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Abstract Ternary fcc Ni-Mo-Ta diffusion couples
annealed at 1473 and 1573 K have been studied by using
electron probe microanalysis. Based on the measured
concentration-distance profiles and Whittle-Green method,
the interdiffusion coefficients were calculated to critically
assess the atomic mobilities by means of DICTRA software
package. Comprehensive comparisons between calculated
and experimental diffusion coefficients show that the
atomic mobilities obtained in this work could well repro-
duce the experimental data. Reasonable agreements
between model-predicted diffusion properties and the
experimental data indicated that present mobility database
can be used to study the diffusion behavior, such as dif-
fusion paths and concentration-distance profiles in the
ternary fcc Ni-Mo-Ta alloys.
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1 Introduction

Ni-based superalloys, due to their excellent physical,
chemical, and mechanical properties at high temperatures,
have found wide applications in a number of industrial
fields, such as aircraft, power stations, and marine
propulsion.!"*! They are often used to make complex high-
temperature parts for their excellent overall performance,
long life, good corrosion and wear resistance at high
temperatures. Based on kinetic databases established by the
atomic mobility parameters, computational material sci-
ence methods not only can simulate the evolution of
superalloys during processing and service, but also can do
further research about various diffusion-related processes,
such as solidification, creep, and homogenization.[3] Mo
and Ta are two important alloying elements for Ni-based
superalloys, as both of them can increase high-temperature
strength and enhance the performance of high corrosion
resistance.[*! However, the introduction of Mo and Ta into
Ni-based alloys may have a significant influence upon
processing and heat-treatment conditions, as their diffusion
characteristics play an indispensable index in microstruc-
ture evolution."!

CALculation of PHAse Diagram (CALPHAD) has
developed rapidly in the past decades so that thermody-
namic and Kinetic characteristics for multicomponent
alloys can be obtained by extrapolation with the aid of
related information from lower-order systems.'” DICTRA
is one computational package designed within the CAL-
PHAD framework, which can simulate diffusion-controlled
processes with the aid of thermodynamic and kinetic
databases.!”’ Although Ni-based thermodynamic database
has been commercialized to aid the design of Ni-based
alloys, Ni-based atomic mobility database has been partly
reported.®!
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The Ni-Mo-Ta ternary system is an important subsystem
for Ni-based superalloys, and related studies on its inter-
diffusion and atomic mobilities can facilitate the under-
standing of related processing design. The atomic
mobilities of the fcc Ni-Mo and fcc Ni-Ta binary systems
have been reported by Liu et al.””! and Campbell et al.'™
respectively. However, the atomic mobilities and diffusion
characteristic for fcc Ni-Mo-Ta alloys are still lacking.
Therefore, in order to establish a general Ni-based super-
alloy database, it is essential to assess the atomic mobilities
and interdiffusion coefficients of fcc Ni-Mo-Ta alloys
within the CALPHAD framework.

The main purposes of the present work are listed as
follows: (i) to experimentally measure the interdiffusion
coefficients of the fcc Ni-Mo-Ta alloys at the temperature
of 1473 and 1573 K with diffusion couples; (ii) to assess

the atomic mobilities of the fcc phase for Ni-Mo-Ta alloy
system; (iii) to simulate the diffusion paths and concen-
tration profiles with the obtained mobility parameters; (iv)
to examine the consistency between the simulated results
and the experimental data.

