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Abstract By means of the diffusion couple technique,
electron probe micro-analyzer measurement and diffusion
controlled transformation simulation, the interdiffusion
behavior of ternary fcc Ni-Co-W alloys has been investi-
gated. In the present work, the concentration profiles of fcc
Ni-Co-W diffusion couples annealed at the temperatures of
1273, 1373 and 1523 K for the whole Ni-Co edge (i.e.
W-poor) region of the fcc phase were measured. Based on
the concentration profiles, the interdiffusion coefficients
were deduced and used to assess the diffusion mobilities in
conjunction with the thermodynamic description. The cal-
culated diffusivities and experimental diffusion coefficients
agree well. In addition, validation of the diffusion mobili-
ties have been performed by further comparing the calcu-
lated concentration profiles and diffusion paths with the
experiment data obtained in the present work.

Keywords diffusion couple - diffusion mobility -
DICTRA - EPMA - fcc Ni-Co-W alloys

1 Introduction

High-temperature superalloys, such as Co-based alloys and

Ni-based alloys, possess excellent performance on high-
temperature strength and toughness, corrosion resistance,
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and fatigue properties. Tungsten, a common alloying ele-
ment for superalloys, plays an important role in solid
solution strengthening.!"*! Studies on the thermodynamics
and diffusion in the Ni-Co-W system are of notable value
for the development of the Ni-based alloys, Co-based
alloys, W-based high-density alloys and refraction
metals.”!

It is known that the diffusion process has much to do
with not only the homogenization and solidification of
metal castings but also the forming and dissolving process
of precipitated phase, high-temperature creep and various
surface treatments.'*®! However, there is no thorough
study on the diffusion behavior of the Ni-Co-W system up
to now, although there is an increasing need for under-
standing the interdiffusion behavior in the Ni-Co-W sys-
tem. This is the focus of the present work, to assess the
diffusion mobilities for the fcc Ni-Co-W alloys experi-
mentally and theoretically.

Diffusion research for three binary sub-systems of the
ternary, including the Ni-Co, Ni-W and Co-W systems,
has already been conducted. Cui et al.l”! assessed the self-
diffusion of fcc-Co and established the diffusion mobility
of the Co—Ni system considering the self-diffusion of fcc-
Ni taken from the work by Jonsson.®! Subsequently,
Campbell and Rukhin'®! adopted the DL consensus esti-
mators to compare the experimental data and assessment
of fcc-Ni self-diffusion from Neumann and Tolle!'”! with
those from Jonsson'™ and Zhang et al.''! It has been
found that the experimental analysis by Neumann and
Tolle has the best agreement with most experimental data.
Several groups have investigated the Ni-W system. Kar-
unaratne et al.'"?! and Campbell et al.!'*! both adopted the
experimental data measured by Karunaratne et al.''"!
which apparently shows deviation from other data to
assess the Ni-W system. Therefore, by employing the
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Fig. 1 The calculated Ni-Co-W isothermal sections at 1273, 1373
and 1523 K, presented by dotted line, dashed line and solid line,
respectively. The diffusion couples are marked

diffusion mobility for the fcc-Ni self-diffusion from
Zhang et al''' and the bee-W self-diffusion from
Campbell et al.,!"*! Chen et al.l'> analyzed the experi-
mental diffusivities from different sources and optimized
the Ni-W system. Using the diffusion-couple method
combined with the electron probe micro-analyzer
(EPMA) technique, Cui et al."®" determined the inter-
diffusion coefficients of the fcc Co-W system in a
temperature range from 1273 to 1573 K. Moreover, the
assessment of the binary Co-W fitted well with the
experiment data.

