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The phase equilibria in the Co-W-V ternary system were experimentally investigated by optical
microscopy (OM), electron probe microanalysis (EPMA) and X-ray diffraction (XRD) on the equilibrated
alloys. Three isothermal sections of the Co-W-V ternary system at 1100°C, 1200°C and 1300°C were
determined, and no ternary compound was found in this system. In addition, a novel phenomena induced
by the liquid phase separation in the Co-W-V alloys was firstly discovered, suggesting that a stable liquid

miscibility gap exists in the Co-W-V ternary system. The newly determined phase equilibria and firstly
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discovered phase separation phenomena in the Co-W-V system will provide important information for
the development of Co-W based alloys.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Co-W based cemented carbides are important materials for
the applications of metal cutting, milling, turning or rock drilling
[1]. For the purpose of manufacturing cemented carbides with
small WC grains, certain carbides, such as VC (the most efficient
inhibitor), are usually added to inhibit grain growth during sin-
tering [2-4]. Therefore, the Co-W-V ternary system is one of
the important subsystems of the Co-W based cemented carbide
system. In addition, the Co-W based alloys are widely used as
high-speed steels [5,6]. For the advanced development of Co-W
based alloys, accurate phase equilibria in the Co-W-V ternary
system is especially required. However, until now, no informa-
tion about the phase equilibria in this system is available in the
literature. Therefore, it is important and necessary to compre-
hensively determine the phase equilibria in the Co-W-V ternary
system.

Three binary systems Co-W, Co-V and W-V, constituting the
Co-W-V ternary system, is shown in Fig. 1. In the Co-W binary
system [7], two intermediate phases of the CosW and Co;Wjg
form through peritectoid reaction at 1093 °C and peritectic reac-
tion at 1689 °C, respectively. The Co-V binary system was reviewed
by Smith [8], where there are four intermediate phases (Co3V
(fcc), Co3V (hex), CoVz and o-Co,V3). The W-V system [9] is
a simple system without any intermediate phase. All the sta-
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ble solid phases in the three binary systems are summarized in
Table 1.

The purpose of the present work is to experimentally deter-
mine the phase equilibria in the Co-W-V ternary system at
1100°C, 1200°C and 1300°C by using optical microscopy (OM),
electron probe microanalysis (EPMA) and X-ray diffraction (XRD),
which will provide a better understanding of microstructures
of promising alloys in the Co-W-V ternary system for practical
applications.

2. Experimental procedure

High-purity cobalt (99.9 wt.%), tungsten (99.9 wt.%) and vanadium (99.9 wt.%)
were used as starting materials. Bulk alloy buttons were prepared from pure ele-
ments by arc melting under a high purity argon atmosphere using a non-consumable
tungsten electrode. The ingots were melted eight times in order to achieve their
homogeneity. The sample weight was around 20 g and the weight loss during melt-
ing was generally less than 0.20% of the sample weight. Afterwards, the ingots were
cut into small pieces for heat treatment and further observations.

Plate-shaped specimens were wrapped in W foil in order to prevent direct con-
tact with the quartz ampoule, and put into quartz ampoule evacuated and backfilled
with argon gas. The specimens were annealed at 1100°C, 1200°C and 1300°C for 5
weeks, 3 weeks and 1 week, respectively. After the heat treatment, the specimens
were quenched into ice water.

After standard metallographic preparation, the microstructural observations
were carried out by optical microscopy (OM). The equilibrium compositions of the
equilibrated alloys were examined by electron probe microanalysis (EPMA) (JXA-
8100R, JEOL, Japan). Pure elements were used as standards and the measurements
were carried out at 20.0kV. The X-ray diffraction (XRD) was used to identify the
crystal structure of the constituent phases. The XRD measurement was carried out
on a Phillips Panalytical X-pert diffractometer using CuKa radiation at 40.0kV and
30 mA. The data were collected in the range of 26 from 30° to 90° at a step with of
0.0167°.
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Fig. 1. Binary phase diagrams constituting the Co-W-V ternary system.
Table 1
The stable solid phases in the three binary systems.
System Phase Pearson’s symbol Prototype Space group Strukturbericht References
Co-W eCo hP2 Mg P63/mmc A3 [7]
aCo cF4 Cu Fm-3m Al [7]
CO3W hP8 NigSn P63/mmc D019 [7]
Co7;Ws hR13 Fe;Wg R-3m D8s [7]
bec (W) cl2 w Im-3m A2 [7]
Co-V aCo cF4 Cu Fm-3m Al [8]
eCo hP2 Mg P63/mmc A3 [8]
CosV (hex) hP24 Co3V P-6m2 - [8]
CosV (fcc) cP4 AuCus Pm-3m L1, [8]
o tP30 aCrFe P4, [/mnm D8, [8]
CoV3 cP8 Cr3Si Pm-3n A15 [8]
bec (V) cl2 w Im-3m A2 [8]
w-v bee (V, W) cl2 w Im-3m A2 [9]
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Fig.2. Locations of the alloys with separated (X ) and homogeneous (a) morphology
in the Co-W-V ternary system.