2 Evaluation and Modeling of Ternary
Diffusivities

2.1 Evaluation of Ternary Diffusion Coefficients

According to Matano—Kirkaldy’s method,''” the diffusion

for a component i of concentration C; in a ternary system
can be described by Fick’s second law as

Table 1 Summary of the

diffusion couples and No. Nominal composition, at.% Temperature, K Annealing times, s
experimental conditions Al Ni/Ni-4Mo-6Ta 1473 259,200
A2 Ni/Ni-8Mo-5Ta
A3 Ni/Ni-13Mo-3Ta
A4 Ni-4Ta/Ni-4Mo
A5 Ni-4Ta/Ni-10Mo
A6 Ni-6Ta/Ni-10Mo
Bl Ni/Ni-4Mo-6Ta 1573 172,800
B2 Ni/Ni-8Mo-5Ta
B3 Ni/Ni-13Mo-3Ta
B4 Ni-6Ta/Ni-4Mo
B5 Ni-4Ta/Ni-20Mo

Table 2 Experimental interdiffusion coefficients and DICTRA-extracted diffusivities in fcc Ni-Mo-Ta alloys

Intersection diffusion paths Temperature, K Composition,

Interdiffusion coefficients, 107> m? s

2g7! DICTRA-extracted
2 —1

at.% diffusivities, 107"° m? s
Mo Ta Dy, Duen  Dim D¥yo  DMoto Do Dt Diimo
Al-A4 1473 1.6 25 11+10 2+2 26+15 343 8 —02 13 —02
Al-A5 1473 23 33 10£10 242 19+10 7+6 7 —02 12 -—02
Al-A6 1473 29 41 9+3 242 17+8 6+6 7 —03 10 —03
A2-Ad 1473 23 17 1244 242 26411 1+1 9 —04 16 —01
A2-A5 1473 4.1 24 11+5 3+3 165 3+3 6 —03 10 —03
A2-A6 1473 5.1 29 10+4 4+4 1544 3+3 7 —06 13 —02
A3-A4 1473 3.4 10 1345 1+1 35+15 — 08409 9 —05 18 0
A3-A5 1473 6.4 14 17+10 9+9 1844 242 g8  —1 17 =01
A3-A6 1473 73 16 11+5 748 1343 242 7 -1 16 —0.1
B1-B4 1573 20 29 40+4 6+7 82+30 24426 4 —1 52 —1
B1-B5 1573 28 39 30+£10 12410 82 +40 214+£21 41 -1 4 -2
B2-B4 1573 29 18 34411 143 67420 —2+2 4 -2 64 —0.1
B2-B5 1573 54 30 29+10 748 39+18 10+10 39 -3 53 —1
B3-B4 1573 3.4 10 39+10 7+8 7345 —-343 46 -2 74 —03
B3-B5 1573 8.9 19 3445 30+40 40+ 19 747 35 —6 66 — 0.7
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Ta T=1473K
1: BCC_A2+NiTa+NiTa2

2: BCC_A2+Ni2Ta+NiTa

3: BCC_A2+Ni2Ta+Ni3Ta

4: FCC_A1+Ni3(Mo,Ta)+Ni8Ta
5. FCC_A1+MOoNi+Ni3Ta

6: BCC_A2+MoNi+Ni3Ta

Mole Fraction of Mo

T=1473 K

1: Ni3(Mo, Ta)+Ni8Ta

2: FCC_A1+Ni3(Mo,Ta)+Ni8Ta
3: FCC_A1+Ni8Ta

4: FCC_A1+Ni3(Mo,Ta)

0.20

N
0.15
Mole Fraction of Mo

Fig. 1 (a) Calculated isothermal section at 1473 K in Ni-Mo-Ta
ternary system using the thermodynamic parameters of Cui et al.,”*"!
(b) calculated isothermal section at 1573 K in Ni-Mo-Ta ternary

0C; 0 [ ,0C
=N (D) fori=1,2
o EZ&(U&) o=

J=1

(Eq 1)

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, D3, and D3,, are
referred to the main interdiffusion coefficients. The main
diffusion coefficients represent the influence of the con-
centration gradients of elements 1 and 2 on their own
fluxes. When i and j take different values, D3, 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

@ Springer

Ta T=1573 K

1: BCC_A2+NiTa+NiTa2

2: BCC_A2+Ni2Ta+NiTa

3: BCC_A2+Ni2Ta+Ni3Ta

4: FCC_A1+Ni3(Mo,Ta)+Liquid
5: BCC_A2+Ni3(Mo,Ta)+Liquid
6: BCC_A2+MoNi+Liquid
7: FCC_A1+MoNi+Liquid

