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Solid-to-solid diffusion couples, �-NiAl (B2) versus various commercial superalloys (i.e.,
CM247, GTD-111, IN-939, IN-718, and Waspalloy) were examined to quantify the rate of Al
interdiffusion as a function of initial superalloy composition. The diffusion couples were as-
sembled with Invar steel jig encapsulated in Ar by sealing in quartz capsules and annealed at
1050 °C for 96 h. Concentration profiles measured by electron probe microanalysis in the
single-phase �-NiAl region were used to determine interdiffusion fluxes and effective interdif-
fusion coefficients of individual components in the single-phase �-NiAl side of the couple. The
values determined using experimental concentration profiles of the single-phase �-NiAl side of
the couple were used to predict effective interdiffusion coefficients in multiphase superalloy side
of the couple based on mass balance and local continuity of interdiffusion fluxes. Microstruc-
tural and compositional stability of protective coatings (e.g., NiCoCrAlY and NiAl) as a function
of superalloys composition are discussed based on effective interdiffusion coefficients predicted
from diffusion couple studies.
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1. Introduction

Although Ni-base superalloys have excellent strength
and creep resistance, they normally require protective coat-
ings (i.e., oxidation resistance or thermal barrier coatings,
TBCs, with bond coats) to meet the high-temperature de-
mand of higher-performance turbine engines.[1] Typically,
MCrAlY (where M � Ni and/or Co) with two-phase (i.e.,
Al rich, B2 � phase and Ni-rich face-centered cubic, or fcc,
�-phase) or single-phase � alloys are used as stand-alone
oxidation resistance coatings or as bond coats in TBCs. In
both MCrAlY and NiAl-based coatings, Al-rich � phase
serves as an Al reservoir for the formation of continuous,
stable, and protective Al2O3 scale.[1-7] During high-
temperature exposure, Al-rich � phase gets dissolved due to
depletion of Al from the coating. The loss of Al occurs by
interdiffusion toward the surface of the coating to form
Al2O3 and by interdiffusion with the superalloy. Several

studies have shown that the interdiffusion between the coat-
ing and the superalloy substrate may contribute more to the
overall Al depletion,[8-19] rather than the Al depletion
caused by oxidation, although repeated spallation of the
Al2O3 scale may accelerate the loss caused by oxidation. In
general, when the Al concentration in the coating falls be-
low about 10 at.%, after complete dissolution of the �
phase, these coatings can no longer maintain the continuity
of the scales and are considered no longer effective.

Commercial superalloys have been developed with com-
positions and heat treatments to optimize high-temperature
strength, as well as resistance against creep, fatigue, oxida-
tion, and hot corrosion. Also, and somewhat in parallel,
similar optimizations of the composition for MCrAlY and
NiAl-based coatings have been carried out to increase oxi-
dation and hot-corrosion resistance. Considering the signifi-
cance of diffusional interactions[20-24] in multicomponent
alloys, the lifetime of the coatings, defined by depletion of
Al, may be enhanced by controlling the interdiffusion fluxes
of individual components, particularly for Al. Therefore,
while a coating may be selected/designed for environmental
degradation resistance, and a superalloy can be selected/
developed based on strength and creep and fatigue resis-
tances, a system selection/development should be optimized
to control the interdiffusion fluxes of diffusing components,
so that Al interdiffusion flux across the coating/superalloy
interface is minimized.

In this study, diffusion couples consisting of single-phase
B2 �-NiAl versus various commercial superalloys were ex-
amined. The measurement of concentration profiles (and
thus interdiffusion fluxes and coefficients) by electron
probe microanalysis (EPMA) is difficult for fine two-phase
microstructures like that of the � + �� in Ni-base superal-
loys. Therefore, in this study, quantitative determination of
interdiffusion fluxes and coefficients were first carried out
from concentration profiles measured in single-phase
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�-NiAl side of the couple. Then utilizing the general ex-
pression of average effective interdiffusion coefficient,
along with mass balance and local continuity of interdiffu-
sion flux, accumulated interdiffusion fluxes (e.g., integrated
interdiffusion coefficients) and effective interdiffusion co-
efficients of individual components in superalloys were pre-
dicted. The predicted values were then examined as a func-
tion of nominal composition of various superalloys.

2. Interdiffusion Analysis

Interdiffusion flux of a component i in a multicomponent
system can be defined as:[25-28]

J̃i = −�
j=1

n−1

D̃ij
n

�Cj

�x
�i = 1, 2, . . . , n − 1� (Eq 1)

where J̃i is the interdiffusion flux of component i, D̃ij
n is the

interdiffusion coefficient of component i with respect to the
concentration gradient of j in an n component system, and
�Cj/�x is the (n − 1) independent concentration gradient.
This method requires knowledge of (n − 1) independent
concentration gradients and (n − 1)2 interdiffusion coeffi-
cients where n is the number of components in the system.
This method becomes impractical for superalloy coating
systems that normally contain eight or more components
with at least, � + ��, and � + � two-phase microstructures.