In view of the fact that the interdiffusion of the
ternary fcc Ni-Co-W system cannot be described by a
simple extrapolation of its sub-binaries, in the present
work, the diffusion couples of fcc Ni-Co-W alloys were
designed and measured at 1273, 1373 and 1523 K by
EPMA. As a result, the interdiffusion coefficients were
obtained and the diffusion mobilities of the fcc Ni-Co-W
system were assessed by means of the PARROT module
in the DICTRAY7'®! software. The concentration profiles

Table 1 List of diffusion

couples and experimental No. Nominal composition, at.% Temperature, K Diffusion time, h
conditions in the present work Al Ni-8 W/Ni-8Co 1273 360

A2 Ni-14 W/Ni-14Co

A3 Ni/Ni-10Co-12 W

A4 Ni/Ni-16Co-7 W

A5 Co-9 W/Co-9Ni

A6 Co/Co-7Ni-8 W

A7 Co/Co-13Ni-5 W

B1 Ni-8 W/Ni-8Co 1373 216

B2 Ni-14 W/Ni-14Co

B3 Ni/Ni-10Co-12 W

B4 Ni/Ni-16Co-7 W

B5 Co-9 W/Co-9Ni

B6 Co/Co-7Ni-8 W

B7 Co/Co-13Ni-5 W

B8 Ni-46Co/Ni-40Co-13 W

B9 Ni-56Co/Ni-50Co-12.5 W

B10 Ni-16Co-7 W/Co-13Ni-5 W

B11 Ni-10Co-12 W/Co-7Ni-8 W

Cl1 Ni-8 W/Ni-8Co 1523 24

C2 Ni-14 W/Ni-14Co

C3 Ni/Ni-10Co-12 W

C4 Ni/Ni-16Co-7 W

C5 Co-9 W/Co-9Ni

C6 Co/Co-7Ni-8 W

C7 Co/Co-13Ni-5 W
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and diffusion paths were simulated to validate the dif-
fusion mobility database.

2 Experiments

To ensure an accurate assessment of the diffusion coeffi-
cient and mobility, totally 25 pairs of diffusion couples
distributed in the whole fcc Ni-Co-W region were assem-
bled. All diffusion couples are schematically presented in
Fig. 1 and listed in Table 1.

Pure Ni (99.995 wt.%), Co (99.999 wt.%) blocks and
W (99.99 wt.%) thin filaments used as raw materials were
prepared for melting in an arc furnace under a high-purity
argon atmosphere. The ingots were re-melted five times to
obtain the homogeneous alloys. To keep the high-tem-
perature microstructure of the fcc phase and reduce the
effect of grain boundary diffusion, the ingots were
encapsulated in quartz tubes at 1473 K for 72 h before
water-quenching. Then, the ingots were cut into pieces of
size 4 x 4 x 6 mm°. After grinding, polishing and alco-
hol-cleaning process, the smooth faces of the samples
were tightly knitted by a specially fabricated Mo clamp
which has two Mo disks bound together with screws. To
prevent the contamination by oxygen, the diffusion cou-
ples were re-sealed in quartz tubes filled with argon. Heat
treatments were performed in an electric resistance fur-
nace for various times, as listed in Table 1. With ther-
mocouples, the temperature fluctuation of the furnace can
be kept to less than 6 K. Subsequently, the diffusion
couples were quenched and executed to inlaying, grind-
ing, and polishing according to the standard metallo-
graphic techniques. The concentration profiles were
characterized in the direction perpendicular to the original
contact interface by EPMA in the back-scattering condi-
tion. Then, a fitting procedure using the error function
expansion (ERFEX) method was applied. The smoothed
composition data obtained from the ERFEX agree well
with the experimental EPMA data. This procedure can
reduce the noise and smooth local fluctuations of the
measured data; therefore improving the accuracy of the
resulting interdiffusivities. Finally, the interdiffusion
coefficients were deduced for each intersecting composi-
tion of two diffusion couples by the Whittle-Green
method.!"®! The details of the analysis of the measured
EPMA composition data and the interdiffusion coefficient
deduction are described in Ref 20.

@ Springer

Table 3 The assessed diffusion mobilities for the fcc Ni-Co-W

system
Mobility Parameter (J/mol) References
Mobility of Ni
ONi —276860 + R¥T*Ln(8.5E—5) 10
ov: —602630.2 + R*T*Ln(1.13E—2) 15
o —315816 + R*T*Ln(1.03E—3) 7
oo 2717.52 This work
OoNEW 156514.51 This work
oW 150576-112+T This work
Mobility of Co
9 -301654 + R*T*Ln(2.18E—4) 7
% 284724 + R*T*Ln(2.42E—4) 7
o¥, -300000 + R*T*Ln(2.19E—4) 16
og&eW 35772 16
0o 25304.35 This work
OQNEW —67240-120*T This work
Mobility of W
oW —311423 + R*T*Ln(2.19E—4) 13
oM —329458.2 + R*T*Ln(1.58E—3) 15
o —291000 + R*T*Ln(5.99E—5) 16
oW —181631 16
OONEW —198607.87 This work
OGN 183680-160*T This work