(b) Ni0 0.2 7 04 MoNi 06 0.8 1.0

Mole Fraction of Mo Mo

T=1573K
1: FCC_A1+Ni3(Mo,Ta)
2: FCC_A1+Ni8Ta

= ~ ®
0.10 0.15 0.20

Mole Fraction of Mo

~
Bd.05

system using the thermodynamic parameters of Cui et al,”" (c) the
diffusion couples in the Ni-Rich area at 1473 K, (d) the diffusion
couples in the Ni-Rich area at 1573 K

other. Under the usual initial and boundary conditions
prevalent for semi-infinite diffusion couples, we have

Ci(—x,0) = Ci(—o00,t) = C;

Eq 2
Ci(x,0) = Ci(+o0,1) = C; fori=1,2 (Eq2)
Then the solutions of Eq 1 are:
’ 2, _.dC
/ xdC; = —ZtZD?jE] (Eq 3)
C =

i

To avoid the calculating of Matano interface, Whittle
and Green'"! introduce the normalized concentration
parameter, then the Eq 3 can be transformed to:
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g;rl;fle::er?sfiersfﬁg g:t;\illii_tl}\l/lo_ Atomic mobilities Parameters, J/mol References
Ta alloys Mobility of Ni N = — 276860 + R * T * Ln (8.5E — 5) 22
(D%" =—3152054+ R *T*Ln (1.27E — 4) 9
Ol = — 443736 — 96 * T 8
OMO = _ 153375 — 125 % T 9
T = — 668454 8
QN = — 1908437 4 1304 * T This work
Mobility of Mo PN = — 254975 + R * T * Ln (5.53E — 5) 9
Nl = — 281754.61 + R * T * Ln (1.19E — 4) 9
D = — 443736 — 96 * T This work
OMON = — 60000 9
D\ = 2530319 — 1687 * T This work
Mobility of Ta P = — 268253 — 108.6 * T 8
o = — 267724 — 79.9 % T 8
@Y = — 31520534 + R * T * Ln (1.27E — 4) This work
oM = 163380 — 1597 * T 8
PNMO — 1185494 — 776.1 * T This work
120 1473K Pz 1 dx r I
R P / iy |17 [ vearsn [ 0-vye
7 7127 o Dy, s work . / I e dy, )
z 1573K /s =D+ D CJr C, dr,
;% 307 0 DY This work / / (Eq 5)
E s %Dy, This work gﬂ’ 14 In order to solve for the four diffusion coefficients in
< e / Eq 4 and 5, two diffusion couples whose diffusion paths
E a: E'l/m cross at a common concentration are required.
3 140 Vs &Aﬁ . . N
s Y 2.2 Modeling of Atomic Mobility
g /
= 145 V4 Based on the absolute reaction rate theory in Ref 12, 13
Anderson and Agren[14J proposed a method which was
-15.0 I I T T T similar to the thermodynamic calculation. The atomic
-150  -145  -140 -135  -13.0 -125  -12.0

Log10(Experimental diffusivity),m2/s

Fig. 2 Comparison between the calculated main interdiffusion coet-
ficients of the fcc Ni-Mo-Ta system and the experimental values at
1473 and 1573 K. Dashed lines refer to the diffusion coefficients with
a factor of 2 or 0.5 from the model-predicted ones

X +00
1 dx
—— (1 =Y Y -dx+7Y 1—-Y;) dx
| 1)/1 w1 [ a-n)
CJr G dn
_D3 D3 2
1+ 12c+ Cl le

mobility M of a component, which is an optimized variable
as a function of pressure, temperature and composition.
The atomic mobility of element F, My, may be divided into
a frequency factor MY and an activation enthalpy Qp 151