3. Results and discussion
3.1. Liquid phase separation phenomena

The as-cast Cog5 W5V3g, CogsW105V245, CogsW2gVs,
CO71W25V3, C064W8.5V27.5 and C06]W11V28 (at. %) alloys show
the homogeneous microscopic morphologies, while the as-
cast CopsWi15Ve3s5, Coa5WaaVs3, Co3gWa1Vag, CosoWisVss,
Cos3W37V1g, Co5oW31Vyg, CosoW15V3g and Coz3Wa7Vyg (at. %)
alloys exhibit the top-bottom separated microscopic morpholo-
gies, which are caused by the liquid phase separation. The location
of the above-mentioned Co-W-V alloys is plotted in Fig. 2, where
types of microscopic morphologies were marked by different
symbols and the liquid phase separation region may be at the
right of the dashed line. Typical separated microstructure of the
Cos3W37Vyp (at. %) alloy and its magnification part are shown
in Fig. 3. The top-bottom separated microscopic morphology
attributes to the density difference of the Co-rich and W-rich
liquids during the solidification process under gravity condition,
thus an horizontal boundary between the Co-rich and W-rich
layers can be clearly observed (Fig. 3(a)). In addition, the individual
phases of the Cos3W37V1g (at. %) alloy (Fig. 3(b)) were identified
by the EPMA, and their compositions are presented in Table 2.

Recently, great attention has been paid to the liquid phase sep-
aration and its effect on the formation of composite materials. For
instance, a variety of the Cu-Fe based composite materials with
core-type structures or pencil-like core macroscopic morpholo-
gies were produced by different methods [10-12]. In particular,
pencil-like buck composite materials with the core macroscopic
morphologies were successfully fabricated from liquid immisci-
ble Cu-Fe based alloys [12] using the conventional casting process,
indicating that it is possible to obtain the Co-W based pencil-like
buck composite materials. Thus, such kind of Co-W based compos-
ite material will show potential application in cemented carbide
industry.

3.2. Microstructure and phase equilibria

Typical BSE (back-scattered electron) image of the Cos3W37Vqg
(at.%)alloy (separated morphology)annealed at 1300 °C for 1 week,

10@pm WD 1mm

Fig. 3. Typical separated microstructure (a) of the as-cast Cos3 W37V (at. %) alloy
and its magnification part (b).

