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Experimental Investigation of the Phase Equilibria
in the Co-Nb-V Ternary System
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Phase relationships in the Co-Nb-V ternary system were experimentally examined through
electron probe microanalyzer and x-ray diffraction, and the isothermal sections of 1000 and
1200 °C were established. The obtained experimental results also show: (1) the (Nb, V) phase
forms the continuous solid solution; (2) niobium solutes into o (Co) and ¢-Co,V; phases with a
small solubility; (3) the C36 Laves-phase is stabilized at 1000 °C which is below its stability
limits in Co-Nb binary system, and it forms a single phase region at 1000 °C; (4) vanadium has a
large solubility in C36 Laves-phase; (5) vanadium and cobalt atoms show the analogous site

occupation in C36 Laves-phase.

Keywords Co-Nb-V ternary system, isothermal section, phase
relationship, solubility

1. Introduction

The v’ phase with ordered L1, structure is discovered in
the Co-Al-W-base alloys,[l] which show the same strength-
ening mechanism as the commonly used Ni-base superal-
loys reinforced by this phase. Thus, the Co-Al-W-base high-
temperature alloys show potential applications in the field of
aircraft turbines and combustor sections etc. However, the v’
phase is not stable in the alloys. Some elements, Nb, Ta,
Mo, Ti and V, are respectively incorporated into y” phase in
the Co-Al-W system to improve its thermal stability,”’ as
well as improve the performance of Co-base high-temper-
ature materials’>~>! and magnetic materials.'*® For example,
alloying with vanadium enhances the ductility, strength, and
corrosion resistance of materials,”” addition refractory
elements, such as Nb, is one of the most efficient methods
to improve high-temperature strength through the solid-
solution strengthening.'®! It is important to understand the
phase relationship of Co-Nb-V ternary system. However,
there are no reports corresponding to this system. Based on
EPMA and XRD, the purpose of this study is to determine
the phase relationship in the Co-Nb-V ternary system at two
isothermal sections (1000 and 1200 °C). The results
obtained in the present work is expected to give a better
understanding of the microstructure in the Co-Nb-V alloys
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for its practical applications, and it also benefits the
thermodynamic assessment of Co-Nb-V ternary system.
The binary Co-V system has been investigated extensively
by many authors.!"''” The result calculated by Bratberg and
Sundman!"®is consistent with existing experimental data. There
are three intermetallic compounds in the Co-V system that is
CosV, 6-Co,V; and CoV;. The phase diagram of the Co-Nb
system has been studied in some investigations,'*** which was
revised by Stein.**! Five intermediate phases exist in the Co-Nb
binary system namely C14, C15, C36, Co;Nb, and Co,Nby,
respectively. The Nb-V system was assessed by Kumar.** The
phase diagrams of Co-V,"® Co-Nb,**! and Nb-VE* that
constitute the Co-Nb-V ternary system are shown in Fig. 1. The
stable solid phases and their crystal structures in the three binary
systems in Co-Nb-V ternary system are listed in Table 1.

2. Experimental Procedures

The Cobalt (99.9 wt.%), Niobium (99.7 wt.%) and
Vanadium (99.7 wt.%) were used as raw materials. Bulk
alloys were prepared from pure elements by arc melting
under high purity argon atmosphere. The ingots, weighting
around 20 g, were melted at least 5 times in order to achieve
the homogeneity of the sample. Each ingot was cut into
small pieces by wire-cutting machine for heat treatment.

The vacuum in the quartz capsule containing the plate-
shaped specimen was pumped to 5 Pa. And then, the
evacuated capsule was filled with argon to a certain pressure.
Furthermore, in order to avoid oxidation of samples, the above
processes were repeated for four times. The specimens in
quartz capsules were annealed at 1000 and 1200 °C followed
by ice water quenching. The time of the heat treatment are
45 days at 1000 °C and 25 days at 1200 °C, respectively.

After metallographic preparation, the microstructure
observation and the equilibrium composition measurement
of each phase in the specimens were carried by electron
probe microanalyzer (EPMA, JXA-8100, JEOL, Japan, the
accelerating voltage and probe current were 20 kV and
1.0x107® A, respectively). The adopted composition was
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Fig. 1 Binary phase diagrams constituting the Co-Nb-V ternary system

determined by the mean value of five measurements which
were calibrated by the ZAF (Z: atomic number effect, A:
absorption effect, F: fluorescence effect) correction, using
pure elements as standard samples. The XRD measurement
was carried out on a Philips Panalytical X-pert diffractome-
ter using Cu Ko radiation at 40 kV and 30 mA. The data
were collected in the range of 20 from 20° to 90° at a step
size of 0.0167°.