The interdiffusion fluxes of individual components may
be determined directly from their concentration profiles
without the need of the interdiffusion coefficients by:[25]

J̃i =
1

2t �C i
±�

Ci �x�
�x − xo�dCi �i = 1, 2, . . . , n� (Eq 2)

where t is the diffusion anneal time. The profile of interdif-
fusion flux for a component can be integrated with respect
to distance, and this accumulated interdiffusion flux for a
component can be defined as integrated interdiffusion D̃i

int

coefficients over a selected region, x1 from x2, as:

D̃ i,�x
int = �

x1

x2
Jidx (Eq 3)

An effective interdiffusion coefficient, D̃i
eff, is then defined

as:

D̃ i,�x
eff =

D̃ i,�x
int

Ci
x2 − Ci

x1
(Eq 4)

This effective interdiffusion coefficient incorporates all
multicomponent diffusional interactions for the system to
provide an effective value for the interdiffusion of a com-
ponent species as defined by:

D̃ i
eff = D̃ ij

n + �
j

D̃ ij
n �Cj ��x

�Ci ��x
� j � i� (Eq 5)

Since J̃i must be continuous at any location such as the
Matano plane and the effective interdiffusion coefficient

can be defined on either side of any location such as the
Matano plane, (e.g., D̃i,L

eff and D̃i,R
eff for the left- and right-hand

side of the Matano plane), the following relations can be
defined:[26,27]

J̃i | x=xo
=
�D̃ i,L

eff

�i,L�t
�Ci

−� − Ci
o� =

�D̃ i,R
eff

�i,R�t
�Ci

o − Ci
+�� (Eq 6)

where �i,L and �i,R are dimensionless parameters. Based on
the experimental concentration profile on one side of the
Matano plane, Eq 6 can be used to predict the effective
interdiffusion coefficient on the other side of the Matano
interface provided that �i does not deviate from √�.[26,27]

This would be a good assumption for the concentration
profile of an intrinsically fast-diffusing component such as
Al. A similar equation for D̃i

int by substituting Eq 4 into Eq
6 can be defined as:

D̃ i,R
int

D̃ i,L
int

= �Ci
− − Ci

o

Ci
o − Ci

+� (Eq 7)

3. Experimental Procedure

Diffusion couples were assembled using hot-extruded �
phase NiAl and several commercial superalloys, namely
CM247 (Cannon-Muskegon Corporation, Muskegon, MI),
GTD111 (General Electrical Company, Greenville, SC),
IN738 (Special Metals Corporation, Huntington, WV),
IN939 (Special Metals Corporation, Huntington, WV), and
Waspalloy (Pratt & Whitney, East Hartford, CT). The av-
erage composition of these superalloys was measured using
an electron probe microanalysis (EPMA), JEOL 733 Super-
Probe (Tokyo, Japan), using pure standards and large (∼100
	m) probe diameter. Table 1 reports the measured superal-

Table 1 Composition of superalloys, CM-247,
GTD-111, IN-738, IN-939, and Waspalloy measured by
electron microprobe analysis using pure standards

Element,
at.% CM-247 GTD-111 IN-738 IN-939 Waspalloy

Al 14.20 6.80 7.24 4.45 3.16
Co 9.94 9.50 9.36 18.59 12.82
Cr 7.31 16.60 19.11 25.29 21.03
Fe … … … … 1.36
Mo 0.42 0.97 0.97 … 2.39
Nb … … 0.33 0.43 …
Ni 62.11 59.01 57.89 46.28 55.32
Ta 2.73 0.89 0.49 0.37 …
Ti 1.56 6.24 3.77 4.07 3.93
W 1.74 0.97 0.83 0.51 …
B(a) 0.82 … … 0.05 …
C(a) 0.35 0.48 0.82 0.71 0.29
Hf(a) … … 0.5 … …
Zr(a) 0.01 … … 0.06 …

(a) Concentrations of trace elements are below detectable limit of electron
probe microanalysis; therefore, they were obtained from the literature.
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loy compositions. The trace elements present in the super-
alloys could not be precisely measured because their con-
centrations fall under the EPMA detection limits. The
values presented for these components were obtained from
the literature. Finally the compositions reported in Table 1
were balanced by Ni concentrations, and were near to those
reported in literature. The � NiAl used for all diffusion
couples was of near-stoichiometric composition with ap-
proximate equiaxed grain diameter of 30 to ∼50 	m.