is shown in Fig. 4, where attractive voids formed near the Co-rich
layer/Co;Wyg interface. The formation of these voids maybe induced
by the different diffusion flux of Co atoms and W atoms at 1300°C.
Comparing the as-cast microstructure (Fig. 3(b)) with the equilib-
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Fig. 4. Typical BSE image of the Cos3 W37V (at. %) alloy (separated morphology)
annealed at 1300°C for 1 week.
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Table 2
The composition of the individual phases in the as-cast Cos3 W37V (at. %) alloy.
As-cast Cos3 W37V (at. %) alloy Composition (at. %)
bcc (W, V) Co7;Ws aCo
Co W Co W \% Co W \%
Co-rich layer 1.5 95.5 56.7 35.5 7.8 79.8 10.2 10.0
W-rich layer 1.5 95.6 56.1 385 54 78.7 10.0 113
Table 3
Average composition of each layer of the Cos3 W37V (at. %) alloy in different states.
Cos3 W37 Vg (at. %) alloy Average composition (at. %)
As-cast Annealed at 1300°C
Co W \% Co w \%
Co-rich layer 57.0 31.8 11.2 61.6 26.7 11.7
W-rich layer 33.9 57.5 8.6 243 68.6 7.1
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Fig. 5. Microstructural evolution of the Cos3 W37V (at. %) alloy during the solidification and annealing process: (a) totally melting; (b) cooling a little; (c) as-cast state; (d)
annealing for a short time; and (e) in equilibrium state.
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Fig. 6. Typical ternary BSE images obtained from: (a) the W-rich layer of the Co,5W37V3g (at. %) alloy annealed at 1100 °C for 5 weeks; (b) the Co-rich layer of the CosoW;5V35
(at. %) alloy annealed at 1100 °C for 5 weeks; (c) the Cog; W11 Vag (at. %) alloy annealed at 1100 °C for 5 weeks; (d) the Cogs W5 V30 (at. %) alloy annealed at 1200 °C for 3 weeks;
(e) the CogsWs5V275 (at. %) alloy annealed at 1200 °C for 3 weeks; (f) the Co71 W,6V3 (at. %) alloy annealed at 1300 °C for 1 week; (g) the W-rich layer of the CosoW;5V35 (at.
%) alloy annealed at 1300 °C for 1 week and (h) the Cogs W105V245 (at. %) alloy annealed at 1300°C for 1 week.
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rium microstructure (Fig. 4) of the Cos3 W37V (at. %) alloy, both the
bcc (W, V) phase in the Co-rich layer and the aCo phase in W-rich
layer (Fig. 3(b)) disappear after annealing at 1300 °C for one week,
which suggests that the above-mentioned phases are not the equi-
librium phases. In order to show the microstructural evolution of
the Cos3W37V1g (at. %) alloy during the solidification and annealing
process, hypothetically, a sketch scheme, representing the solidi-
fication process and annealing process, was presented in Fig. 5. In
particular, as presented in Fig. 5(d), W atoms diffuse from the Co-
rich layer to the W-rich layer, while Co atoms show an opposite
diffusion path. The above diffusion paths have been confirmed by
the composition changes listed in Table 3, which shows the average
solubility of Co atom in the Co-rich layer increases and W atom in
this layer decreases after annealing at 1300 °C.

Several BSE images of the typical ternary Co-W-V alloys are
shown in Fig. 6(a)-(h). Phase identification was based on the equi-
librium composition as measured by EPMA and XRD results. In the
W-rich layer of the Coy5W37V3g (at. %) alloy quenched from 1100 °C,
the two-phase equilibrium microstructure (o +bcc (W, V)) was
observed (Fig. 6(a)) and substantiated by the XRD result, as shown
in Fig. 7(a), where the characteristic peaks of the o and bcc (W, V)
phases are confirmed and well marked by different symbols. The
three-phase equilibrium of the Co;Wg +bcc (W, V) + 0o was identi-
fied in the Co-rich layer of the Co50W15V35 (at. %) alloy annealed at
1100°C, and is shown in Fig. 6(b), where the Co;W¢g phase appears
between the o and bcc (W, V) phases, suggesting that the Co;Wg
phase may form though the peritectoid reaction of the o +bcc (W,
V) — CoyWg. Fig. 6(c) shows the three-phase equilibrium of the
aCo+Co7Wg+ 0o in the CogiW11Vag (at. %) alloy equilibrated at
1100 °C. Two images of the Cogs W5 V3¢ (at. %) and CoggWg 5V27 5 (at.
%) alloys annealed at 1200 °C were shown in Fig. 6(d) and (e), where
two-phase equilibrium of the «Co + o and three-phase equilibrium
of the aCo + Co;Wg + 0 can be clearly observed, respectively. In the
Co71 W56 V3 (at. %) alloy quenched from 1300 °C, two phases namely
aCo and Coy;Wg were identified by EPMA, as shown in Fig. 6(f),
where the Co;Wjg phase irregularly distributes in the matrix of the
aCo phase. Fig. 6(g) shows the two-phase microstructure of the
Co7Wg +bcc (W, V) of the W-rich layer of Co50W15V35 (at. %) alloy
annealed at 1300°C, and the XRD result is shown in Fig. 7(b), where
the characteristic peaks of the Co;Wg and bcec (W, V) phases are well
distinguished by different symbols. In addition, the Cogs W10 5V245
(at. %) alloy annealed at 1300 °C s located in the three-phase region
of the aCo + Co;Wg +liquid, as characterized in Fig. 6(h), where the
liquid phase tends to surround the aCo phase, indicating that the
eutectic reaction of the aCo + o < liquid occurs.