3. Results and Discussion

3.1 Microstructure and Phase Equilibria

Back-scattered electron (BSE) images of the typical
ternary Co-Nb-V alloys are illustrated in Fig. 2(a)-(f),
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and the XRD results of the typical Co-Nb-V ternary
alloys are presented in Fig. 3(a)-(c). For comparison, the
standard XRD patterns of each phase (c-Co,V3, CosV,
C36, (Nb, V) and Co;Nbg) noted by different color
vertical lines are shown in Fig. 3(a)-(c) as well. Phase
identification is based on the equilibrium composition
measured by EPMA and crystal structure confirmed by
XRD analysis.

The two-phase equilibrium (Co,;Nb, + o (Co)) was
identified in the CogsNb;yVs (here-after, alloy composi-
tions are indicated in at.%) alloy annealed at 1000 °C for
45 days. White regions and light gray regions in Fig. 2(a)
represent Co;Nb, and o (Co) phases, respectively. In the
Co75Nb( V5 alloy after annealing at 1000 °C for 45 days,
the two-phase equilibrium (CosV (light gray) + C36
(white)) was investigated, as shown in Fig. 2(b). In the
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Table 1 The stable solid phases in the Co-Nb-V binary systems

System Phase Pearson’s symbol Prototype Space group Strukturbericht References
Co-V a (Co) cF4 Cu Fm-3 m Al [18]
¢ (Co) hP2 Mg P63/mmc A3 [18]
CozV hP24 Mg;Cr P-6m2 Co3V [18]
c-Co, V3 tP30 oCrFe P4,/mnm D8¢ [18]
CoV3 cP8 Cr;Si Pm-3n Al5 [18]
V) c2 \% Im-3 m A2 [18]
Co-Nb a (Co) cF4 Cu Fm-3 m Al [33]
£ (Co) hP2 Mg P63/mmc A3 [33]
Co7Nb, [33]
a-Co,Nb hP24 MgNi, P63/mmc C36 [33]
v-Co,Nb cF24 MgCu, Fd-3 m C15 [33]
B-Co,Nb hP12 MgZn, P63/mmc Cl4 [33]
Co7Nbg hR13 Fe; W R-3m D85 [33]
(Nb) c2 w Im-3 m A2 [33]
Nb-V (Nb, V) c2 w Im-3 m A2 [34]

5 : o

1,800 1Apm WO 11mm

%500 10pm WD11mm

Fig. 2 Typical ternary BSE images obtained from: (a) CogsNboV5 (all alloy compositions are giving in at.%) alloy annealed at 1000 °C for
45 days; (b) Co75NboV 5 alloy annealed at 1000 °C for 45 days; (c) CogoNb;oV30 alloy annealed at 1000 °C for 45 days; (d) Co,oNb;oV7o alloy
annealed at 1000 °C for 45 days; (¢) Co,oNb;oV7o alloy annealed at 1200 °C for 25 days; (f) Co0Nbz Vs alloy annealed at 1200 °C for 25 days
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from: (a)

CogoNbjgV3o alloy annealed at 1000 °C for 45 days; (b)

Co,5NbsoV,s alloy annealed at
CogsNb,5V g alloy annealed at 1000 °C for 50 days

1200 °C for 25 days; (c)

CoeoNb1¢ V3 alloy by annealing at 1000 °C for 45 days,
the three-phase equilibrium (C36 (white) + CosV (light
gray) + 0-Co, V3 (black)) was determined in Fig. 2(c). The
structures of three phases were identified by the XRD in
Fig. 3(a). It can be seen that the characteristic peaks of the
Co;V phase, 6-Co,V; phase and the C36 Laves phase are
well distinguished by different symbols. The three-phase
equilibrium (C36 (white) + o-Co,V;3 (light gray) + (Nb,
V) (black)) was identified in the Co,(Nb;yV;, alloy
annealed at 1000 °C for 45 days in Fig. 2(d). The three-
phase equilibrium C36 + 6-Co,V3 + (Nb, V) was identi-
fied in the Co,0Nb;gV;o alloy annealed at 1200 °C for
25 days, as indicated in Fig. 2(e), where 5-Co, V3 phase is
light gray, the (Nb, V) phase is black and the C36 phase is
white. The three-phase equilibrium (Nb, V) (white) +
CosNbg + (gray) + C36 (black) was observed in the
Co,5NbsgVys alloy annealed at 1200 °C for 25 days, as
illustrated in Fig. 2(f). These three phases were also
confirmed by the XRD, as shown in Fig. 3(b).

