Rare Metal Materials and Engineering
Volume 49, Issue 2, February 2020
Available online at www.rmme.ac.cn

[TTT]1 .
éa Science Press

Cite this article as: Rare Metal Materials and Engineering, 2020, 49(2): 0441-0446.

Interdiffusion and Atomic Mobilities in Ni-rich fcc Ni-Cr-W

Alloys

Wang Cuiping',  Qin Shiyang', Lu Yong',

wei',  Yang Shuiyuan',  Han Jiajia’,

Wei Zhenbang',  Yu Jinxin',  Zou Hong-

Liu Xingjun'?

! Fujian Provincial Key Laboratory of Materials Genome, Xiamen University, Xiamen 361005, China; 2 Graduate School at Shenzhen, Harbin

Institute of Technology, Shenzhen 518055, China

Abstract: Six diffusion couples of Ni-Cr-W ternary alloys were prepared, annealed at 1473 K for 72 h and measured by the electron

probe microanalysis combined with Whittle-Green method in order to determine the interdiffusion coefficients. The experimental

interdiffusion coefficients were critically assessed to obtain the atomic mobilities by means of DICTRA software package. A good

agreement has been obtained by comprehensive comparison between the experimental data and the model-predicted diffusion

properties, which verifies the reliability of the atomic mobilities of Ni, Cr and W in Ni-Cr-W alloys. The diffusion phenomena, such

as diffusion paths and the concentration-distance profiles in the Ni-Cr-W ternary system can be reasonably described by the

presently obtained atomic mobilities.
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Ni-based superalloys are one of the most ideal materials,
which have high strength, good oxidation and corrosion
resistance at high temperature. Based on these advantages,
they have been widely used in engines, gas turbines, aircraft
and many other industries'"?\. Tt has been reported that, Cr and
W, which are frequently added elements in superalloys, could
improve the performance of Ni-based superalloys by solid-
solution strengthening™. Therefore, the Ni-Cr-W ternary
system is significant for the exploration of the Ni-based
superalloys. To know the diffusion kinetics of Ni-Cr-W alloys
is important which can help to determine the stability of alloys
under long-term service conditions and deal with processing
designs.

Based on CALPHAD (calculation of phase diagram)
approach, DICTRA (diffusion controlled transformation) is a
successful software for simulating and predicting micro-
structure evolution. DICTRA has thus been applied to
investigate many different types of materials using different
models, combining the atomic mobility and thermodynamic
databases'™™®. For the purpose of getting the knowledge of the
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diffusion kinetic about the Ni-Cr-W ternary system, the
assessment of atomic mobilities is necessary. Until now,
Ni-Cr and Ni-W binary system are established”. However,
the ternary system of Ni-Cr-W alloys is still lacking. The
major purposes of this work are: (1) to determine the
interdiffusion coefficients of fcc Ni-Cr-W alloys by diffusion
couples annealed at 1473 K for 72 h; (2) to verify the
reliability of the
comprehensive comparison between the model-predicted
diffusion properties and the corresponding experimental data.

obtained mobility parameters by

1 Experiment Procedure

1.1 Preparation of diffusion couples

Ni (purity: 99.9 wt%), Cr (purity: 99.9 wt%) and W (purity:
99.9 wt%) were used as starting materials. According to the
experimental isothermal section of the Ni-Cr-W system at
1473 K, six diffusion couples were chosen in fcc single phase
region to prepare in the present work which are listed in Table
1. The diffusion couples were prepared with following steps:

First, the samples were melted into alloy ingots by arc
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Table 1 Nominal compositions for the diffusion couples
in this work

Diffusion Annealing Annealing
Couple name .
couple/at% temperature/K time/h
Al Ni/Ni-10.9Cr-7.5W 1473 72
A2 Ni/Ni-5.5Cr-8.5W 1473 72
Bl Ni-10.8Cr/Ni-8W 1473 72
B2 Ni-21Cr/Ni-8W 1473 72
B3 Ni-10.5Cr/Ni-4.5W 1473 72
B4 Ni-21Cr/Ni-4.5W 1473 72