3 Modeling of Diffusion Mobility

The diffusion mobility M; of component i (i = Ni, Co, or
W) can be expressed as a function of temperature accord-
ing to Andersson and Agren’s suggestion.*"!

s
—ON\ 1
M; = M? exp (Q‘) —meQ

Eq 1
RT ) RT (Bq 1)

where M8Q, the ferromagnetic factor, equals unity, as the
ferromagnetic contribution to the diffusion is ignored for
the fcc phase. MY is the frequency factor, QF is the acti-
vation energy, and R is the gas constant.

The parameter, Q; = —Qf + RTlnM?, combines the
activation energy and the frequency factor, and it is treated
as composition-dependent. For the fcc Ni-Co-W system, Q;
can be expressed as:

i Ni,C
0i=xco0f° +xni Q) +aw Q) +anixcoQ;
Ni,W Co,W 0 ~Co,Ni,W
+anixw Q; T FxcoxwQ; T 4 Xcoxnixw (Xco Q7
1 ~HCo Ni,W 2 HCo,Ni,W
0N W ey QPN Y) (Eq 2)

+ XNi ;
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where xc,, Xn; and xw are the mole fractions of Co, Ni and
W, respectively. 0%°, 0N and QY represent the mobility
end-members describing the component i diffusing in pure
components Co, Ni and W, respectively. Q}\“’C", ?Ji’w and
05>V denote the binary interaction parameters. °QF >NV,
LQEONEW and 2QF>N-W stand for the ternary interaction
parameters for the component i. In the present work, only
the binary interaction parameter was employed to optimize
the diffusion mobility and fit the experimental data well.
The interdiffusion coefficient ng with n as the depen-

dent component (the superscript ‘n’ denotes Ni or Co in the
present work) can be expressed by

- O Opy
qu = Z (5,‘17 — xp)xiMi (a—xq — axn) (Eq 3)

l
where the Kronecker delta 6;,, =1 when i =p and 0
otherwise, and p; is the chemical potential of component
i calculated by using the thermodynamic database.

x; is the mole fraction. When Q; is evaluated based
on various experimental diffusivity data, the diffusion
mobility M; can be combined with thermodynamic
data u; and its derivatives to calculate the inter-
diffusion coefficients. For detailed modeling, refer to
Ref 21 and 22.
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Fig. 2 The calculated main interdiffusion coefficients for Ni-Co-W alloys at (a) 1273 K, (b) 1373 K and (c) 1523 K compared with the
experimental data from this work. The dashed lines show a factor of 2 or 0.5 from the diagonal line
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4 Result and Discussion
4.1 Experimental Results

The measured interdiffusion coefficient for each inter-
secting composition for the fcc Ni-Co-W alloys at the
temperatures of 1273, 1373 and 1523 K are listed in
Table 2.

The upper part and the lower part of Table 2 denote the
interdiffusion coefficients in the rich-Ni region and rich-Co
region, respectively. All the main interdiffusion coeffi-

cients, D\I;Ivlw’ D&CO, Dg}’w and DI%?Ni’ are positive, while
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Fig. 3 The comparison between measured and calculated concentra-
tion profiles for diffusion couples of (a) Al: Ni-8at.%W/Ni-8at.%Co,
(b) A2: Ni-14at.%W/Ni-14at.%Co, (c) A3: Ni/Ni-10at.%Co-

@ Springer

some cross interdiffusion coefficients, DY\, DNy, DS
and D(Sy. are negative. It is obvious from Table 2 that the
main interdiffusion coefficients increase with increasing
temperature. The main diffusion coefficients show a
noticeable trend, i.e. DN . > DYL in the Ni-rich region
and D{%; > D$%, in the Co-rich region. This diffusion
behavior demonstrates that Co and Ni diffuse faster than W
under the same condition, contributing to the fact that the
diffusion distances of Co and Ni are longer than that of W
as shown in Fig. 3, 4, and 5. In addition, all the interdif-
fusion coefficients fulfill the thermodynamic constrains,!>!
such as in the Ni-rich region of fcc Ni-Co-W alloys:

0.20 L
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12at.%W, (d) A4: Ni/Ni-16at.%Co-7at.%W, (e) A5: Co-9at. %W/
Co-9at.%Ni, (f) A6: Co/Co-Tat.%Ni -8at.%W, (g) A7: Co/Co-
13at.%Ni-5at.%W annealed at 1273 K for 360 h
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Fig. 3 continued
ﬁl\j;W + Dg(i)Co >0 (Eq 4a)  parameters for the ternary Ni-Co-W system were taken
N i i . from Zhu et al.?¥ Figure 1 presents the calculated
1 1 1 1 . .
(D§w % Doco) = (Dyeo X Deow) =0 (Eq 4b)  jsothermal sections at 1273, 1373 and 1523 K together

(DWw + DCoco)” —4(Dww X Deoco — Do X Degw) =0
(Eq 4c)

4.2 Assessment of Diffusion Mobility

In conjunction with the thermodynamic description which
provides the thermodynamic factor and chemical poten-
tial, the database of the diffusion mobilities for the fcc Ni-
Co-W system was established. The thermodynamic

with the designed diffusion couples. The diffusion
mobility of self-diffusion for Ni, Co, W utilized in the
present work were from Neumann and Tolle,''° Cui
et al.”! and Campbelle et al.,!"*! respectively. In the first
step, with proper weights and using a least-squares
method to minimize the error between the experimental
and calculated diffusion coefficients, the diffusion
mobilities for the fcc Ni-Co-W were initially obtained in
the PARROT module in the DICTRA software. More
specifically, the weights for the main diffusion coefficients
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«Fig. 4 The comparison between measured and calculated concentra-
tion profiles for diffusion couples of (a) B1: Ni-8at.%W/Ni-8at.%Co,
(b) B2: Ni-14at.%W/Ni-14at.%Co, (c) B3: Ni/Ni-10at.%Co-
12at.%W, (d) B4: Ni/Ni-16at.%Co-7at.%W, (e) B5: Co-9at. %W/
Co-9at.%Ni, (f) B6: Co/Co-7at.%Ni -8at.%W, (g) B7: Co/Co-
13at.%Ni-5at.%W, (h) BS8: Ni-46at.%Co/Ni-40at.%Co-13at.%W,
(i) B9: Ni-56at.%Co/Ni-50at.%Co-12.5at.%W, (j) BI10: Ni-
16at.%Co-7at.%W/Co-13at.%Ni-5at. %W, (k) BI11: Ni-10at.%Co-
12at.%W/Co-Tat.%Ni-8at.% W annealed at 1373 K for 216 h

were set to 1, while the cross diffusivities were not used.
The optimized results of diffusivities agree with most
experimental data but a few validations which predict the
concentration profiles and diffusion paths were not satis-
factory. Therefore, in the second step, the mobility
parameters were manually adjusted based on the diffusion
mobilities derived from the PARROT module in the first
step. A reasonable agreement was finally reached between
the calculated and experimental data including diffusion
coefficients, concentration profiles and diffusion paths. All
the mobility parameters obtained in the present work for
the fcc Ni-Co-W are listed in Table 3.

4.2.1 Binary Systems

The mobility parameters of Co-W system were directly
employed from the work by Cui et al.'® In addition, the
mobility parameters for the Ni-Co system based on Cui
et al.””! were modified slightly in this work by adopting the
mobility for Ni self-diffusion from Neumann and Télle!”!
instead of Jonsson."™ In order to unify the mobility of Ni
self-diffusion, it is necessary to reassess the Ni-W system
based on the assessment from Chen et al.!'> The results are
satisfactory as the original assessments. Thereafter, the
diffusion mobilities corresponding to three binary systems
were fixed.