Table 4
Equilibrium composition of the Co-W-V system at 1100 °C.
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Fig. 7. X-ray diffraction patterns obtained from (a) the W-rich layer of the
Coy5 W37 V3g (at. %) alloy annealed at 1100 °C for 5 weeks and (b) the W-rich layer of
the Cos0W;15V3s5 (at. %) alloy annealed at 1300°C for 1 week.

3.3. Isothermal sections

The equilibrium compositions of the Co-W-V ternary system
at 1100°C, 1200°C and 1300°C determined by EPMA are listed in
Tables 4-6, respectively.

Alloy (at. %) Equilibria Composition (at. %)
Phase 1/phase 2/phase 3 Phase 1 Phase 2 Phase 3
Co W \% Co \ A% Co Y A%

Co5W115Ve35° a/bcc (W, V) 29.8 6.3 63.9 29 453 51.8

Co25 W5, Vs3? a/bce (W, V) 339 6.9 59.2 2.2 60.1 37.7

Coz5W37V3g? a/bcec (W, V) 37.8 7.3 54.9 1.6 70.2 28.2

Co30Wa1Vae? a/bcc (W, V) 46.6 7.8 45.6 1.9 73.6 24.5

CosoWis5V3s5? o /Co7Wg 55.2 7.1 37.7 49.5 24.5 26.0

CogsW5V3g o/aCo 60.4 6.5 331 69.1 3.1 27.8

Cos0W31Vig? aCo/Co7Wp 71.2 3.7 251 51.1 315 174

Cos3W37Vio? aCo/Co7Ws 77.9 6.4 15.7 53.9 38.1 8.0

CogsW29Vs5 aCo/Co7Ws 83.0 9.4 7.6 56.7 40.2 3.1

Co71Wa6V3 aCo/Co;We 84.6 10.9 4.5 57 41.5 1.5

Cog1W11Vas aCo/Co; W /o 70.4 3.1 26.5 51.7 27.6 20.7 60.7 6.9 324
Cos3W37Vip? Co;Wg/bce (W, V) 50.4 40.7 8.9 1.0 95.1 3.9

CosoW31Vi9? Co7We/bce (W, V) 48.6 33.9 17.5 0.9 91.5 7.6

CosoWi5V35? Co7We/bce (W, V) 473 28.2 245 03 85.2 14.5

CosoWis5V3s5? Co;Ws/bce (W, V)/o 472 26.2 26.6 0.5 81.8 17.7 51.2 7.8 41.0

2 Alloys with separated morphology.
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Table 5

Equilibrium composition of the Co-W-V system at 1200 °C.

Alloy (at. %) Equilibria Composition (at. %)
Phase 1/phase 2/phase 3 Phase 1 Phase 2 Phase 3
Co w \% Co w \ Co w \

Co25W115Ve35? o/bce (W, V) 29.9 71 63.0 4.6 435 51.9

Coz5 W, Vs3? o/bce (W, V) 344 83 57.3 2.5 58.5 39.0

Co30W21Vygo? a/bcc (W, V) 44.6 9.2 46.2 14 73.6 25.0

CosoWi5V352 o/Co7Wg 55.6 8.4 36.0 48.4 26.5 25.1

CogsWsV3g o/aCo 60.5 6.8 327 68.8 33 27.9

CoesWi05V245 aCo/Co7Ws 70.3 43 254 51.7 29.5 18.8

Cos3W37Vq0? aCo/Co;We 75.8 6.7 17.5 53.5 36.7 9.8

CogsW29Vs aCo/Co7Ws 81.7 10.4 7.9 55.2 41.6 3.2

Co71WaV3 aCo/Co7Ws 83.8 11.8 44 57.2 41.1 1.7

CoaWs5Va75 aCo/Co;Ws /o 69.3 3.8 26.9 51.8 28.0 20.2 61.5 7.8 30.7
Cos3W37Vip? Co7Ws/bce (W, V) 50.7 40.9 8.4 1.7 94.1 4.2

CosoW31Vig? Co7Ws/bcc (W, V) 48.8 34.0 17.2 1.0 90.3 8.7

CosoWi5V352 Co7Wsg/bcc (W, V)/o 47.2 27.6 25.2 1.5 80.8 17.7 52.8 9.9 373

2 Alloys with separated morphology.
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Table 6
Equilibrium composition of the Co-W-V system at 1300°C.