The NiAl and superalloys were prepared into disks ap-
proximately 8 mm in diameter by 3 mm in thickness. Sur-
faces were metallographically polished down to 1⁄4 	m on a
Stuers Rotopol (Westlake, OH) polisher using diamond
paste. The polished surfaces were placed in contact with
each other and were held together by two clamping disks
with rods made of Invar steel. The couples were then placed
in quartz capsules, sealed on one end, evacuated to 1 × 10−6

torr, and flushed with ultrahigh-purity hydrogen. The evacu-
ation and hydrogen-flush was repeated several times, and
the capsule was finally filled with ultrahigh purity argon.
The final argon pressure in the capsule was controlled so
that the pressure inside the capsule was approximately 1 atm
at 1050 °C. The capsule was then sealed and placed at the
center of a Lindberg/Blue (Asheville, NC) three-zone tube
furnace. The furnace was then heated to 1050 °C within an
hour. The furnace ends were fully insulated to minimize
temperature gradients. The diffusion couples were annealed
at 1050 °C isothermally for 96 h, and quenched in water by

breaking the quartz capsule. The samples were then mounted
in epoxy, cross sectioned, and metallographically polished
with diamond paste down to 1⁄4 	m. Microstructural analy-
sis of the diffusion couples was carried out by backscatter
electron imaging, and the concentration profiles within the
diffusion couples were determined by EPMA using the
JEOL 733 SuperProbe. Pure elemental standards were used
for EPMA, and the data were collected at an accelerating
voltage of 20 keV using a point-to-point technique.

4. Results and Discussion

Backscatter electron micrographs of diffusion couples,
NiAl versus CM247, GTD111, IN738, IN939, and Wasp-
alloy are shown in Fig. 1. Excellent diffusion bonding was
achieved for each couple. Many small precipitates, such as
TCP phases rich in refractory, were observed near the in-
terface between NiAl and superalloys. These precipitates
also prevent any meaningful determination of concentration
profiles by EPMA in these zones and subsequent analysis.

The concentration profiles of the major elements ob-

Fig. 1 Backscatter electron micrographs of diffusion microstruc-
ture observed in solid-to-solid diffusion couples, NiAl versus (a)
CM-247, (b) GTD-111, (c) IN-738, (d) IN-939, and (e) Waspalloy,
annealed at 1050 °C for 96 h

Fig. 2 Concentration profiles of major component in solid-to-
solid diffusion couples, NiAl versus (a) CM-247, (b) GTD-111, (c)
IN-738, (d) IN-939, and (e) Waspalloy, annealed at 1050 °C for
96 h. These profiles were determined by electron probe microanal-
ysis using pure standards.
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tained from the diffusion couples of NiAl versus CM247,
GTD111, IN738, IN939, and Waspalloy are shown in Fig.
2. In these profiles, as expected, concentrations determined
on the single-phase � NiAl side are consistent without any
scatter, while those on the multiphase superalloy side, in-
cluding the precipitates near the interface exhibit large scat-
ter. This scattering in concentrations due to multiphase re-
gions does not allow any meaningful and quantitative
analysis of interdiffusion. However, it should be noted that
the concentration profiles determined by EPMA was
smoothened, after excluding obvious scatters, for the ap-
proximate determination of Matano plane for the simplicity
of presentation and discussion, although the analysis of in-
terdiffusion presented in this work can be applied to any
plane (i.e., location) within the diffusion zone.

Integrated, D̃int
i,NiAl, and effective, D̃eff

i,NiAl, interdiffusion
coefficients for the NiAl side of the diffusion couples
were calculated using Eq 3 and 4 and are reported in Table
2. Then, Eq 6 and 7 were used to predict D̃int

i,SA and D̃eff
i,SA for

the superalloy side of the couples as reported in Table 2.
The terminal compositions required for these predictions
were obtained from Table 1 for the superalloys and from
EPMA measurements for the NiAl in each couple.

In Table 2, all D̃int
i,NiAl and D̃eff

i,NiAl are greater for the

NiAl side of the diffusion couples, except in the case of
the IN738 couple, where D̃int

Ti,SA and D̃eff
Ti,SA are slightly

higher in magnitude than D̃int
Ti,NiAl and D̃eff

Ti,NiAl. In the case of
the IN939 diffusion couple, D̃eff

Ni,NiAl and D̃eff
Ni,SA are

negative, and this indicates that cross-interdiffusion coeffi-
cients are appreciable. The D̃int

i,total provided in Table 2 is a
measure of the integrated interdiffusion flux of individual
components in diffusion couples. The D̃eff

i,total in Table 2 is an
average effective interdiffusion coefficient of individual
components in the diffusion couples. The calculated and
predicted values can be used to design and/or select appro-
priate compositions of coatings and/or superalloys to mini-
mize degradation due to interdiffusion.