4.2.2 Ternary System

Figure 2 presents the calculated main interdiffusion coef-
ficients compared with the experimental data for the fcc Ni-
Co-W alloys at 1273, 1373 and 1523 K. It is presented in
logarithmic values so the cross-coefficients with some
negative data are not plotted. The calculated logarithmic
values of the interdiffusion coefficients equal to the
experimental ones along the diagonal line. The dotted lines

represent a factor of 2 or 0.5, which is a generally accepted
experimental error for measurements of diffusion coeffi-
cients from the diagonal line, and almost all of the main
interdiffusion coefficients fall within the reasonable error
range showing a good agreement has been reached.

4.3 Diffusion Simulation

Simulation using the assessed diffusion mobilities together
with the reasonable thermodynamic data is a common
means to predict a variety of diffusion behaviors including
the concentration profiles and diffusion paths. The con-
centration profiles of diffusion couples at the temperatures
of 1273, 1373 and 1523 K are shown in Fig. 3, 4, and 5,
respectively. In particular, the diffusion couples of BS, B9,
B10 and B11 at 1373 K confirm that the diffusion mobility
can describe the diffusion behavior in a wide composition
range. Generally, the calculated concentration profiles fit
the experiment data well. Figure 6, 7, and 8 illustrate the
comparisons of the calculated diffusion paths and the
experimental data from this work. It can be observed that
the diffusion paths at 1273, 1373 and 1523 K agree well
with the corresponding experimental data except for the
diffusion couple of B1 at the temperature of 1373 K. As the
diffusion paths of Al and C1 with the same composition as
B1 can be well reproduced, the diffusion data for B1 are
suspicious and may be checked experimentally.

5 Conclusion

The measured concentration profiles of all diffusion cou-
ples annealed at 1273, 1373 and 1523 K for fcc Ni-Co-W
alloys contribute to deduce the interdiffusion coefficients.
Based on the thermodynamic data and experimentally
determined diffusivities, the diffusion mobilities have been
critically assessed. By adopting the established mobility
database, the calculated diffusion coefficients agree well
with the measured ones. Moreover, a further validation,
which predicts the concentration profiles and diffusion
paths by means of the DICTRA software and compares
them with the experimental data, was satisfactorily con-
ducted in this work. It provides a basis for a diffusion
mobility database for multi-component Ni-Co-based
alloys.
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Fig. 5 The comparison between measured and calculated concentra-
tion profiles for diffusion couples of (a) C1: Ni-8at%W/Ni-8at%Co,
(b) C2: Ni-14at%W/Ni-14at%Co, (c) C3: Ni/Ni-10at%Co-12at%W,

(d) C4: Ni/Ni-16at%Co-7at%W, (e) C5: Co-9at%W/Co-9at%Ni,
(f) C6: Co/Co-Tat%Ni -8at%W, (g) C7: Co/Co-13at%Ni-5at%W
annealed at 1523 K for 24 h
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Fig. 6 The measured diffusion paths of diffusion couples annealed at
1273 K for 360 h compared with the calculated results

T=1373K
Time=216h

B1:Ni-8at% W/Ni-8at%Co
B2:Ni-14at% W/Ni-14at%Co
B3:Ni/Ni-10at%Co-12at%W
B4:Ni/Ni-16at%Co-7at%W

0.30

0.25

X o3 >

(<
0 0.05 0.10 0.15 0.20 0.25 0.30
(a) Mole-fraction Co
T=1373K
0.30 Time=216h
VvV  B5:Co-9at%W/Co-9at%Ni
0.25 O B6:Co/Co-7at%Ni-8at% W

X B7:Co/Co-13at%Ni-5at% W

0.05

0
0.70 0.75 0.80 0.85 0.90 0.95 1.00

(b) Mole-fraction Co
T=1373K
1.0 Time=216h

B8:Ni-46at%Co/Ni-40at%Co-13at% W
B9:Ni-56at%Co/Ni-50at%Co-12.5at% W
B10:Ni-16at%Co-7at%W/Co-13at%Ni-5at% W
B11:Ni-10at%Co-12at%W/Co-7at%Ni-8at %W

oq % >

ofo—o—o oo
& W

0 01 02 03 04 05 06 07 08 09 1.0
(c) Mole-fraction Co

Fig. 7 The measured diffusion paths of diffusion couples annealed at
1373 K for 216 h compared with the calculated results
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Fig. 8 The measured diffusion paths of diffusion couples annealed at
1523 K for 24 h compared with the calculated results
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