3.2 Isothermal Sections

The equilibrium compositions of the Co-Nb-V ternary
alloys in the present study at 1000 and 1200 °C determined
by EPMA are summarized in Tables 2 and 3. Based on the
experimental data mentioned above, the isothermal sections
at 1000 and 1200 °C were constructed in Fig. 4(a) and (b),
respectively. Undetermined three-phase regions have dashed
outlines.

In the isothermal section at 1000 °C, as shown in
Fig. 4(a), three three-phase regions were experimentally

Table 2 Equilibrium compositions of the Co-Nb-V ternary alloys at 1000 °C determined in the present work

Composition, at.%

Equilibria
Phase 1 Phase 2 Phase 3
T, °C Alloys, at.% Annealed time, days Phase 1/Phase 2/Phase 3 Nb \% Nb \% Nb \%
1000 Co,,90Nb1oV7o 45 5-Co,V;/C36 4.8 66.0 22.5 445 ...
Co3oNb1oVeo 45 5-Co,V3/C36 2.4 50.8 19.1 31,6 .. Ll
Co4oNb1oVso 45 5-Co,V3/C36 1.9 46.3 19.6 264 .. L
CogsNbyVs 45 a-Co/CosNb, 2.8 7.2 21.2 1.3 .
Co75Nb1gV s 45 a-Co/Co7Nb, 7.8 16.8 22.4 5.0 L
Co79Nb1oV2o 45 Co3V/C36 3.2 23.9 21.5 13.8 .0 L
CogoNb1gV3o 45 Co3V/C36/6-Co,V3 2.1 26.9 19.9 19.4 2.1 37.0
Co,0Nb1oV7o 45 C36/5-Co,V3/(Nb, V) 24.8 46.3 4.6 69.4 2.9 84.4
Co,0Nb30Vso 45 C36/(Nb, V) 27.7 47.4 12.0 844 ... Ll
Co39Nbgs Vs 45 Co;Nbg/(Nb, V) 51.1 6.0 88.8 39 . L
Co,0Nb1oV7o 45 C36/(Nb, V) 31.6 39.6 77.3 195 ... L
CogoNbs V35 50 C36/5-Co, V3 19.9 21.1 1.9 389 . L
Co0,5NbsgVss 50 C36/Co7Nbg/(NDb, V) 33.8 34.8 425 27.4 78.5 18.0
Co1oNbsgVao 50 C36/(Nb, V) 32.1 48.9 66.5 319 .
Co45NbyoVis 50 C36/Co7Nbyg 31.5 17.8 43.1 134 .0 L
Co1oNb4oVso 50 C36/(Nb, V) 31.9 51.5 453 534 0 Ll
CogsNbysVio 50 C36 304 )
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Table 3 Equilibrium compositions of the Co-Nb-V ternary alloys at 1200 °C determined in the present work

