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Abstract: The thermodynamic assessment of the Co-Nb-W ternary system has been carried out by applying the CALPHAD method.

A slight modification of the Co-W binary system has been performed to unify the model of i phase in Co-Nb-W system. The three

published isothermal sections at 1273, 1373 and 1473 K have been critically examined and used to optimize the model parameters.

The solution phases, including aCo and bcc were modeled as substitutional solutions; the 4, y, and CosNb phases have been assessed
using two-sublattice models. The Co;W and CosNbg phases were described as (Co,Nb);(Co,Nb, W),(Co,Nb, W)4(Co)s. Calculated

isothermal sections and vertical sections agreed well with the experimental data.
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Co-based alloys have been widely used in many areas such as
chemical, energy, and aviation due to their excellent magnetic
properties, corrosion resistance, and mechanical properties. In
particular, the study on Co-based high-temperature alloys!'"! and
Co-W based magnetic recording materials”
remarkable achievements in recent years. Besides, the element
Nb is a commonly used cubic carbide forming metal in Co-W
based cemented carbides™*. Therefore, the Co-Nb-W ternary
system is a vital constituent system of Co-based alloys. The
experimental phase diagram of the Co-Nb-W system was firstly
reported by Gerashchenko et al . Gupta et al.l) assessed that
their results have several discrepancies in the ternary diagram

has obtained

about the location and extent of phase regions when compared
with the binary diagrams. For instance, in the binary diagrams,
the regions of Co,W4 and Co;Nbg phase occur over slightly
different composition regions, and the region of Co;Nby phase is
smaller than that indicated in Gerashchenko’s diagram. The y
phase is a stoichiometric compound in the previous binary
diagram, but has a range of homogeneity in Gerashchenko’s
isothermal section. As a result of these discrepancies, Gupta et al.
summarized that the binary diagrams need revision or the
boundaries of the phase regions in their assessment should be
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redetermined. Liu et al.”’ investigated isothermal sections of the
Co-Nb-W system at 1273, 1373 and 1473 K, and observed that
the y phase is stabilized to a higher temperature when Nb is
added to Co-W alloys. They also inferred that the melting point
of the Nb-stabilized y phase is between 1373 and 1473 K.

Tao™ and Pang’ have established thermodynamic models
of the Co-Nb-W ternary system. Although their isothermal
sections roughly match the experimental data, they incorrectly
used different thermodynamic models for Co,W¢ and Co;Nbg
phases. As Co;W4 and Co;Nbg phases have the same crystal
lattice structure, these phases should be described as one model
alone. The purpose of the present work was to evaluate the
phase equilibria in the Co-Nb-W system, and the available
thermodynamic description for each binary system is reviewed.
Two modified # and y phase models in binary system were used
to assess ternary parameters. These results are contributed to
design the related high-temperature structural materials.

1 Literature Reviews

1.1 Binary systems
Several thermodynamic assessments of the Co-Nb system
have been performed!*"”!, and the most comprehensive work
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was carried out by Kumar et al ""*!. More recently, He et
1451 applied more reasonable models to describe C14 and
C36 Laves phases to fit the homogeneity ranges. However,
compared to the Kumar et al.’s assessment, their complicated
thermodynamic models of Co;Nbs, C14 and C36 phases may

al.

introduce more parameters for more high ordered systems.
Given lack of C14 phase experimental data in Liu et al.” and
simplification of assessment, the thermodynamic parameters
for the Co-Nb system were taken from Kumar et al.!"! in the
present study.

The Nb-W system is quite simple with only two condensed
stable phases, liquid and bce. The assessment by Huang et
al' agrees well with the experimental data. In the present
study, thermodynamic parameters for the Nb-W system were
adopted from Huang et al '