melting with argon atmosphere according to the composition
shown in Table 1. Arc melting was repeated five times, in order
to ensure each of the alloy ingots obtained homogeneously.
Then, the alloy blocks were linearly cut into suitably sized bars
of 4 mmx4 mmx7 mm. Then, all the samples were ground on
the SiC papers to remove surface contamination. After that,
these small bars were vacuum-packed in quartz tubes, which
were placed at a temperature of 1473 K for solution treatment.
After five days annealing, the samples were quenched into ice
water, in order to cause grain growth and decrease the effect of
grain boundary diffusion. Then, every surface used to diffuse
which was polished. Afterwards, the diffusion couples were
fixed by Mo wires according to Table 1. These diffusion couples
were sealed into evacuated quartz tubes and annealed at 1473 K
for 72 h, followed by ice water quenching. Then, the couples
were cut longitudinally to expose the diffusion interface, and
each of the interfaces was polished as before. After standard
metallographic preparation, the diffusion couples shown in
Table 1, were tested by EPMA (JXA-8100, JEOL, Japan, the
accelerating voltage and probe current were 20 kV and 1.0X
10 A, respectively). A local concentration-distance profile was
obtained by selecting a straight line through the diffusion
interface for line analysis.
1.2 Determination of interdiffusion coefficients
According to Kirkaldy’s method'”, the diffusion for a
component i of concentration C; in a ternary system can be
described by Fick’s second law:

_z ( 5Cj i=1,2 )
ot “ox |7 ox
where C; is the concentration of element i, ¢ is the diffusion
time, and x is the diffusion distance, D; is the interdiffusion
coefficient of the ternary system. When i and j take the same
value, the diffusion coefficients, D} and Dj,, are called the
main interdiffusion coefficients. The main diffusion
coefficients represent the influence of the concentration
gradients of elements 1 and 2 on their own fluxes. When i and
j take different values, D} and D3 are called cross
interdiffusion coefficients. The cross diffusion coefficients
represent the influences of the concentration gradients of
element 2 and element 1 on the fluxes of each other.

For semi-infinite diffusion couples, based on the commonest

initial conditions and boundary conditions, we can obtain:

C (-x,0)=C,(~o0,1)=C;
C,(x,0)=C, (+o0,t)=C;

i=1,2 2

then the solutions of Eq. 1 are:

, .dC,
J: xdC, =—2tz - 3)

In order to avoid Matano interface calculations, Whittle and

Green'" introduced the normalized concentration parameters
Y, =(C,—C)/C/ —C;) and then Eq.(3) can become:
21“;1; [(1— V[ Y-dery [Ta-7)- dx]
D}, szg—gi—? )
i;x—yz[(l—yz)[;g -dx +7, .Ew(l—Yz)de:
oS

In these two equations, there are four diffusion coefficients.
In order to obtain the results, two diffusion couples whose
diffusion paths cross at a common concentration were
demanded.

2 Model Description

Based on the absolute reaction rate theory“z’m, M, is the
atomic mobility of element w, which may be divided into a
frequency factor M. and an activation enthalpy oM M,

can be described as:

M, =M exp( Q. j ! mer (6)
RT )RT

where R is the gas constant and 7 is the absolute
temperature, "/" is a magnetic-related transformation factor,
which is taken into account of the effect of the ferromagnetic
transition" . It has been suggested that one should expand the
logarithm of the frequency factor, In M’ rather than the value
itself, which approach allows M  to get another way for
expression:

0
M, =exp RTInM, exp O, ) 1 mefr (7
RT RT )RT

For the fcc phase, the ferromagnetic contribution to

diffusion is negligible, ™" =1. Then we can use kinetic
parameters to combine M? and Q,, which is called @,:
@, =RTInM, -Q,. @, =RTIn[RTM].
sented by the Redlich-Kister polynomia for binary terms

For ternary system solid solution, the kinetic parameters can
[18].

@, can be repre-
[17]

be expressed as

B =25+ D

i

{Z’LD”(X —x ) }+
Y>> xx v o] (s=ijork) (8)

where x; is the mole fraction of element i, @' is the value of

w
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@,, for pure i and thus represents one of the endpoint value in the
composition space. '@’ is the binary interaction parameter,
‘@, is for the ternary. For the parameter v, ,, , it is given by:

V:,-,k :xS+(l—xi—xj—xk)/3 )
where x;, x;, x, and x, represent the mole fractions of the
elements i, j, k and s, respectively.

Assuming the mono-vacancy atomic exchange mechanism,
the tracer diffusivity D), is related to the atomic mobility by
the Einstein relation:

D, =RTM, (10)

The interdiffusion coefficients with » as the dependent
species are correlated to the atomic mobility by:

N a i 8 i
Dy 22(5% _xk)'xi M, [i—ij

; Ox; 0x,

(1

where the Kronecker delta ¢, =1 when i=k; otherwise J, =0.
x;, M, and M; are the mole fraction, chemical potential and
mobility of element i, respectively.

