic hep phase and non-magnetic hep phase,
which is similar to the Co-Cr system. Thus, the Co-Cr-V
ternary alloys as promising magnetic recording materials,
are of both technical importance and academic interest. The
properties of alloy materials are affected by the microstruc-
ture and composition. In order to properly understand the
relationship between magnetic properties and microstruc-
ture, accurate information on the phase equilibria in the
Co-Cr-V ternary system is required. However, only an
isothermal section at 1150 °C in the Co-Cr-V system
reported by Kuznetsov et al.l® was available. Therefore, it
is important to comprehensively determine the phase
equilibria in the Co-Cr-V ternary system.

The Co-Cr binary system has been studied by many
researchers,l’) the latest version experimentally investi-
gated and thermodynamically calculated by Oikawa et al.”*!
shows five phases ((2¢Co), (¢Co), (Cr), L, and 5-Cr3Co,),
and a magnetically induced phase separation of the ferro-
magnetic (o¢Co) and the paramagnetic (o,Co) in the range
of 764-965 °C. The melting point of the 5-Cr3Co, phase is
about 1280 °C.[°! Some researchers investigated the phase
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Fig. 1 Binary phase diagrams constituting the Co-Cr-V ternary
system"™ 131

Table 1 Stable solid phases in the three binary
systems
Pearson’s

System Phase symbol Prototype Strukturbericht Reference

Co-Cr (aCo) cF4 Cu Al [9]
(eCo) hP2 Mg A3 [9]
(Cn) c2 w A2 [9]
c tP30 oCrFe D8y, [9]

Co-V  (aCo) cF4 Cu Al [5]
(eCo) hP2 Mg A3 [5]
VCos hP24 VCos [5]
c tP30 oCrFe Dg,, [5]
V;Co cP8 SiCr; A15 [5]
%) c2 w A2 [5]

Cr-V (V, Cr) cl2 % A2 [13]
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Fig. 2 BSE images of typical Co-Cr-V ternary alloys: (a) Co056:Cr40:V4 (at.%) alloy annealed at 800 °C for 90 days; (b)
Co024:Cr12:V64 (at.%) alloy annealed at 800 °C for 90 days; (c) Co020:Cr4:V76 (at.%) alloy annealed at 800 °C for 90 days; (d)
C056:Crd40:V4 (at.%) alloy annealed at 1000 °C for 60 days; (¢) Co64:Cr5:V31 (at.%) alloy annealed at 1000 °C for 60 days and (f)
C029:Cr67:V4 (at.%) alloy annealed at 1100 °C for 45 days
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Fig. 3 XRD patterns obtained from (a) C024:Cr12:V64 (at.%) alloy annealed at 800 °C for 90 days and (b) C029:Cr67:V4 (at.%) alloy

annealed at 1100 °C for 45 days

diagram of the Co-V system,>'*'?! but the Co-V diagram
assessed by Okamotol! in 2006 was more consistent with
the experimental data of the present work. In the Co-V
binary system, there are three intermetallic phases (VCos,
0-V3Co,, and V3Co) and a magnetically induced (aCo)
phase separation of the ferromagnetic (a{Co) and the
paramagnetic (o,Co) from 691 to 873 °C. The transforma-
tion temperature from the (aCo) to VCojs is reported to be
1045 °C.") The Cr-V binary system is a simple system
without any intermediate phase.l'*) The three sub-binary
systems, Co-Cr, Co-V and Cr-V, are shown in Fig. 1.
The stable solid phases in the three binary systems are
summarized in Table 1.

The objective of the present work is to experimen-
tally investigate the phase equilibria in the Co-Cr-V
ternary system using optical microscopy (OM), electron
probe microanalysis (EPMA) and x-ray diffraction
(XRD). The experimental results are expected to help
in understanding the microstructures of promising
Co-Cr-V alloys and provide key support for the thermo-
dynamic assessment of this system and the design of
related material.

2. Experimental Procedure

Cobalt (99.9 wt.%), chromium (99.7 wt.%) and vana-
dium (99.7 wt.%) were used as starting materials. Bulk
buttons were prepared from pure elements by arc melting
under high purity argon atmosphere using a non-consum-
able tungsten electrode. The ingots were melted 6 times in
order to achieve homogeneity. The sample weight was
around 20 g and the weight loss during melting was
generally less than 0.20%. Afterwards, the ingots were cut
into small pieces for heat treatment and further observa-
tions. Plate-shaped specimens were put into quartz

ampoules evacuated and backfilled with argon gas, then
annealed in the temperature range from 800 to 1200 °C.
The samples were annealed at 800, 1000, 1100 and
1200 °C for 90, 60, 45 and 20 days, respectively. At the
end of the heat treatment, the specimens were quenched
into iced water.