Kaufman and Nesor''” firstly assessed the Co-W binary

phase diagram. Gabriel et al.l'®

reassessed this system by
considering additional experimental results. However, the
Co;Wg phase was modeled as a stoichiometric compound, and
the magnetic contribution to the Gibbs energy was not
considered. Guillermet et al."” reassessed the Co-W system by
considering the solubility range and magnetic contribution of
Co,W,. Until recently, Sato et al.*” applied a more reasonable
model to describe Co,Wj to fit the solubility range. Markstrom
et al.”'! optimized parameters for equilibrium boundaries based
on the reassessment of Guillermet et al. Data from previous
experimental studies™"***" suggest that y phase has a little
solubility at 1500~1900 K. Hence, Zhu et al.”! gave a slight
modification of y phase (i.e., treat CosW as Cog75(Co, W)g2s).
However, since Co;Wg and Co,Nbg phases have the same
crystal lattice structure, it is supposed to have the same
thermodynamic model®’. The Co,Nbs phase was used by the
11 and several studies!**"** suggest that

4-sublattice model is more accurate to describe the

4-sublattice mode

homogeneity range of i phase. Therefore, a new 4-sublattice
model for Co; W phase should be used to assess the ternary
Co-Nb-W system in the present assessment.
1.2 Ternary system

The isothermal sections at 1273, 1373 and 1473 K in the
Co-Nb-W system were experimentally investigated by Liu et
al.” which is more reasonable than Gerashchenko’s ones.
Therefore, the present work used the experimental data by Liu

7

et al.'"’ and took Gerashchenko’s work as a reference.

2 Thermodynamic Models

In the present work, the Gibbs energy functions for Co, Nb
and W were taken from the SGTE compilation by Dinsdale *”.
The readjusted Co-W models compared to Markstrém et al.*'!
are listed in Table 1. There are seven stable phases in the
Co-Nb-W system at 1273, 1373 and 1473 K. In the following
section, the analytical expressions for those phases will be
briefly presented.

Table 1 Models used for the phases of the Co-W system in the
present work compared to those used in Markstrom

Names  Structure bericht Present model Ref.[21]
fce(aCo) Al (Co,W) (Co,W)
bee A2 (Co,W) (Co,W)
LIQUID - (Co,W) (Co,W)
hep A3 (Co,W) (Co,W)
X(CO3W) D019 (C0)0_75(CO,W)0_25 CO3W
,u(C07W6) D85 CO[Wz(CO,W)4C06 CO7W2(C0,W)4

2.1 Solution phases

The molar Gibbs free energy for the liquid, aCo, bcec and
hep phases, modeled as a substitutional solution, is defined as:

G’ = Z x/G’ +RT Z x, Inx! + <G’ + ™G’ €))]
where G? is the molar Gibbs free energy of pure element i
in the structure ¢ phase; x, is the mole fraction of the
components i;and <G’ is the excess free energy, which is
expressed by the Redlich-Kister polynomials as:

*G? = z Z xl'ij?,j + XeoXnpXw (Xco OL%O.Nb.W + X\ ]L%O.Nb.\h (2)

)
+ Xy Leonsw)

Lfyj = Z ’”Lfyj(xl. -x,)" (i,j=Co,Nbor Wandi= j) 3)

m=0
Lo =a+bT (=0, 1, 2) (4)

The magnetic contribution to the Co-Nb-W ternary system is
considered for the bec, aCo and hep phases due to the presence
of Co. The term ™2G? is expressed by the following formula:

meG? = RTIn(B’ +1) f(z?) 5)
where 7 is defined as T/7c with Tc being the Curie
temperature, S’ is the Bohr magneton number, and £ (%)
is the integral of a function describing the magnetic
contribution to the heat capacity. A more detailed explanation
for ™*G’ can be found in Ref.[30].

2.2 Binary phases with ternary solubilities

As discussed in section 2.1, the phases of Co;W¢ and Co;Nbg
have the same thermodynamic model. Hence, the two phases’
models will combine to form a unified model under the name of
4 phase, described as (Co,Nb);(Co,Nb, W),(Co,Nb,W),(Co)s in
the present assessment. According to this model, the molar
Gibbs free energy of the phase in the Co-Nb-W ternary system
is expressed as follows:

G" = ZZ[:;yl'Iy;Iyllanﬁf:k:Cn +

(i=CoNb; j=CoNb J¥ ; k=CoNb.W )

RT(,Zyl.l Iny +2¥ ylIny! + 4k2y,1(II Iny")+

(i=CoNb; j=CoNb,W; k=CoNb,W )

Z[:;[y(ljoy]l\]byjl'ly/i“ z nLCo,Nb:j:k:Cc (yé‘o - yII\Ib ) :| + (6)