3 Results and Discussion

3.1 Interdiffusion coefficients

Based on the diffusion experiment in the fcc single phase,
interdiffusion coefficients D , DNy » Dy » D, can be
evaluated on the nine points which are obtained from the
diffusion paths intersecting each other in the Gibbs triangle of
Ni-rich Ni-Cr-W system via the Whittle and Green method. The

experimentally measured main interdiffusion coefficients

(DY, D), the corresponding cross interdiffusion coeffi-
cients ( DYy, , Di ) and the DICTRA-extracted ones are

listed in Table 2. From Table 2, it can be seen that, the main
interdiffusion coefficients show all the positive values, while the
cross interdiffusion coefficients are positive or negative. The
most important information we get is that the values of D\,
is much larger than D}, . This phenomenon indicates Cr
diffuses much faster than W, which is almost 3.7 times on
average. So far, All the presently obtained interdiffusion

coefficients are further validated by the following constraints!".

DY + Dy >0 (12)
Dise; - Dy = Diyy - Dy, Z 0 (13)
~ e ~ 2 ~ ~ e

(DY, =Dy ) +4D%y - DY, =0 (14)
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Since the obtained interdiffusion coefficients satisfy these
constraints which are illustrated in Egs.(12~14), it can be
proved that the obtained
reasonable.

3.2 Assessment of atomic mobility
The thermodynamic description for Ni-Cr-W system is

interdiffusion coefficients are

obtained from the previous work of Gustafson™. The
calculated isothermal section of the Ni-Cr-W system at 1473 K
is presented in Fig.1. The atomic mobilities for the self-
diffusion of Ni, W and Cr are taken from Zhang et al*'! and

Campbell et al®

. The atomic mobility parameters for Ni-Cr and
Ni-W systems were assessed by Campbell”. Because the fcc
phase of Cr-W system is metastable, the experimental data is
unavailable. For simplification, the impurity diffusion coeffi-
cient of Cr in the hypothetical fcc-W is assumed to be equi-
valent to the self-diffusion coefficient of fcc-W, and the
impurity diffusion coefficient of W in the hypothetical fcc-Cr is
set to be equal to the self-diffusivity of Cr in the fcc-Cr in the
present work. The similar assumption has been taken in a large
amount of work*>*,

The atomic mobilities from literatures are listed in Table3.
Based on the existing binary atomic mobilities in Table 3 and
the experimental interdiffusion coefficients in Table 2, the
atomic mobilities for fcc ternary Ni-Cr-W alloys were assessed
in the PARROT module of the DICTRA software. All of the
atomic mobility parameters for Ni-Cr-W alloys are listed into
Table 3.

Comparison between the calculated main interdiffusion
coefficients (numbers in brackets) and the experimental mea-
surements are shown in Fig.2a and Fig.2b. It can be seen that in
most cases the agreement between the calculations and the
experimental results is very good.

The calculated logarithmic values of the interdiffusion coef-
ficients are compared with the experimental ones in Fig.3. The
points located around the diagonal line are the logarithms of the
main interdiffusion coefficients obtained in this work, while the
dashed lines refer to the diffusion coefficients with a factor of 2
or 0.5 from the model-predicted main diffusion coefficients.
Such factor is a generally accepted experimental error for
measurement of diffusivities. It indicates that the calculated

Table 2 Experimental interdiffusion coefficients and DICTRA-extracted diffusivities in fcc Ni-Cr-W alloys annealed at 1473 K for 72 h

Intersection Composition/at%

Interdiffusion coefficient/x10™"* m*s™!

DICTRA-extracted diffusivity/x10™"° m*s™!

diffusion paths  Cr w Deer Dey Dy Dyer Der Dey Dy Dy,
Al-Bl 4.95 5.03 13.5 6.1 2.8 0.4 11.8 1.4 2.5 0.9
Al1-B2 7.31 6.74 13.8 153 3.8 1.0 15.6 6.8 8.1 7.9
Al1-B3 431 3.15 15.8 5.5 3.0 0.3 15.0 0.1 1.9 0.7
Al-B4 4.75 4.60 13.5 6.2 3.1 0.1 12.4 0.6 23 1.2
A2-Bl 2.98 7.08 8.0 2.7 4.8 32 8.6 0.7 24 0.5
A2-B2 3.57 7.89 6.8 4.0 3.0 0.5 7.9 1.4 2.9 0.9
A2-B3 2.12 4.30 11.6 23 32 0.4 13.0 0 2.0 0.2
A2-B4 222 4.64 11.8 2.0 32 0.4 12.3 0 2.0 0.3
B1-B4 5.59 4.43 13.7 5.6 2.7 0 7.9 1.4 3.0 0.9




