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Interdiffusion in nickel (Ni)-chromium (Cr) (face-centered cubic � phase) alloys with small
additions of aluminum (Al), silicon (Si), germanium (Ge), or palladium (Pd) was investigated
using solid-to-solid diffusion couples. Ni-Cr-X alloys having compositions of Ni-22at.%Cr, Ni-
21at.%Cr-6.2at.%Al, Ni-22at.%Cr-4.0at.%Si, Ni-22at.%Cr-1.6at.%Ge, and Ni-22at.%Cr-
1.6at.%Pd were manufactured by arc casting. The diffusion couples were assembled in an Invar
steel jig, encapsulated in Ar after several hydrogen purges, and annealed at 900 °C in a three-
zone tube furnace for 168 h. Experimental concentration profiles were determined from pol-
ished cross sections of these couples by using electron probe microanalysis with pure element
standards. Interdiffusion fluxes of individual components were calculated directly from the
experimental concentration profiles, and the moments of interdiffusion fluxes were examined to
determine the average ternary interdiffusion coefficients. The effects of ternary alloying addi-
tions on the diffusional behavior of Ni-Cr-X alloys are presented in the light of the diffusional
interactions and the formation of a protective Cr2O3 scale.
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1. Introduction

Nickel (Ni)-chromium (Cr)-base alloys are widely used
in a variety of high-temperature applications due to their
combination of good oxidation resistance and excellent
high-temperature strength, and are the basis for a number of
commercial superalloy families.[1-3] Oxidation resistance in
these alloys is derived from a continuous, slow-growing,
adherent C2O3-base oxide scale.[1,3] In particular, composi-
tion in the range of Ni alloyed with 20-30 wt.% Cr have
been extensively studied as a model material for Cr2O3 scale
formation.[4-13]

Minor alloying additions (<5 wt.%) can significantly im-
prove the oxidation resistance of Ni-base Cr2O3-forming
alloys.[14-16] Effects include: the establishment of continu-
ous Cr2O3 scale formation at reduced Cr concentrations; a

decrease in the growth rate of Cr2O3; and enhanced scale
adherence.[1,14,16] For example, the addition of silicon (Si)
in Ni-28wt.%Cr promoted the formation of both Cr2O3 and
SiO2,[e.g., 13] in which a continuous inner SiO2 layer acted as
a diffusion barrier, and reduced the isothermal oxidation
rate by suppressing cation transport through the Cr2O3
scale.[6,13,17-20] However, the same inner SiO2 layer can also
reduce the spallation resistance, which is dependent on the
level of Si and on the continuity and thickness of the inner
SiO2 layer formed.[e.g., 21]

Diffusional effects of minor alloy additions may play a
significant role in the initial establishment of a continuous
protective oxide scale.[2,14,16,22,23] It can also play a signifi-
cant role in maintaining protective scale growth. For ex-
ample, the growth of Cr2O3 can locally deplete Cr from the
alloy in the subsurface region.[e.g., 24] If the scale is locally
damaged or spalled, such depletion can prevent the refor-
mation of the Cr2O3 scale and result in a transition to less
protective or nonprotective oxidation behavior. An under-
standing of diffusional interactions in Ni-Cr-X alloys, where
X represents minor alloying additions, can help to design
Ni-base Cr2O3-forming alloys with improved resistance
against environmental degradation.[25]