After standard metallographic preparation, microstruc-
tural observation of specimens was carried out by OM.
The compositions (assumed to be equilibrium) of each
phase in the annealed alloys were determined by EPMA
(JXA-8100R, JEOL, Japan). Pure elements were used as
standards, and the measurements were carried out at
20 kV. Every phase was analyzed seven times in different
regions, and its composition was averaged. The XRD was
used to identify the crystal structure of the constituent
phase. The XRD measurements were carried out on a
Phillips Panalytical X-pert diffractometer using Cu-K,
radiation at 40 kV and 30 mA. The data were collected in
the range of 20 from 20° to 90° at a step width of
0.0167°.

3. Results and Discussion

3.1 Microstructural Morphologies

Back-scattered electron (BSE) images of the typical
ternary Co-Cr-V alloys are presented in Fig. 2. Phase
identification was based on the composition as measured
by EPMA and the XRD results. The two-phase equilibrium
o + (eCo) was identified in the Co56:Cr40:V4 (at.%) alloy
annealed at 800 °C for 90 days, and is shown in Fig. 2(a),
where the ¢ phase is dark gray and the (¢Co) phase is light
gray. In the C024:Cr12:V64 (at.%) alloy annealed at 800 °C
for 90 days, the three-phase microstructure VCoz +c+ (V,
Cr) was observed (Fig. 2b) and substantiated by the XRD
results in Fig. 3(a). The finer needles in the dark (V, Cr)
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Table 2 Analyzed compositions of the annealed alloys