Composition, at.%

Equilibria
Phase 1 Phase 2 Phase 3
T, °C Alloys, at.% Annealed time, days Phase 1/Phase 2/Phase 3 Nb \% Nb \% Nb \%
1200 Co49Nb1gVso 25 5-Co,V3/C36 2.7 52.7 18.5 341 L
CosoNb1gVa4o 25 5-Co,V3/C36 1.6 44.4 16.8 288 ...
CogoNb1gV3o 25 a (Co)/C36 5.1 31.7 17.7 213 L.
Co75Nbys5Vo 25 a (Co)/C36 2.7 14.9 21.9 44 . Ll
Co75Nby Vs 25 a (Co)/C36 2.9 12.0 21.7 32 L
CogsNbyVs 25 a (Co)/C36 3.6 6.5 22.9 14 .
Co75Nb1gV 15 25 a (Co)/C36 33 18.3 22.3 73 L
Co7oNb1oV2o 25 a (Co)/C36 2.0 23.4 20.9 122 .
Co,9NbgV7o 25 5-Co,V3/C36/(ND, V) 52 65.6 24.2 42.0 5.1 92.5
Co,0Nb3gVso 25 C36/(Nb, V) 28.9 449 21.3 757 ..
Co,0Nbso V3o 25 C36/(Nb, V) 40.0 36.4 76.0 221 L
Co39Nbsg Vo 25 Co;Nbg/(Nb, V) 44.8 21.2 78.6 190 ...
Co39Nbgs Vs 25 Co;Nbg/(Nb, V) 51.3 6.9 94.4 2.7 L
Co,5NbsgVss 25 C36/Co7Nbg/(ND, V) 35.7 304 43.2 24.1 78.5 20.4
Co;oNbsgVao 25 C36/(Nb, V) 34.5 43.1 60.6 369 ...
CogsNbs V3 25 a (Co)/C36 3.9 27.2 18.8 201 ...
Co49Nby5V35 30 C36 25.8 324 L. s e
CogsNbysVio 30 C36 29.5 104 ... L. o

determined in this work, namely ©-Co,V; + C36 + (Nb,
V), 0-Co,V3 + Co3V + C36 and C36 + Co,;Nbg + (Nb,
V). It should be noted that the non-existent C36 Laves-
phase in Co-Nb subsystem appears in the isothermal section
of Co-Nb-V ternary system. The C36 phase (Laves-phase)
region seen in Fig. 4(a) indicates that the V addition
stabilizes this phase at lower temperature. Similarly, the
stabilization of the C14 ?hase (Laves-phase) was also
confirmed in Zhao et al.®** Furthermore, the single phase
C36 was substantiated by the XRD, as shown in Fig. 3(c).
Figure 4(b) shows the isothermal section at 1200 °C, where
two three-phase equilibrium 6-Co,V; + C36 + (Nb, V) and
C36 + (Nb, V) + CosNbg were experimentally determined
in this work.

Comparing these two isothermal sections, we can see
that the solubility of Nb in o (Co) and 6-Co,V; phase is
limited, the area of o (Co) phase at 1000 °C is smaller
than that at 1200 °C. In the isothermal sections at
1000 °C and 1200 °C, the phase of (Nb, V) form the
continuous solid solutions, and the solubility of Co is
large in the V-rich and Nb-rich side, but small in the
middle of (Nb, V) phase. The C36 phase is identified to
possess large solubility of V. Considering the position of
the C36 phase in the ternary system investigated, it is
reasonable to infer that V and Co atoms show the

analogous site occupation in that phase. V element does
not have the tendency to occupy the position of Co or
Nb in the Co,Nbg phase.

4. Conclusions

Two isothermal sections of the Co-Nb-V ternary
system at 1000 and 1200 °C were experimentally deter-
mined by the means of EPMA and XRD. The obtained
experimental results show that (1) the solubility of Nb in
o (Co) and o-Co,V; phases is limited; (2) the phase of
(Nb, V) forms the continuous solid solution, and the
solubility of Co is large in the V-rich and Nb-rich side;
(3) the presence of the single phase C36 at 1000 °C
suggests the stabilization at lower temperature and the
solubility of V in the phase was identified to be large in
this work; (4) V and Co atoms show the analogous site
occupation in the phase; (5) V and Co atoms do not show
the analogous site occupation in the phase Co;Nbgs. The
newly determined phase equilibria in this system will be
very important for the development of the Co-base
functional materials and thermodynamic assessment of
the Co-Nb-V ternary system.
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(a) 1000 °C

® C36 + (Nb, V) + Co,Nb,
® C36 +Co,V +5-Co,V,

@ CoNb, +a (Co)+Cl15

® Co,V+a (Co)+Cl15

® CoNb, +C36+Cl15

@ CoV, +05-Co,V, +(Nb, V)
CoNb, + C36+Cl15

@ C36 + (Nb, V) + 6-Co,V,

80
Nb (at.%)

V Present work

« Two-phase equilibria
4 Three-phase equilibria
» Single-phase equilibria
o Binary data [18, 33, 34]

(b) 1200 °C

® C36 +(Nb, V) + 5-Co,V,
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Fig. 4 Experimentally determined isothermal sections of the Co-Nb-V system at: (a) 1000 °C, (b) 1200 °C
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