In this work, interdiffusion in Ni-22at.%Cr-X [face-
centered cubic (fcc) � phase] alloys with small additions of
X [X � aluminum (Al), Si, germanium (Ge), or palladium
(Pd)] is investigated using solid-to-solid diffusion couples at
900 °C for 168 h. This information will be used as a part of
a larger study, the goal of which is to better elucidate the
effects of minor alloying additions on the oxidation of
Cr2O3-forming alloys. Additions of Si were selected be-
cause it has long been known to be beneficial to Cr2O3 scale
formation[e.g., 17] via both the establishment of an inner layer
of SiO2 and the possibility of the enhanced diffusivity of Cr.
To help probe these effects, additions of Ge were also se-
lected. Ge is thermochemically similar to Si in many regards
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but does not form a protective oxide scale as does Si. Ad-
ditions of Al at levels > 3-4 wt.% can improve the oxidation
via the formation of a protective Al2O3 scale.[2,4,14,16] At
subcritical levels (2-3 wt.%), Al may also be beneficial to
the oxidation resistance of Ni-Cr alloys, in part via the
formation of semicontinuous inner region of Al2O3 par-
ticles.[26,27] Pd was chosen for the study because it is a noble
alloying addition and would be expected to accumulate at
the alloy-scale interface during oxidation.[e.g., 28,29]

In this ternary interdiffusion study at 900 °C, the experi-
mental concentration profiles were used to calculate inter-
diffusion fluxes of individual components, and to determine
the average effective interdiffusion coefficients D̃i

eff and the
average ternary interdiffusion coefficients D̃ij

Ni (i,j � Cr,X).
Values of D̃Cr

eff and D̃CrX
Ni are examined to assess the effects

of alloying additions on the interdiffusion behavior of Cr,
and the Cr2O3-forming ability in Ni-Cr-X alloys.

2. Determination of Interdiffusion Coefficients
From Ternary Isothermal Diffusion Couples

Onsager’s[30] formalism for the interdiffusion flux J̃i of
component i in a ternary system can be written as:

J̃i = −D̃i1
3

�C1

�x
− D̃i2

3
�C2

�x
�i, j = 1, 2� (Eq 1)

where �C1/�x and �C2/�x are the two independent concen-
tration gradients, and D̃i1

3 and D̃3
i2 refer to the ternary inter-

diffusion coefficients. An experimental determination of the
four concentration-dependent interdiffusion coefficients re-
quires the use of the Boltzmann-Matano analysis with two
independent diffusion couples that develop a common com-
position in the diffusion zone. Instead, the interdiffusion
fluxes J̃i of all components can be determined directly from
their concentration profiles of an infinite diffusion couple
without the need of the interdiffusion coefficients on the
basis of the relation:[31]

J̃i =
1

2t �
Ci

−
orCi

+

Ci�x�

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

where t is the time, C−
i and Ci

+ are the terminal concentra-
tions of the alloys used for the couple, and xo refers to the
location of the Matano plane.

The interdiffusion flux J̃i, determined from Eq 2 can be
integrated with respect to position x to define the average
effective interdiffusion coefficient D̃i

eff:[32]

D̃i
eff =

�
x1

x2

J̃idx

Ci
x2 − Ci

x1
�i = 1, 2, 3� (Eq 3)

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:

D̃i
eff = D̃ii

n + �
j

D̃ij
n�Cj��x

�Ci��x
�i � j� (Eq 4)

The interdiffusion flux J̃i, determined from Eq 2 as a
function of x, can be multiplied by (x − xo)n and integrated
over a selected region, x1 to x2; in the light of Eq 1, one
gets:[33]

�
x1

x2

J̃i�x − xo�
n dx = −D̃i1

3 �
C1�x1�

C1�x2�

�x − xo�
ndC1

− D̃i2
3 �

C2�x1�

C2�x2�

�x − xo�
ndC2 �i, j = 1, 2� (Eq 5)

where D̃3
ij (i, j � 1,2) coefficients are the average values of

main and cross-interdiffusion coefficients treated as con-
stants over the selected composition range. Equation 5 can
provide four equations involving the D̃3

ij interdiffusion co-
efficients (n � 0, 1, or 2) and can be set up from interdif-
fusion fluxes calculated on the basis of Eq 2 from the con-
centration profiles of a single diffusion couple. The D̃3

ij
coefficients, characteristic of the diffusion path, can be de-
termined over selected composition ranges that include the
nonlinear segment of the profiles.[33] The determination of
ternary interdiffusion coefficients by using Eq 5 does not
require the use of concentration gradients (i.e., �Ci /�x), and
significantly reduces the uncertainty involved in the deter-
mination of interdiffusion coefficients arising from micro-
probe measurement and the concentration smoothening pro-
cedure.[33]