Composition (at.%) and the standard error

Phase 1 Phase 2 Phase 3
Phase equilibria
Overall composition, Phase 1/phase
Temp., °C  Alloys, at.% at.% 2/phase 3 Cr \% Cr \% Cr v
800 C092:Cr4:V4 C091.7:Cr4.1:V4.2 aCo 41+£0.02 42+£0.15
Co079:Cr4:V17  Co078.8:Cr4.2:V17.0 aCo/VCos 50+0.16 129+040 4.6+0.15 17.4+045
Co076:Cr16:V8  Co075.6:Cr16.3:V8.1 eCo 16.3£0.07 8.1£0.10
C070:Cr20:V10 Co070.6:Cr19.9:V9.5 eCo 19.9+£0.15 9.5£0.09
Co070:Crl7:V13  Co069.5:Crl17.2:V13.3 £Co/VCos 18.6£0.27 124+£034 148£0.53 152+£0.07
C060:Cr4:V36  Co060.1:Cr4.2:V35.7 VCos/c 1.7£0.12 27.7£0.14 59+0.12 39.94+0.32
C060:Cr12:V28 C059.8:Cr12.0:V28.2 VCos/c 6.7£0.23 252+£0.56 18.3£0.08 30.6+£0.24
C060:Cr20:V20 C059.4:Cr20.6:V20.0 VCos/c 8.8+0.13 21.4+0.08 29.7+£0.85 19.2+0.05
C060:Cr32:V8  C059.6:Cr32.1:V8.3 eCo/c 266+£060 74+£037 42.1£023 9.5£0.05
C056:Cr40:V4  Co055.8:Cr40.1:V4.1 eCo/c 314+£0.04 34+£0.02 489+£047 43+£022
Co027:Cr8:V65  Co027.4:Cr8.2:V64.4 o/V;Co 75£0.19 62.0£021 104£043 653£0.70
Co24:Cr12:V64  Co023.8:Cr12.3:V63.9  o/V3Co/(V, Cr) 99+£0.12 60.0£0.17 11.8£0.56 64.1+0.07 154+0.15 65.9+0.30
C026:Cr32:V42  Co026.6:Cr31.3:V42.1 o/(V, Cr) 26.6+0.15 41.94+0.24 3934+0.13 42.94+0.34
C020:Cr60:V20 Co021.4:Cr58.1:V20.5 c/(V, Cr) 44.1+0.82 22.6+0.57 66.7+0.06 19.540.03
C020:Cr20:V60 Co019.8:Cr19.8:V60.4 o/(V, Cr) 132£0.27 56.5£0.28 233+0.14 60.7+0.11
C020:Cr76:V4  Co020.8:Cr75.1:V4.2 o/(V, Cr) 61.0£0.06 4.6£020 804+£0.16 3.7£0.25
C020:Cr4:V76  Co019.8:Cr4.4:V75.8 V;Co/(V, Cr) 41£026 72.1£020 7.1£0.15 82.5£0.40
Co19:Cr11:V70  Co019.0:Cr11.4:V69.6 V;Co/(V, Cr) 102+£0.83 67.1£0.34 12.6£0.17 70.0£0.22
1000 Co079:Cr4:V17  Co078.6:Cr4.2:V17.2 aCo 42+£0.09 17.2£0.08
Co070:Cr6:V24  Co069.4:Cr6.3:V24.3 aCo 6.3+£0.09 243+£0.05
Co070:Cr20:V10  Co070.5:Cr20.0:V9.5 aCo 20.0£0.09 9.5£0.08
Co064:Cr5:V31  Co064.6:Cr4.9:V30.5 aCo/c 424+0.06 2824+0.17 6.7+0.13 34.14+0.09
C060:Cr12:V28 C060.0:Cr11.9:V28.1 aCo/c 8.8+0.26 2424035 13.6+£028 29.0+0.32
C060:Cr20:V20 Co060.2:Cr19.9:V19.9 aCo/c 15.6£0.08 17.7£0.19 23.6£0.05 21.8£0.09
C056:Cr40:V4  Co055.7:Cr40.4:V3.9 aCo/c 333+£020 3.6+£0.05 474+£034 43+£0.12
C026:Cr32:V42  Co026.3:Cr31.5:V42.2 c/(V, Cr) 2634+0.13 42.440.08 45240.48 40.940.54
C020:Cr4:V76  Co19.6:Cr4.9:V75.5 o/(V, Cr) 3.8+£0.09 68.1£0.13 65+025 77.7£0.17
C020:Cr20:V60 C020.2:Cr20.0:V59.8 o/(V, Cr) 13.5+£0.24 562+£0.19 239+£0.17 60.2£0.25
C020:Cr60:V20 Co021.0:Cr58.8:V20.2 c/(V, Cr) 44.7+0.08 21.84+0.13 68.1+0.14 18.940.16
C020:Cr76:V4  Co021.0:Cr74.6:V4.4 o/(V, Cr) 61.3+0.15 48£0.06 81.0+£0.07 3.6%0.08
1100 Co064:Cr5:V31  Co64.2:Cr5.2:V30.6 aCo/c 4.7+0.19 285+0.18 6.6+0.16 34.6+0.19
C060:Cr20:V20 Co059.5:Cr21.4:V19.1 aCo/c 18.6£0.08 163£0.30 255+£0.17 204+£0.33
Co056:Cr40:V4  Co05.1:Cr40.9:V4.0 aCo/c 351+£0.12  35£0.12 47.6+£0.66 4.3=£0.09
C029:Cr67:v4  Co028.3:Cr67.6:V4.1 o/(V, Cr) 623+£0.19 4.0+£0.14 755+£0.13 3.3+£0.05
Co28:Cr53:V19  Co028.5:Cr52.9:V18.6 c/(V, Cr) 484+0.13 18.6+0.07 65.6+0.21 16.8+0.13
C026:Cr32:V42  Co025.9:Cr32.1:V42.0 o/(V, Cr) 26.5+0.48 42.0+0.40 40.9+0.50 41.6+0.48
C025:Cr20:V55 Co025.2:Cr20.0:V54.8 o/(V, Cr) 164+£0.10 53.0£0.16 252+£0.05 56.3£0.09
C024:Cr12:V64 Co023.9:Cr12.3:V63.7 c/(V, Cr) 9.9+£0.03 599+£0.10 153+£0.17 66.1£0.45
1200 Co060:Cr4:V36  Co060.0:Cr4.3:V35.7 aCo/c 35+£0.03 299+0.07 4.8+0.05 36.0£0.16
C060:Cr20:V20 C059.7:Cr20.0:V20.3 aCo/c 17.7£0.09 184+£0.14 23.6£0.19 22.1£0.17
C056:Cr40:V4  Co055.3:Cr40.6:V4.0 aCo/c 36.6+£0.19 35+£0.03 479+0.14 42+£0.14
C029:Cr67:v4  Co028.8:Cr67.2:V4.0 o/(V, Cr) 61.3+0.13 4.1£0.06 70.2+0.28 3.5£0.09
Co28:Cr53:V19  Co027.3:Cr53.6:V19.1 c/(V, Cr) 47240.18 19.5+0.26 58.14+0.27 18.540.15
C026:Cr32:V42  Co025.9:Cr32.1:V42.0 c/(V, Cr) 263+0.14 41.84+0.07 35.8+0.56 41.84+0.41
C025:Cr20:V55 Co024.5:Cr21.5:V53.9 o/(V, Cr) 184+£0.04 49.9+£0.03 24.6+£0.08 54.3=£0.16
C024:Cr12:V64 Co023.9:Crl.12:V63.9 c/(V, Cr) 9.5£0.13 59.5£0.11 132+£0.08 64.1£0.07

