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Interdiffusivity in the Ir-rich solid solutions of Ir-X (X = Pt, Rh and Re) binary alloys was
investigated in the temperature range of 2073-2373 K. The interdiffusion coefficients within the
solute concentration range up to 10 at.% were evaluated through conventional diffusion-couple
experiments. The composition dependence of the interdiffusion coefficient was negligible in the
Ir-Rh and Ir-Re solid solutions. On the other hand, some composition dependence was evident in
the interdiffusion coefficient of the Ir-Pt solid solution, which increased with increasing Pt
content. In comparison with the tracer self-diffusivity of pure Ir, the interdiffusivity in the Ir-Rh
and Ir-Pt solid solutions was higher, but that in Ir-Re was lower within the temperature range
studied.
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ments, electron probe microanalysis (EPMA), inter-
diffusion

1. Introduction

Despite the limited resource availability, Ir plays key roles
in chemical, electronics, and electrochemical industries.[1]

The major advantages of Ir are its high melting point
(2739 K), high corrosion resistance and high elastic moduli
(second highest to Os among the pure metals). Because of
these benefits, Ir is often employed in the electrodes for the
production of chlorine in the chlor-alkali process, crucibles
for the growth of scintillator crystals, spark plugs for
automotives, extrusion dies for some ceramic fibers, and
claddings of radioactive fuel in radioisotope thermoelectric
generators used for space power. Beside these applications,
Ir compounds are used as catalysts for acetic acid production.

Recently Ir based alloys have attracted considerable
interest for potential high temperature structural applica-
tions. Previous studies have demonstrated that Ir can exhibit
substantially enhanced high temperature strength through
optimal alloying strategies.[2-4] Although pure Ir possesses
inadequate oxidation resistance (for volatile oxides IrO3

forms upon air exposure at above 1293 K[5-7]), this can be
improved by the addition of Pt or Rh.[8]

Another prospective field of Ir application is as the
coating for high temperature materials. In modern turbine
engines, thermal barrier coatings (TBCs) are comprised of a

ceramic topcoat and an underlying bond-coat and are
applied on the surface of Ni-base superalloys. Commonly,
yttria-stabilized zirconia (YSZ) is employed in the topcoat,
and either a metallic overlay coating with an MCrAlY
composition (M = Ni, Co), an aluminide diffusion coating,
or a noble element modified aluminide coating (mainly
PtAl) is used as the bond-coat. It has been demonstrated that
Ir addition is effective in enhancing the oxidation and hot
corrosion resistance of PtAl.[9-12] For further improvement
in protection performances, application of Ir based alloys to
the bond-coats has been proposed.[13-19] At the same time, a
Re modified aluminide coating has been shown to exhibit
notable performance as a diffusion barrier.[20]

Despite such promising performances of Ir in structural
and coating application fields, only limited information is
available for atomic diffusivity in Ir based alloys.[21,22] Thus
in this study, the interdiffusion in the Ir-rich solid solutions
of Ir-Pt, Ir-Rh and Ir-Re binary alloys is investigated. Ir
forms continuous FCC solid solutions with both Pt and Rh
across the entire composition range of 0-100% solute. Re in
contrast to the FCC structures of Pt & Rh crystallizes with
the HCP structure. However, the Ir-rich terminal solution is
FCC in nature, and a somewhat speculative phase dia-
gram[23] shows this solution extending to a peritectic
decomposition at �35 at.% Re. Thus all solution starting
at 10 at.% solute which were used in this investigation had
an FCC structure. The interdiffusion coefficients were
determined by conventional diffusion-couple experiments
at temperatures from 2073 to 2373 K.

2. Experimental Procedures

Alloys with the nominal compositions of Ir-10 at.%Pt,
Ir-10 at.%Rh, and Ir-10 at.%Re were prepared by arc-
melting high purity raw materials under an Ar atmosphere.
The homogenized alloys and pure-Ir were mechanically
polished and diffusion-bonded at 1773 K for 30 min under
vacuum at the compressive stress of 40 MPa. Hereafter,
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three types of diffusion couples that are comprised of pure-Ir
and an Ir-X alloy (X = Pt, Rh and Re) are denoted as Ir/Ir-
10Pt, Ir/Ir-10Rh, and Ir/Ir-10Re, respectively. These diffu-
sion couples were annealed at 2073, 2173, 2273, and
2373 K under vacuum (<10�3 Pa). Concentration profiles
across the bonded interface were measured by a field
emission electron probe micro-analyzer (FE-EPMA: JEOL
JXA8900R) at the acceleration voltage of 20 kV with the
beam current of 100 nA and a probe size smaller than 1 lm.
The characteristic x-rays of Ir-La, Pt-La, Rh-La, Re-La
were used for the measurements. Two concentration profiles
were measured in each diffusion couple.