3. Experimental Procedure

Binary and ternary alloys with compositions reported in
Table 1 were prepared with 99.9% pure Ni, Cr, Al, Si, Ge,
and Pd by arc melting under an argon (Ar) atmosphere. The
alloys were chill-cast by water-cooled copper mold into

Table 1 Compositions of Ni-Cr-X alloys employed for
solid-to-solid diffusion couples

Alloy
identification

Composition,
atom fraction

Composition,
weight fraction

Ni Cr X Ni Cr X

Ni 100.0 … … 100 … …
NiCr (X � None) 78.0 22.0 … 80 20 …
NiCrAl (X � Al) 72.5 21.3 6.2 77 20 3
NiCrSi (X � Si) 74.0 22.0 4.0 78 20 2
NiCrGe (X � Ge) 76.3 22.1 1.6 78 20 2
NiCrPd (X � Pd) 76.1 22.3 1.6 77 20 3
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rods with a vacuum ∼12 mm in diameter. The alloy rods
were placed in a quartz tube, evacuated to a pressure <10−6

torr, and flushed with hydrogen. This hydrogen-flushing
procedure was repeated several times, and a quartz capsule
was filled with Ar before the final seal. They were homog-
enized at 900 °C for 168 h in a horizontal Lindberg three-
zone tube furnace and water-quenched to preserve the high-
temperature microstructure. The microstructures and
compositions of the alloys were examined by optical mi-
croscopy, scanning electron microscopy, energy dispersive
spectroscopy, and electron microprobe analysis (EPMA).
No measurable variation in the alloy compositions was ob-
served, and all alloys consisted of face-centered cubic (fcc)
Ni solid solution (� phase).

Diffusion disks with approximate thicknesses of 2 mm
were cut from the rods of alloys and were prepared metal-
lographically by polishing with 0.25 �m diamond paste.
Table 2 presented ternary diffusion couples that were as-
sembled with the disks held together in an Invar steel jig
consisting of two end plates and three threaded rods. The
couples were placed in quartz capsules, which were sealed
at one end, evacuated to a pressure <10−6 torr, and flushed
with hydrogen several times. A capsule was filled with Ar
before the final sealing. The capsules containing the couples
were annealed at 900 °C in a horizontal Lindberg three-zone
furnace for 168 h. After the anneal, the couples were
quenched in water to preserve the high-temperature micro-
structures.

The diffusion assembly was then mounted, sectioned,
and metallographically prepared for microstructural obser-
vations. Excellent bonding within all diffusion couples was
observed. Then, the cross section surface was repolished
with 1 �m diamond paste for EPMA. The concentration
profiles of Ni, Cr, Al, Si, Ge, and Pd for the diffusion
couples were determined with a JEOL 733 (Tokyo, Japan)
microprobe by point-to-point counting techniques using
pure Ni, Cr, Al, Si, Ge, and Pd as standards. Intensities of
K� X-radiation were measured and converted to concentra-
tions of Ni, Cr, Al, Si, Ge, and L� X-radiation for that of Pd
with appropriate ZAF (atomic number, Z; absorption, A;
fluorescence, F) corrections. Concentration profiles ob-
tained from EPMA was smoothened by a weighted spline
tool using MatLab (The Math Works, Natick, MA). It

should be noted that the analytical method used in this study
to determine interdiffusion coefficients by the integration of
interdiffusion fluxes (e.g., Eq 5) do not require the use of
concentration gradients. This method significantly reduces
the influence of a smoothening procedure on the determi-
nation of interdiffusion coefficients.