(j=Co,Nb,W: k=Co,Nb,W)

Z ~ ;[y,.ly}lyyy}(” (Z nLi:/',l:/CCo (y‘;l - y," )n )} +

(i=Co,Nb; j,/=Co,Nb,W, and j#/; k=Co,Nb,W)

bR [y}y}'yi“y}” (Z "Liswrco (v = 3") )}
o

(i=CoNb: j=CoNb,W; k /=Co,Nb,W, and k/)
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where G, is the Gibbs free energy of the phase.
"Leonb ko 18 the interaction energy when the second one is
occupied by the element j (j= Co, Nb or W), and the third one is
occupied by the element k (k=Co, Nb or W). The "L, ..,
the interaction energy between Co, Nb and W in the second
sublattice. The first one is occupied by the element i (i=Co or

is

Nb), the third one is occupied by the element &k (k~=Co, Nb or W).

The parameters "L, ,., is described in the same way.

The A phase is C15 Laves structure with the Cu,Mg type. In
the Co-Nb binary system, the 1 phase is formulated as (Co,
Nb),(Co, Nb);. The A phase is extended from the binary phase
with W substitution for partial Nb. Therefore, the A phase is
described as a two-sublattice model of (Co,Nb, W),(Co,Nb,W),.
The CosNb phase is C36 Laves structure with the MgNi, type.
In the Co-Nb binary system, the Co;Nb phase was modeled by
(Co)s(Nb);. Hence, its binary model extended to a
two-sublattice model of (Co);(Nb, W);. The y phase is DOy
structure with the Ni;Sn type. In the Co-W binary system, the y
phase was formulated as (Co);(Co, W),. The y phase in the
Co-Nb-W ternary system has a narrow solubility of Nb.
Therefore, the ternary y phase is described as a two-sublattice
model of (Co);(Co,Nb,W),.

The present study described all the two-sublattice models for
the phases of A, y and CosNb as a general formula (Co,Nb,
W),(Co,Nb,W),. The Gibbs energy of the phase ¢ (p=4, x and
Co;NDb) can be described by the following expression:

G” =3 yyIGl + pRTY v/ Iny! +qRTY y Iny! +
ZZ[y,-‘y}y}‘ (Z”Lu; (v - ))}r O
ZZ[y,-‘yi-'yz” (X2, () ! ))}

where G, is the Gibbs free energy of the phase.”L, . is the
interaction energy between i and / (i, / = Co, Nb, W and / # /) in
the first sublattice when the second one is occupied by the
element j (j=Co,Nb,W). "L, is described in the same way.
2.3 Stoichiometric compounds

The binary phases of Co;sNby (C14 Laves structure), and
Co;Nb, were treated as pure binary stoichiometric compounds
due to the lack of experimental data on its solubility of the third
component.
2.4 Optimization

The interaction parameters of the Co-W and Co-Nb-W
system were thermodynamically optimized by using the
CALPHAD technique with the aid of the PARROT module in
the Thermo-Calc package".. In the assessment procedure, each
piece of experimental information was given a certain weight.
The optimization was conducted until the sum of the squares of
the errors between the calculated and the experimental
thermodynamic properties were minimized. The optimized
binary parameters were systematically extrapolated to the
ternary Co-Nb-W system to ensure consistency and agreement
with experimental data”. All the optimized thermodynamic

parameters are listed in Table 2.
3 Results and Discussion

3.1 Co-W system
The calculated phase diagram compared to the experimental

data and the assessment by Markstrom et al.™”

is shown in Fig.1.
Fig.2 shows the calculated Gibbs energy of formation of several
phases compared with the experimental data and previous
assessment” at 1250 K. Table 3 lists the calculated temperatures
and compositions of all invariant reactions compared with the
reported experimental data!”’ in the Co-W system.

As shown in Fig.1, Fig.2 and Table 3, all the experimental
values used in the optimization were well reproduced. The
calculated results suggest that an eutectoid reaction, aCopy, <>
x+0Cogr, 18 located at 911 °C. From Table 3, the calculated
temperatures for the invariant reactions are in good agreement
with the experimental data, and the difference is only 1 K.
The present assessment was improved on the two following
points:

(1) The models for Co;W4 were readjusted by using a
4-sublattice model to improve the -capability of being
extrapolated to the Co-Nb-W system.