phase were confirmed to be the ¢ phase by EPMA and XRD
analysis. The two-phase microstructure V;Co + (V, Cr) of
the C020:Cr4:V76 (at.%) alloy annealed at 800 °C for
90 days is shown in Fig. 2(c), with V3;Co being the
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dendrites. In addition, the varying contrast in the dark gray
(V, Cr) phase may be caused by the coring in the alloy
samples, or the different crystal orientation of the bee (V,
Cr) phase. Figure 2(d) shows the two-phase microstructure
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o + (aCo) in the Co56:Cr40:V4 (at.%) alloy annealed at
1000 °C for 60 days. Figure 2(e) shows the two-phase
microstructure o + V3Co of the Co64:Cr5:V31 (at.%) alloy
annealed at 1000 °C for 60 days, where the dendrites were
VCos. In the Co029:Cr67:V4 (at.%) alloy annealed at
1100 °C for 45 days, ¢ and (V, Cr) were identified, as
shown in Fig. 2(f), and XRD presented in Fig. 3(b)
confirmed these phases.

3.2 Isothermal Sections

The analyzed compositions of the Co-Cr-V ternary
system at 800, 1000, 1100 and 1200 °C determined by
EPMA are listed in Table 2. Using these experimental data,
the isothermal sections at 800, 1000, 1100 and 1200 °C
were constructed in Fig. 4-7. In all cases, the overall

800°C » Single phase

= Two-phase equilibria

& Three-phase equilibria

= Binary data [5, 9]

ViCo«(V, Cr)

+ Overall compositions
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= B 6+(V. Cr)+V3Co
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Fig. 4 Experimentally determined isothermal section of the
Co-Cr-V system at 800 °C

N

1000°C \Y » Single phase

B Two-phase equilibria
o Binary data [5, 9]

+ Overall compositions
(D (aCo)+o+VCos
@ oH(V, Cr)+V3Co

/

V3iCo
o+V3Co

=,
60 -

Co 20 0 60 ' 80 Cr
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Fig. 5 Experimentally determined isothermal section of the
Co-Cr-V system at 1000 °C
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composition was on the tie line in the two phase samples. At
800 °C, Fig. 4, there are four single-phase regions: (aCo),
(eCo), VCos, (V, Cr), and o, and one determined three-
phase region ¢ + (V, Cr) + V5Co. Two three-phase equi-
libria: (aCo) + (¢Co) + VCos, (¢Co) + VCosz + ¢ and the
phase separation of (a(Co) + (a,Co), shown as dashed lines
were inferred, and were not found in the current samples.
The o and (V, Cr) phases formed continuous solid solutions
from the Co-Cr side to Co-V side, and V;Co behaved as a
line compound.

The isothermal section at 1000 °C is shown in Fig. 5,
where four two-phase regions (aCo) + VCos, (aCo) + o,

1100°C \Y% m Two-phase equilibria
o Binary data [5, 9]

+ Overall compositions

Co 20 40 60 80 Cr
Cr (at.%)

Fig. 6 Experimentally determined isothermal section of the
Co-Cr-V system at 1100 °C

1200°C VvV m Two-phase equilibria
o Binary data [5, 9]

* Overall compositions

Co 20 40 60 80 Cr
Cr (at.%)

Fig. 7 Experimentally determined isothermal section of the
Co-Cr-V system at 1200 °C

Journal of Phase Equilibria and Diffusion Vol. 33 No. 3 2012 193



Section I: Basic and Applied Research

VCos + o, and ¢ + (V, Cr) were identified. The VCos and
V;Co phases at 1000 °C (Fig. 5), disappeared at 1100 °C
(Fig. 6), where only three single-phase regions (aCo), (V,
Cr), and o and two two-phase regions (aCo) + ¢, and
o + (V, Cr) appeared. The phase relationship shown in the
isothermal section at 1200 °C (Fig. 7) is similar to that at
1100 °C, although the solubilities of phases were slightly
different, due to the different temperatures. It should be
noted that not all phase boundaries were drawn through the
data points in Fig. 4-7, especially for Fig. 4. This is likely to
be because the phases had not attached equilibrium, or that
the boundaries were actually more curved than indicated on
the figures.

4. Conclusions

Four isothermal sections of the Co-Cr-V ternary system
at 800, 1000, 1100 and 1200 °C were experimentally
determined. No ternary compound was found in this system.
The o and (V, Cr) phases formed continuous solid solutions
from the Co-Cr side to Co-V side at all temperatures
examined.
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