4. Results and Discussion

Figure 1 presents an optical micrograph obtained from
the diffusion couples Ni versus Ni-Cr-Al and Ni versus
Ni-Cr-Si that was annealed at 900 °C for 168 h. Excellent
bonding was achieved during the diffusion anneal for all
diffusion couples. Figure 2 presents an example of the ex-
perimental and smoothened concentration profiles that were
used for the determination of interdiffusion coefficients.
The scatters in the concentration profiles for all diffusion
couples were minimal and within the experimental uncer-
tainty associated with EPMA. Experimental concentration
profiles were smoothened with a weighted-spline routine by
using MatLab.

From concentration profiles obtained from series I and II
diffusion couples (i.e., Ni versus Ni-Cr, and Ni versus

Table 2 List of Ni versus Ni-Cr-X and NiCr versus
Ni-Cr-X solid-to-solid diffusion couples annealed at
900 °C for 168 h

Series Diffusion couples

I Ni vs. Ni-Cr
II Ni vs. Ni-Cr-Al

Ni vs. Ni-Cr-Si
Ni vs. Ni-Cr-Ge
Ni vs. Ni-Cr-Pd

III Ni-Cr vs. Ni-Cr-Al
Ni-Cr vs. Ni-Cr-Si
Ni-Cr vs. Ni-Cr-Ge
Ni-Cr vs. Ni-Cr-Pd

Fig. 1 Typical optical micrographs of solid-to-solid diffusion
couples etched with Kallings reagent: (a) Ni-Cr versus Ni-Cr-Al
and (b) Ni versus Ni-Cr-Si annealed at 900 °C for 168 h. Speci-
mens were slightly overetched to clearly distinguish the experi-
mental contact plane xm.
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Ni-Cr-X, respectively), the average effective interdiffusion
coefficients D̃i

eff on either side of the Matano plane were
determined using Eq 3. In general, D̃i

eff was higher on the
(Ci

o ∼ Ci
+�) composition range with a higher Cr concentra-

tion relative to the other side of the Matano plane. Table 3
also reports that an Al addition to a NiCr alloy can increase
or decrease the D̃eff

Cr as a function of composition. This in-
dicates appreciable variation in interdiffusion coefficients as
a function of composition: specifically, Al increased D̃eff

Cr on
the (Ci

o ∼ Ci
+�) composition range with a higher Cr concen-

tration. D̃Cr
eff was observed to increase with an Si addition to

a NiCr alloy, especially on the (Ci
o ∼ Ci

+�) side with higher
Cr concentration. According to Table 3, Ge does not change
D̃Cr

eff significantly, while a Pd addition to an Ni-Cr alloy
increased D̃Cr

eff, which is quite significant on the (Ci
o ∼ Ci

+�)
range with a higher Cr concentration.

From concentration profiles obtained from diffusion
couple series I and II (i.e., Ni versus Ni-Cr, and Ni versus
Ni-Cr-X, respectively), average ternary interdiffusion coef-
ficients D̃ij

Ni(i,j � Cr, X) were determined on either side of
the Matano plane using Eq 5. These diffusion couples are
reported in Table 4. It should be noted that these diffusion
couples were designed to yield the same sign of �CCr/�x and
�CX/�x. Thus, positive and negative D̃Ni

CrX indicates an in-
crease and a decrease in J̃Cr, respectively. In general, larger
magnitudes of D̃Ni

CrCr and D̃Ni
XX were observed on the

(Ci
o ∼ Ci

+�) composition range with higher Cr concentration.
The Al addition in the Ni-Cr alloy yielded positive D̃Ni

CrAl,
and increased J̃Cr in accordance with previous work by
Nesbitt and Heckel[25] and Thompson et al.[34] The magni-

tude of D̃Ni
CrAl was quite large, as reported in Table 4 on the

(Ci
o ∼ Ci

+�) with higher Cr concentration. Similarly, Si, Ge,
and Pd additions to the Ni-Cr alloy increased J̃Cr with posi-
tive D̃Ni

CrX. This effect was, again, stronger when the Cr
concentration was high on the (Ci

o ∼ Ci
+�), particularly for Si

and Pd.
Diffusion couple series III was designed with initial

�CCr/�x � 0, so that J̃Cr is largely due to �CX/�x, and
depends on the magnitude and sign of D̃Ni

CrX. J̃X has caused
an uphill diffusion of Cr in the direction of J̃X with positive
D̃Ni

CrX for Al and Si. This indicates that Al and Si should
increase the thermodynamic activity of Cr in Ni-Cr alloys.