Alloy (at. %) Equilibria Composition (at. %)

Phase 1/phase 2/phase 3 Phase 1 Phase 2 Phase 3
Co W \% Co W \% Co W A%

Coz5W115Ve35° a/bcc (W, V) 28.8 10.2 61.0 5.6 43.8 50.6

Coz5 W)y Vs3? a/bcc (W, V) 339 9.3 56.8 1.6 58.3 40.1

Co3gW21V49e? o/bcc (W, V) 38.8 104 50.8 0.8 69.8 29.4

C033Wa7Vyo? o/bee (W, V) 44.7 11.0 443 0.6 76.7 227

Cos3W37Vyp? aCo/Co;We 76.0 8.3 15.7 53.9 37.2 8.9

CoesWagVs aCo/Co7Ws 82.1 12.2 5.7 56.6 40.7 2.7

Co71Wa6V3 aCo/Co7Ws 829 13.1 4.0 57.3 41.1 1.6

C055W1045V24.5 ()LCO/C07W6/liquid 70.8 5.5 23.7 513 32.2 16.5 61.5 7.6 30.9

Cos3W37Vip? Co7We/bce (W, V) 49.9 41.0 9.1 143 94.5 4.07

CosoW31Vig? Co7Ws/bce (W, V) 46.9 35.7 17.4 0.4 89.6 10.0

CosoW15V352 CoyWe/bce (W, V) 47.6 294 23.0 0.3 86.0 13.7

CosoW15V35? CoyWs/bee (W, V)/liquid 47.2 26.9 25.9 0.4 834 16.2 52.2 12.0 35.8

2 Alloys with separated morphology.

Based on the experimental data determined by this work, three
isothermal sections at 1100°C, 1200°C and 1300°C were con-
structed in Fig. 8(a)-(c). Fig. 8(a) shows the isothermal section
at 1100°C, where two three-phase regions (aCo+Co7Wg + o and
Co7;Wg +bcc (W, V)+a) and five two-phase regions (aCo + Co;Wg,
g +aCo, o +Co7Wg, CosWg +beec (W, V) and o +bcc (W, V)) were
determined in the present work. The Co;Wg phase is stabilized by
the addition of V and the single phase region of the Co;Wg phase
extends to the Co-V side, suggesting that V atoms substitute for
W atoms. Therefore, the Co;Wg phase with the D85 structure can
be designated as Co7(W, V)g, which is also in agreement with the
chemical composition of constituent phases determined by EPMA.
The maximum solubility of W in the o phase is about 8 at. %. The
isothermal section at 1200°C, shown in Fig. 8(b), is quite similar
to that at 1100°C (Fig. 8(a)). Both of the maximum solubility of
W in the o phase (~9.5 at. %) and the maximum solubility of V in
the Co;Wg phase (~25at. %) are larger than those at 1100°C. In
the isothermal section at 1300°C (Fig. 8(c)), the liquid phase was
found to exist in the Co-V rich corner, which is in good agreement
with that in the Co-V binary system [8]. It should be noted that
the maximum solubility of W in the o phase is about 11 at. %. The
undetermined three-phase region (o +bcc (W, V) +liquid) is shown
in Fig. 8(c) in dashed lines.

4. Conclusions

(1) The as-cast CopsWi15Ve3s, Co25W2Vs3,  CozoWaiVa,
Co5oW15V3s5, Cos3Ws37Vig, CosgWs31Vig, CosoWi5V3g and
Co33W57Vyg (at. %) alloys exhibit the top-bottom separated
microscopic morphologies, suggesting that a stable liquid
miscibility gap exists in the Co-W-V ternary system.

(2) Three isothermal sections of the Co-W-V ternary system at
1100°C, 1200°C and 1300 °C were experimentally determined
and no ternary compound were found in this system. The
Co7;Wg and o phases stabilized by the addition of V and W,
respectively, were known.

(3) The firstly discovered phase separation phenomena and newly
determined phase equilibria in the Co-W-V system will pro-
vide additional support for the thermodynamic assessment of
this system and effective development of Co-W based alloys.
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