Mp can be described as

Os

o)

where R is the gas constant and T is the absolute temper-
ature, ™81  is a factor taking into account the effect of the
ferromagnetic transition,!'® which is a function of the alloy
composition. It has been suggested that one should expand
the logarithm of the frequency factor, In MY rather than the

1m

Mg = M
B exp ( RT

(Eq 6)

value itself, thus the mobility, Mp is expressed as

@ Springer
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«Fig. 3 Comparison between the experimental and DICTRA-simu-
lated concentration profiles for the diffusion couples (a) Ni/Ni-4 at.%
Mo-6 at.% Ta, (b) Ni/Ni-8 at.% Mo-5 at.% Ta, (c) Ni/Ni-13 at.% Mo-
3 at.% Ta, (d) Ni-4 at.% Ta/Ni-4 at.% Mo, (e) Ni-4 at.% Ta/Ni-10
at.% Mo, (f) Ni-6 at.% Ta/Ni-10 at.% Mo diffusion couples annealed
at 1473 K for 259,200 s

Mp = exp (M> exp( QB) L™ r (Eq 7)

RT RT/ RT

For the fcc phase, the ferromagnetic contribution to
diffusion is negligible, then MY and Qp can be merged into
one parameter: Pp = RT lnMg — Qp, Pp can be repre-
sented by the Redlich—Kister polynomial!'”! for binary
terms and a power series expansion for ternary terms: L18]

Py =D WP+ D) > oty xj)f]
r=0

i j>i

+Z Z inijk[ f]ksqwk} (s=i,jork)

i j>ik>j

(Eq 8)

where x; is mole fraction of element i, d)g is the value of ®p
for pure i and thus represents one of the endpoint value in

the composition space, ’@i‘j and SQSiJ’k represent binary and

ternary interaction parameters. For the parameter v} > it can
be expressed as:
vfik:xé,Jr(lfxiijka)/S (Eq 9)

where x;, x;, x; and x, are the mole fractions of elements i, j,
k and s, respectively.

The diffusion mobility can be related to the diffusion
coefficient, assuming a mono-vacancy mechanism coupled
neglecting correlation factors, the tracer diffusivity Dy, is
directly related to the mobility Mgz by means of the Einstein

relation:
Dy, = RTMg (Eq 10)

The interdiffusion coefficients parameters are related to
thermodynamic factors and atomic mobility!'”!

Yl 6#1 a:uz
Dy = Z(éik —x¢) - xi - M; - (a—xj—a—x’)

i

(Eq 11)

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

3 Experimental Procedure
Ni (purity: 99.9 wt.%), Mo (purity: 99.9 wt.%) and Ta

(purity: 99.9 wt.%) were used as starting materials. Eleven
diffusion couples at different temperature, 1473 and

1573 K respectively, were shown in Table 1, which were
prepared in the following steps.

First, the samples were melted into alloy ingots by arc
melting filled with argon atmosphere to ensure that the
composition of each alloy ingot was uniform and
homogeneous.

Then, the alloy blocks were linearly cut into blocks in
size of 4 x 4 x 7mm’ by wire-electrode discharging
machining. Following, all the samples were polished on the
SiC paper to remove surface contamination. Afterwards,
these small bars were vacuum-packed in quartz tubes
which were placed in a pit furnace at a temperature of
1473 K to promote homogenization and grain growth.
Then, every surface were polished through 0.05 pm alu-
mina for good bonds in the following.

Subsequently, the diffusion couples were fixed by Mo-
wires. These diffusion couples were sealed into evacuated
quartz tubes and annealed at 1473 K for 259,200 s and
1573 K for 172,800 s, respectively, followed by ice water
quenching. And then, the couples were cut along the dif-
fusion direction to expose diffusion interfaces which were
polished as before. After standard metallographic prepa-
ration, the samples were tested by EPMA (JXA-8100,
JEOL, Japan, the accelerating voltage and probe current
were 20 kV and 1.0 x 107® A, respectively) to measure
the local concentration-distance profiles.