Fig. 2 Typical experimental and smoothened concentration profiles measured from solid-to-solid diffusion couples (a, b) Ni vs. Ni-Cr-Al
and (c, d) Ni-Cr vs. Ni-Cr-Si, annealed at 900 °C for 168 h

Table 3 Average effective interdiffusion coefficients
determined from Ni vs. Ni-Cr-X diffusion couples
annealed at 900 °C for 168 h

Diffusion
couple

Composition
range

D̃Cr
eff,

10−16 m2/s
D̃x

eff,
10−16 m2/s

D̃Ni
eff,

10−16 m2/s

Ni vs. Ni-Cr (C i
−� ∼ C i

o) 1.40 … 1.40
(X � None) (C i

o ∼ C i
+�) 1.53 … 1.53

Ni vs. Ni-Cr-Al (C i
−� ∼ C i

o) 0.91 3.31 1.83
(X � Al) (C i

o ∼ C i
+�) 1.58 4.68 2.19

Ni vs. Ni-Cr-Si (C i
−� ∼ C i

o) 1.68 5.74 2.26
(X � Si) (C i

o ∼ C i
+�) 3.00 6.91 3.57

Ni vs. Ni-Cr-Ge (C i
−� ∼ C i

o) 1.30 3.09 1.40
(X � Ge) (C i

o ∼ C i
+�) 1.44 3.47 1.61

Ni vs. Ni-Cr-Pd (C i
−� ∼ C i

o) 1.77 1.19 1.74
(X � Pd) (C i

o ∼ C i
+�) 4.09 2.07 3.92
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On the other hand, J̃Ge and J̃Pd did not cause any measurable
redistribution of Cr (J̃Cr ≈ 0). It should be noted that Ge and
Pd have lower contents in the Ni-Cr-X alloys than Al and Si,
as reported in Table 1.

Based on the average effective interdiffusion coefficients
and average ternary interdiffusion coefficients determined
in this study, alloying additions of Al, Si, Ge, and Pd have
all increased D̃eff

Cr and yielded positive D̃Ni
CrX particularly with

high Cr content (∼22 at.%). Therefore, the Cr2O3-forming
ability of the Ni-20at.%Cr-based alloy should improve with
these alloying additions by establishing Cr2O3 scale, by
maintaining protective Cr2O3 scale formation, and in refor-
mation of Cr2O3 on spallation. It should be noted that
the positive D̃Ni

XCr reported in Tables 4 and 5 should also
promote the formation of other scales (Al2O3, SiO2) in the
� (fcc) Ni-Cr alloy, which may reduce the rate of scale
growth and/or change the thermomechanical properties of
the scale.

5. Summary

Based on experimental solid-to-solid diffusion couples, a
small addition of Al, Si, Ge, or Pd was observed to increase
the overall interdiffusion flux of Cr in Ni-22at.%Cr-X (fcc
� phase) alloys. Experimental concentration profiles, mea-
sured after annealing at 900 °C in a three-zone tube furnace
for 168 h, were used to determine interdiffusion fluxes,
average effective interdiffusion coefficients, and average
ternary interdiffusion coefficients. In general, D̃i

eff was ob-

served to increase with a higher Cr concentration. Also,
D̃Ni

CrX coefficients were determined to be positive with al-
loying additions of Al, Si, Ge, or Pd. These results suggest
that these alloying additions can help the formation of
Cr2O3 scale for initial scale formation, maintaining scale
homogeneity during prolonged high-temperature exposure,
and for reformation after scale spallation.
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