444 Wang Cuiping et al. / Rare Metal Materials and Engineering, 2020, 49(2): 0441-0446

beeteeto

becl+fee2+o

Fig.1 Calculated isothermal section at 1473 K in the Ni-Cr-W system

using the thermodynamic parameters of Gustafson”

Table 3 Atomic mobility for fcc Ni-Cr-W alloys

Atom Mobility Reference
ON =_271377.6-81.8T [21]
T =—235000.0-82.0T [9]
Ni oY =-628250.0-63.5T [9]
NCT—_81000.0 [9]
MW =175736.0 [9]

;:W =8792319.5 This work
QS =-235000.0-82.0T [9]
ON =_287000.0-64.4T [9]

Cr QY =-311423.0-70.1T This work
Q5N =-68000.0 [9]

QN =-237585.4 This work
Oy =-311423.0-70.1T [9]
QN =-282130.0-87.2T [9]

W QS =-235000.0-82.0T This work
QN =-97025.0 [9]

OV =-344562.1 This work

results are in good agreement with the experimental ones.
3.3 Validation of the present atomic mobility

In order to evaluate the reliability of the present mobility
database, its application to predict the diffusion behaviors such
as the concentration-distance profiles and the diffusion paths of
ternary diffusion couples are performed. As shown in Fig.4, the
calculated concentration-distance profiles for Cr and W in
diffusion couples Al, A2, B1, B2, B3 and B4 annealed at 1473
K for 72 h have been contrasted with the experimentally
measured data. It can be clearly seen that the experimental data
fit the calculated curves well, which indicates that the atomic
mobilities obtained from this experiment are reliable.

Take Fig.4e as an example, in the Ni-10.5Cr/Ni-4.5W
diffusion couple, the diffusion distance of Cr is almost 500 um
and the diffusion distance of W in the same condition is almost
200 um. The reason for this situation is that the diffusion rate
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Fig.2 Comparison between the calculated main interdiffusion coeffi-
cients (numbers in brackets) and the experimental measure-
ments: (a) DN, and (b) DJi,
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Fig.3 Comparison between the calculated main interdiffusion coef-
ficients of the fcc Ni-Cr-W system at 1473 K and the expe-

rimental values

of Cr is much faster than that of W at 1473 K in fcc Ni-Cr-W
ternary system. In other words, the interdiffusion coefficient of
Cr is much larger than that of W. The comparison of the data
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Fig.4 Model-predicted concentration profiles of six diffusion couples annealed at 1473 K for 72 h together with the corresponding experimental ones
measured in the present work: (a) A1, (b) A2, (c) B1, (d) B2, (e) B3, and (f) B4

from other diffusion couples’ concentration-distance profiles
can verify this statement.

Fig.5 shows the diffusion paths for six diffusion couples (A1,
A2, B1, B2, B3 and B4) of the Ni-rich corner in fcc Ni-Cr-W
ternary system, which is annealed at 1473 K for 72 h. The S-

1473 K, 72 h
A A1:Ni/Ni-10.9Cr-7.5W
A2:Ni/Ni-5.5Cr-8.5W
<> BI1:Ni-10.8Cr/Ni-8W
v/ B2:Ni-21Cr/Ni-8W
® B3:Ni-10.5Cr/Ni-4.5W
B4:Ni-21Cr/Ni-4.5W
— Calculated

0.25

0.20

0 0.05 0.10 0.15 0.20 0.25
Mole Fraction of Cr

Fig.5 Comparison between the calculated and the measured diffusion
paths for the six diffusion couples (A1, A2, B1, B2, B3 and B4)
annealed at 1473 K for 72 h

shaped diffusion paths are observed, which is caused by the
difference in diffusion coefficients and the mass balance of the
diffusion species in solid-solid diffusion couples. As can be seen
from this figure, the diffusion paths almost cover the whole
region of the fcc phase in Ni-Cr-W alloys and the calculated
results have a good agreement with the experimental data,
which also proves the validity of the mobility parameters.

4 Conclusions

1) The interdiffusion coefficients are obtained from six
diffusion couples of fcc Ni-Cr-W alloys prepared at 1473 K
for 72 h by EPMA and Whittle-Green method. Using
DICTRA software package via the measured experimental
data and thermodynamic description, the atomic mobilities of
Ni, Cr and W in Ni-Cr-W ternary system can be assessed.

2) A good agreement is obtained from comprehensive
comparison between calculated and the experimental results.

3) The diffusion phenomena such as concentration-distance
profiles and diffusion paths can be reasonably described. In
Ni-Cr-W ternary system, Cr diffuses much faster than W in
the Ni-rich alloys.
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