3. Results

3.1 Analysis Technique

A diffusion couple comprised of a pair of semi-infinite
solids is considered. If the interdiffusion coefficient ~D is
constant, the solute concentration c at position x after
annealing time t is given by

c x; tð Þ ¼ c1 þ c0
2
þ c1 � c0

2
erf

x� x0

2
ffiffiffiffiffi

~Dt
p

� �

ðEq 1Þ

where x0 is the coordinate center, and c0, c1 were the
terminal compositions of the diffusion couple. By rearrang-
ing Eq 1, we here define q(x, t) as

x� x0

2
ffiffiffiffiffi

~Dt
p ¼ erf �1

2c x; tð Þ � c1 � c0
c1 � c0

� �

� q x; tð Þ ðEq 2Þ

If an experimentally measured concentration profile
follows Eq 1 and q calculated from c by Eq 2 is plotted
against x, the plot must show a straight line. This type of
plot is often called ‘‘probability plot’’, and the interdiffusion
coefficient can be determined from the slope of the
regression line, which is equal to 1/(2(~Dt)1/2).

This, in turn, means that, if the probability plot shows a
curved nature, the concentration profile does not follow
Eq 1; i.e., some compositional dependence is present in the
interdiffusion coefficients. In such a case, the Boltzmann-
Matano method[24] can be applied. It has been demonstrated
that, by the introduction of the Boltzmann parameter k, a
nonlinear partial differential equation of Fick’s second law
can be transformed into an ordinary differential equation as
follows:

k ¼ x� xM
ffiffi

t
p ðEq 3Þ

�k
2

dc

dk
¼ d

dk
D
dc

dk

� �

ðEq 4Þ

where xM is the position of the Matano plane that satisfies:

Z

C1

C0

x� xMð Þdc ¼ 0 ðEq 5Þ

By solving Eq 4 with the geometric requirements of the
diffusion couple as the boundary condition,[25-27] the
interdiffusion coefficient at solute concentration c* can be
determined by analyzing an experimentally obtained con-
centration profile with the following equation.

~D c�ð Þ ¼ � 1

2t

dx

dc

� �

C�

Z

C�

C0

x� xMð Þdc ðEq 6Þ

The above analysis techniques premise that, regardless of
the presence of concentration dependence in the interdiffu-
sion coefficients, the solute concentration profile is
expressed by a function of the Boltzmann parameter that
combines time and distance as a single variable. In other
words, the concentration profiles of diffusion couples
annealed for different periods should be identical when
the diffusion distance is normalized by tl/2. An example is
shown in Fig. 1, where the Re concentrations in the Ir/Ir-
10Re diffusion couples annealed for 72 and 240 h at
2273 K are plotted against the Boltzmann parameter. Two
concentration profiles reasonably agree with each other,
suggesting that the above techniques are valid to apply for
analyzing the interdiffusion coefficients in this study.

3.2 Determination of Interdiffusion Coefficients

It was confirmed by SEM and EPMA examinations that
the bonding treatment yielded well-bonded planar interfaces
with marginal diffusion layers for all the diffusion couples.
After diffusion-annealing, interdiffusion resulted in the
development of planar diffusion layers with thickness
enough to analyze the interdiffusion coefficients. No
Kirkendall voids were observed near the interfaces for all
the diffusion couples.
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Fig. 1 Re concentration profiles in the interdiffusion zones of
Ir/Ir-10Re diffusion couples annealed at 2273 K for 72 and
240 h. Two concentration profiles are plotted against the Boltz-
mann parameter, k
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Figure 2 shows the concentration profiles obtained from
(a) Ir/Ir-10Rh and (b) Ir/Ir-10Re diffusion couples annealed
at 2273 K for 72 h. To ascertain the presence of concen-
tration-dependence in the interdiffusion coefficients, these
profiles are assessed by the probability plot as in Fig. 2(c)
for Ir/Ir-10Rh and (d) for Ir/Ir-10Re. Within the range of
�1 £ q £ 1, which covers about 85% of the concentration
windows, the plots can be fit by straight lines for both Ir/Ir-
10Rh and Ir/Ir-10Re. This suggests that the interdiffusion
coefficients can be regarded to be constant within this
composition range, and thus the interdiffusion coefficient is
simply calculated from the slope of the regression lines in
the probability plot, which is equal to 1/(2(~Dt)1/2).

By examining the concentration profiles at 2073, 2173,
and 2373 K, it is found that the interdiffusion coefficients in
the Ir-Rh and Ir-Re solid solutions can be regarded to be
constant within the ranges of compositions and tempera-
tures. Thus, the same procedures have been applied for the
determination of the interdiffusion coefficients, of which
results are summarized in Table 1.