4 Results and Discussion
4.1 Measurement of Interdiffusion Coefficients

In this work, four interdiffusion coefficients DE/}()MO, Dﬂoh,
DYi., DY\, were determined at the intersection compo-
sition of the diffusion paths based on the Whittle-Green
method, using Eq 4 and 5. Among them, DY\, and D}i ..
are the main interdiffusion coefficients, DY . and D}l
are the corresponding cross coefficients. The experimen-
tally measured main interdiffusion coefficients and the
corresponding cross interdiffusion coefficients along with
the DICTRA-extracted coefficients are given in Table 2.
Multiple sets of interdiffusion coefficients and the standard
deviation of these data can be obtained by EPMA.
According to these sets of deviations, the maximum
acceptable error of the four interdiffusion coefficients can
be obtained, which are =+ 5 x 107]4, +5 x 107]4,
+ 8 x 10*14, +5 x 107" m? s7!. It is observed that the
main interdiffusion coefficients are positive, while the
cross interdiffusion coefficients are positive and negative,
and the value of l~)¥;Ta are generally larger than those of
DYi \io» Which indicate that the diffusion rate of Ta is
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<«Fig. 4 Comparison between the experimental and DICTRA-simu-
lated concentration profiles for the diffusion couples (a) Ni/Ni-4 at.%
Mo-6 at.% Ta, (b) Ni/Ni-8 at.% Mo-5 at.% Ta, (c) Ni/Ni-13 at.% Mo-
3 at.% Ta, (d) Ni-6 at.% Ta/Ni-4 at.% Mo, (e) Ni-4 at.% Ta/Ni-20
at.% Mo diffusion couples annealed at 1573 K for 172,800 s

This work

1473 K, 259,200 s

A A1:Ni/Ni-4Mo-6Ta
[ A2:Ni/Ni-8Mo-5Ta
X A3:Ni/Ni-13Mo-3Ta

0.14 + A4:Ni-4Ta/Ni-4Mo

&fe' @ A5:Ni-4Ta/Ni-10Mo
A6:Ni-6Ta/Ni-10M

é 0.12 6:Ni-6Ta/Ni-10Mo

—— Calculated

N
0 002 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18

Mole Fraction of Mo

Fig. 5 Comparison between the experimental and DICTRA-simu-
lated diffusion paths for various ternary Ni-Mo-Ta diffusion couples
annealed at 1473 for 259,200 s

0.21 This work

1573 K, 172,800 s
ABIL:Ni/Ni-4Mo-6Ta
[MB2:Ni/Ni-8Mo-5Ta
XB3:Ni/Ni-13Mo-3Ta
+B4:Ni-6Ta/Ni-4Mo
(> B5:Ni-4Ta/Ni-20Mo
—— Calculated

0 - - ~ o
0 0.03 0.06 0.09 0.12 0.15 0.18 0.21
Mole Fraction of Mo

Fig. 6 Comparison between the experimental and DICTRA-simu-
lated diffusion paths for various ternary Ni-Mo-Ta diffusion couples
annealed at 1573 for 172,800 s

generally faster than that of Mo. The interdiffusion coef-
ficients obtained require verification by the following
constraints,m]
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DI"I\"IzilTa + DII:I/[ioMo >0 (Eq 12)

[)"ll\"lzllTa ’ DII:]/IIUMO - D~II:]/lloTa : D~¥e11Mo >0 (Eq ]3)
~NTe ~ N 2 ~nT ~ AT

(D¥;Ta - DE/IIOMO) +4D¥;Mo : DI\N/I‘oTa 2 0 (Eq 14)

Comprehensive calculation implied that the obtained
interdiffusion coefficients satisfy these constraint which are
illustrated in Eq 12 to 14. Therefore, the presently obtained
interdiffusivities are considered to be reasonable.