(2) x phase was readjusted by giving a slight solubility in the
composition range 23.1 at% ~23.6 at% W at 910~1093 °C. This
reassessment made the calculated region of y phase accord
closely with experimental data.

3.2 Co-Nb-W system

Fig.3a~3c show the comparison between the experimental
data and our calculated results on the isothermal sections at
1273, 1373, 1473 K, respectively. The calculated results are in
reasonable agreement with most of the experimental data. In the
Co-rich corner, the aCo phase agrees fairly well with the
experimental data. Data on single-phase aCo, two-phase aCo+y
and two-phase aCo+Co;Nb equilibrated at corresponding
temperature by Liu et al.” match the present results.

In the W-rich corner, the bce phase field is narrower than the
experimentally determined one. In the Nb-rich corner, the bec
phase behaves as predicted by the experimental isothermal
sections. In Fig.3a and 3b, the reported maximum solubility of
Nb in the x phases are 13.3 at% and 8.9 at%, while the
calculated ones are 13.7 at% and 10.2 at%, respectively. It can
be seen that the calculation can reproduce the ternary solid
solubility of y phases determined by experiments.

The Co;Nb phase exist in the calculated 1273 K isothermal
section which has not been determined by relevant experimental
points. The u phase region extended from the Co-W binary at
1073, 1273, 1373 K is smaller than that of Liu et al™.

The u phase is stabilized to fit the experimental data at 1373
K results in a much too vast and unreasonable single-phase
region at above 1600 K. Moreover, the experimental points of u
phase are quiet scatter and cannot be accurately fitted. Thus, a
detail investigation on the phase equilibria of Co;Nb and u
phase at 1073, 1273 and 1373 K is required in the future.
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Table 2 Optimized parameters of the Co-W and Co-Nb-W system in this work

System Phase and model Thermodynamic parameters /J-mol”! Reference
Co-W Liquid "Ligy = ~57700+22.8T
(Co,W) 'L, = +2500 21]
oLy, =+56517
oo S,
Co,W N
°LLSS, = ~19900+12.8T
oCo 'LESS, = +17970-19.3T
(Co,W) Toach =—3379 21]
°Bce =-3.268
"L, =+63000
o e s
Co,W — .
Gl wcoce = 59994.9 = T.0T+TGE 2GR +4GLE
Coni C’;,W)4C06 :Ggmw:m =-36011.1-12.6T+7G = +6GE* This work
L wcomco = 24058.9-4.52726T
°GZ, oy = 13910.6+5.06542T+GP
(Co)ms()é o W ngmW =-4500.48+0.827+0.75G2"+0.25GE* This work
L% cow = ~14414.5-2.74407T
Co-Nb-W aCo(Co,Nb,W) CLeSww = ~317315+100T This work
OLE b wve = +2000000
bee (Co,Nb, W) UL[?:,Nb,w:Va =-56019-100T This work
OLS owva = ~886575+500T
'GE cococe = 100000+7GE+6GES
G e = 200000+7GE+2GE+4GEE
OGH Nocace = —2870194260T+7GE 2GR +4G
G e = 20000+7GEE42GR+4GE
G e = —44630+200T+7 G 42 G +4GEe
OG]illb:C\):CL):CO =+1 G]S::l: +6Gcbi° +6G(f:i>C
Gl cowice = HIGEA2GEHAGR+6G
OG]ﬁllb:Nb:Co:Co =+1 G][;:l: +2G12? +4ngc>c +6G({Coc
) R = 165 1205 4G 166
(Co.Nb),(Co,Nb, W)~ Ouicaco = 10w 120w +4Ge, +6Ge, This work
(Co.Nb, W)«(Co)s "GE wnmce = TIGE 2GR +4GR +6GE

Gl e = F1GEH6GE+6G
OLE onnwce = —206343-50T

OL oo = H44630-200T

CL o = F160603-350T
'L owico = 553702007

2L owvce = ~495973+150T

"Ll b wicoco = ~310000

"L gxowcowco = 300000
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G’ = —14600+3GP +Gyy*

o OpCoNy = +45699-41T _—
ORI N = ~13732+10T
°GZ, oy = ~22865.75+5T+0.75G? +0.25Ge
X OGgo:Nb,W =5000 |