To validate D̃eff
i,SA predicted for the superalloy side from

the � NiAl side of the diffusion couples, the full concen-
tration profiles of the CM247 superalloy, which contained
minimal scatter, were analyzed to estimate D̃eff

i,SA for each
component directly from the concentration profile. The
magnitudes of D̃eff

i,SA predicted from Eq 6 were within 10%
of those determined by using the experimental concentra-
tion profiles of CM247. It should be noted that the concen-
tration profiles of CM247 are exceptionally consistent, and
that the same analysis cannot be carried out for other su-
peralloys with significant scatter in concentration profiles.

Table 2 Integrated and effective interdiffusion coefficients of major constituents, Al, Co, Cr, Ni, Ti, determined
from experimental concentration profiles on the NiAl side of the diffusion couples

Superalloy
Constituent

element D̃ int
NiAl D̃ eff

NiAl D̃ int
SA D̃ eff

SA D̃ int
Tot D̃ eff

Tot

CM-247 Al 1.51 13.55 0.66 2.56 2.17 5.87
Co −0.25 6.46 −0.15 2.51 −0.40 4.02
Cr −0.09 3.73 −0.04 0.79 −0.13 1.78
Ni −1.56 32.7 −0.81 8.90 −2.37 17.74
Ti −0.006 1.34 −0.002 0.19 −0.008 0.51

GTD-111 Al 1.50 9.87 0.80 2.80 2.30 5.30
Co −0.25 6.06 −0.20 3.63 −0.45 4.74
Cr −0.21 4.40 −0.10 0.89 −0.31 1.87
Ni −0.99 31.37 −0.49 7.69 −1.48 16.02
Ti −0.04 1.49 −0.02 0.64 −0.06 0.96

IN-738 Al 1.91 12.72 1.06 3.90 2.97 6.92
Co −0.35 7.76 −0.31 6.41 −0.66 7.05
Cr −0.28 5.24 −0.11 0.76 −0.39 2.04
Ni −2.06 65.13 −0.16 38.01 −2.22 27.34
Ti −0.035 1.73 −0.041 2.35 −0.08 2.02

IN-939 Al 1.56 9.56 0.84 2.74 2.40 5.14
Co −0.52 6.37 −0.41 3.95 −0.93 5.00
Cr −0.28 4.26 −0.10 0.52 −0.38 1.50
Ni −0.73 −132.84 −0.22 −12.38 0.94 −38.46
Ti −0.03 1.49 −0.02 1.11 −0.05 1.23

Waspalloy Al 2.34 16.16 1.02 3.10 3.36 7.15
Co −0.55 9.68 −0.44 6.24 −0.99 7.72
Cr −0.23 6.16 −0.05 0.28 −0.28 1.33
Ni −1.48 52.57 −1.30 40.61 −2.78 50.09
Ti −0.04 2.04 −0.03 1.25 −0.07 1.78

Note: All interdiffusion coefficients, D̃ int and D̃ eff are reported in 10−15 m2/s.
The integrated and interdiffusion coefficients for the superalloy side of the diffusion couples were predicted based on Eq 6 and 7.
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Predicted D̃eff
Al,SA were examined as a function of initial

superalloy compositions. In general, superalloys with
higher concentration of Cr, Mo, and Ti had higher D̃eff

Al,SA.
Higher concentrations of Ta, W, and Al in the superalloys
were related to lower D̃eff

Al,SA. While this is not a direct
indication of diffusional interaction (e.g., cross terms), ad-
ditional experiments with simplified diffusion couples may
be carried out to determine each of the components direct
interactions with Al.

Fleetwood[12] previously identified the fact that higher
concentrations of refractory elements promote the formation
of precipitate phases that develop in the interdiffusion zone
and effectively reduce the cross-sectional area for interdif-
fusion. Compositions reported in Table 1 and image analy-
ses indicate that while higher concentrations of refractory
element promote the formation of precipitates, they do not
necessarily lead to a reduction of the cross-sectional area for
interdiffusion due to morphological variations.[12] Higher
concentrations of refractory elements in general were found
to reduce the effective interdiffusion coefficients for Al by
means of multicomponent diffusional interactions.

5. Summary

Interdiffusion of Al into selected Ni-base superalloys
was examined using diffusion couples NiAl versus CM247,
GTD111, IN738, IN939, and Waspalloy. The concentration
profiles obtained by EPMA on the single-phase NiAl side of
the couple were analyzed for the determination of integrated
and effective interdiffusion coefficients for the NiAl side of
the couple. Based on mass-balance and continuity of inter-
diffusion flux, the values determined for NiAl side of the
couple were used to predict the integrated and effective
interdiffusion coefficients for the multiphase superalloy side
of the diffusion couple (i.e., fine � + �� microstructure with
refractory-rich precipitates). In general, superalloys with
higher concentration of Cr, Mo, and Ti yielded higher
D̃eff

Al,SA, while higher concentrations of Ta, W, and Al in the
superalloys were related to lower D̃eff

Al,SA.
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