4.2 Assessment of Atomic Mobility

Since the assessment of diffusivities is based on thermo-
dynamic description, obtaining more accurate atomic
mobilities must depend on reasonable thermodynamic
parameters. The thermodynamic assessment of the Ni-Mo-
Ta ternary system used in these work is taken from the
works of Cui et al.””!! The calculated isothermal section of
the Ni-Mo-Ta system at 1473 and 1573 K is shown in
Fig. 1(a) and (b), respectively. The alloy compositions of
the diffusion couples in the Ni-rich area prepared in the
present work at 1473 and 1573 K are shown by schematic
diagram in Fig. 1(c) and (d), respectively. The atomic
mobilities for the self-diffusion of Ni are taken from
Neumann and Tbllemj, and that of Mo and Ta are taken
from Liu et al.””! and Campbell et al.”®!, respectively. The
atomic mobility parameters of Ni-Mo and Ni-Ta system
can be directly acquired from Liu et al.'”! and Campbell
et al.'® Because of the fcc phase of Mo-Ta system is non-
equilibrium steady states under common condition, its
atomic mobilities is unavailable. For simplification, the
impurity diffusion coefficient of Mo in the hypothetical
fcc-Ta is assumed to be equivalent to the self-diffusion
coefficient of fcc-Ta, and the impurity diffusion coefficient
of Ta in the hypothetical fcc-Mo is set to be equal to the
self-diffusivity of Mo in the fcc-Mo in the present work.
Thus, based on the existing binary atomic mobilities in
Table 3 and the experimental interdiffusion coefficients in
Table 2, the atomic mobilities of fcc ternary Ni-Mo-Ta
alloys were assessed in the PARROT module of the DIC-
TRA software. All of the atomic mobility parameters for
Ni-Mo-Ta alloys are listed in Table 3.

Figure 2 illustrates the comparison between the pre-
sently calculated main diffusion coefficients and the
experimental values, as can be seen, there is a good match
between the calculated interdiffusivities and the experi-
mental ones. The calculated logarithmic values of main
interdiffusion coefficients are equal to the experimental
ones along the diagonal line. The dashed lines with a factor
of 2 or 0.5 from the diagonal line are shown as well. Such a
factor is a generally accepted experimental error for mea-
surement of diffusivities. The good agreement between the
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calculated results and the experimental ones can been seen
from Fig. 2.

4.3 Validation of the Present Atomic Mobility

Verification of the assessed atomic mobility parameters
includes not only the comparison with the experimental
diffusion coefficients, but also the comparison between the
DICTRA-simulated and the observed diffusion behaviors,
such as the concentration profiles and the diffusion paths.
Figure 3 and 4 present the DICTRA-simulated concentra-
tion profiles of the diffusion couples annealed at 1473 K
for 259,200 s and that of the diffusion couples annealed at
1573 K for 172,800 s, respectively, together with the cor-
responding experimental values. The calculated results for
different Ni-rich ternary diffusion couples agree well with
most of the corresponding experimental values. Figure 5
and 6 present the calculated diffusion paths for various
ternary Ni-Mo-Ta diffusion couples annealed at 1473 and
1573 K for 259,200 and 172,800 s, respectively, compared
with the corresponding experimental data. As shown in this
figure, the diffusion paths almost cover the whole region of
the fcc phase in Ni-Mo-Ta alloys. The calculated results
and the experimental data have a good agreement, which
also proves the validity of the mobility parameters.

5 Conclusions

The composition-dependent ternary interdiffusion coeffi-
cients of the fcc Ni-rich Ni-Mo-Ta ternary system at 1473
and 1573 K were determined by means of EPMA tech-
nique coupled with the Whittle-Green method in the pre-
sent work. The reliability of the experimental
interdiffusivities is validated via thermodynamic con-
straints. The uncertainties associated with the measured
interdiffusivities were evaluated considering error propa-
gation, meanwhile, by comprehensive comparison between
calculated and the experimental results, good agreements
were obtained. The diffusion phenomena such as concen-
tration-distance profiles and diffusion paths can be rea-

sonably described. Results show that the values of D}l

are generally larger than DII:I,[ioMO.
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