(C0)0.75(Co, Nb, W)j.s \GE o = +4365.75-5T This work
oLf‘o:Co,Nb,W =-50000
0G/ = —1233342.5T+2G P +G
Gl = H2GR G
°Gy,co =100000+2G s +G P
G} = 60000+2G+Ghe

A OGCAVZW i 6OOOO+3G5¢CC This work

(Co, Nb,W),(Co, Nb, W), oy
A

OLZ

Conpw = T75389-60T
Compw = 00658+50T
Coconbw = 250973+150T

OL;L:O,W:Nb_W =130000

@ Gabriell'!
35001 & Takayama™
= Akesson'®!
-=Markstrom*!! L
3000 — This work
2 2500
2
2 bee
=
g 2000 -
5
H C [3 L
1500}~ Oere
0COferro [ [
1000 Ff v “
X
500 . . . . . . . .
0 20 40 60 80 100
W Content/at%

Fig.1  Re-calculated Co-W phase diagram compared with the

previous assessment™” and phase equilibria datal'®*"-**

The present calculation did not correctly describe the A phase
at 1373, 1473 K, especially several two-phase tie-lines are
located in the calculated three phase regions. Attempts at fitting
this phase boundary resulted in 4 phase becoming too stable at

1373 K which disagrees with results from the experimental data.

The slight discrepancies may be explained by the fact that the 1
phase should enlarge with increasing temperature, but the
solubility for A phase is quite similar at 1273 and 1373 K in

=500
—1000

—1500¢

mol!

= -20001

250071

-30001

, Rezukhinal®?

'\ ./ M «Co
—4000¢ R J M X
« / A u

—4500} ~ ! - —- —- Ref[20]

, ————Ref[21]

-3500f

Formation Energy/J

-5000 ’ . > . .
0 20 40 60 80 100
W Content/at%

Fig.2 Calculated Gibbs energy of formation compared with the
experimental data and previous assessment at 1250 K in the
Co-W system

experimental isothermal sections.

Fig.4a~4c show the calculated Co-Nb-W phase diagram
vertical sections with 60 at% Co, 5 at% and 15 at% W,
respectively. The calculated results for the phase relations and
phase boundaries are in good agreement with the experimental
ones. Since there are limited experimental data for the invariant
reactions and further experimental
investigations are required to check the calculated results.

liquidus  reactions,
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Table 3 Calculated invariant reactions in the Co-W system compared with the previous assessment and experimental data

Reaction type Reaction Composition of the respective phases, W content/at% 7/°C Reference
- - - 422 Expt. 2
Eutectoid aCo—hep +y ~0 ~0 25.0 421 Calc. "
~0 ~0 25.0 446 Calc. ™

~0 ~0 24.5 421 This work
42" - 26 910 Expt.
Eutectoid ACOpary + aCOfermo 53 25.0 2.8 908 Calc.™"
53 25.0 2.4 898 Calc. ™

52 23.1 2.8 911 This work
13.0 433 - 1093 Expt.
Peritectoid aCo + prey 133 432 25.0 1093 Calc.
13.5 436 25.0 1093 Calc.

13.3 434 233 1093 This work
21.0 17.5 43.1 1471 Expt.['8
Eutectic LeoaCo + 20.6 17.5 45 1471 Calc. 21
20.6 17.3 29 1470 Calc. P

20.6 17.5 42.6 1471 This work
32.0 99.1 ~45.7 1689 Expt. ¥
Peritectic L+ becoy 323 98.2 439 1692 Cale. "
322 97.6 48.5 1689 Calc. ™

32.3 98.2 439 1689 This work

* Experimental results suggested that the eutectoid reaction is located between 900 °C and 910 °C
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Fig.3 Calculated Co-Nb-W isothermal sections at 1273 K (a), 1373 K (b), and 1473 K (c) compared with the experimental data
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Fig.4 Calculated Co-Nb-W vertical sections at 60 at% Co (a), 5 at% W (b), and 15 at% W (c) compared with experimental data
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