Figure 3 shows a concentration profile and its probability
plot for the Ir/Ir-10Pt diffusion couple annealed at 2273 K

for 72 h. The probability plot appears to be slightly curved,
suggesting that the interdiffusion coefficient shows some
compositional dependence within this compositional range.
The probability plot in Fig. 3(b) is approximated by the
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Fig. 2 Concentration profiles and their probability plots in (a, c) Ir/Ir-10Rh and (b, d) Ir/Ir-10Re diffusion couples annealed at 2273 K
for 72 h. The solid curves in (a, b) represent the results of back-transformation from the regression lines in the probability plots (c, d)

Table 1 Interdiffusion coefficients in determined
in this study

Temperature
T, K

Time
t, h

Interdiffusion coefficient ~D, m2/s

Ir/Ir-10Re Ir/Ir-10Rh

2073 336 4.30 9 10�17 4.36 9 10�16

3.32 9 10�17 4.30 9 10�16

2173 168 1.43 9 10�16 1.91 9 10�15

8.19 9 10�17 1.88 9 10�15

2273 72 2.67 9 10�16 7.55 9 10�15

3.37 9 10�16 7.25 9 10�15

240 4.89 9 10�16

4.68 9 10�16

2373 24 9.75 9 10�16 1.97 9 10�14

1.29 9 10�15 2.11 9 10�14
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third order of polynomial within the range of �1.2 £ q £ 1.2,
which covers more than 90% of the whole concentration
range of the diffusion couple. The regression curve is back-
transformed into the original coordinates as drawn by the
solid line in Fig. 3(a). Here, the back-transformation is also
made on the outside of the regression range, i.e., near the
terminal compositions. It is seen that the profile is well
reproduced for all over the range of compositions in the
diffusion couple.

For the determination of the interdiffusion coefficients in
this study, the Boltzmann-Matano (B-M) analysis was
performed on the regression curves that were deduced from
the probability plots. Figure 3(c) shows the result of the B-
M analysis on the profile in Fig. 3(a). We also performed the
B-M analyses on the raw data to define the probable range
of errors, which is depicted by open circles and broken lines
in Fig. 3(c). It is noted that only the results at the Pt
concentrations from 2 to 8 at.% are shown in Fig. 3(c),
since the B-M analysis often gives large errors at the end of
the diffusion profile.[26]

The same procedures have been applied for the determi-
nation of the interdiffusion coefficients at 2073, 2173, and
2373 K. The variation of the interdiffusion coefficients
against the Pt content is summarized in Fig. 4. The
interdiffusion coefficient at 2 at.% Pt is about a factor of
two higher than that at 8 at.% Pt in this temperature range.

3.3 Temperature Dependence of Interdiffusivity

Figure 5 shows the Arrhenius plots for the interdiffusion
coefficients in the fcc solid solutions of Ir-Re, Ir-Rh, and
Ir-Pt binary alloys. For Ir-Pt, the data at 5 at.% is shown as the
representative of the compositional dependant coefficients.
The tracer self-diffusion coefficient of pure Ir[28] is also
shown for comparison. The interdiffusivity in the Ir-Rh and
Ir-Pt solid solutions is higher than the tracer self-diffusivity of
pure Ir. On the other hand, the interdiffusivity in the Ir-Re
solid solution is lower than the self-diffusivity of pure Ir. The
Arrhenius plots in Fig. 5 clearly show a linear correla-
tion between the logarithm of interdiffusion coefficients and
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Fig. 3 (a) Pt concentration profile and (b) its probability plot for an Ir/Ir-10Pt diffusion couple annealed at 2273 K for 72 h. (c) The
interdiffusion coefficients at 2273 K against Pt content. The solid line in (c) represents the results of the B-M analysis performed on the
regression curve, while the open circles on raw data. The broken lines show the range of errors
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the inverse temperature, suggesting that the diffusion coef-
ficients follow the Arrhenius law expressed by:

~D ¼ D0 exp � Q

RT

� �

ðEq 7Þ

where D0 is a prefactor, Q an apparent activation energy, R
gas constant, and T absolute temperature. Table 2 summa-
rizes the values of D0 and Q determined in this study. It is
found that the apparent activation energies for interdiffusion
in the Ir-Pt, Ir-Rh and Ir-Re solid solutions are higher than
that of the self-diffusion of pure Ir within the studied
composition range. It is also seen that the apparent
activation energy for interdiffusion in the Ir-Pt solid solution
tends to decrease with increasing Pt content.

4. Discussions

Upon analysis of the interdiffusion coefficients, the
change in partial molar volumes is neglected in this study.
Although an analytic methodology that takes molar volume
change into account has been proposed by Sauer and
Freise,[29] it is pointed out that their method yields
substantially the same result that can be obtained by the
Boltzmann-Matano analysis, when the partial molar volume
change is smaller than 1%.[26] Based on the reported lattice
parameters of Ir, Pt and their alloys,[30-32] the variation in the
molar volume within the diffusion couples can be estimated
to be less than 0.3% at room temperature and at 1973 K. To
our best knowledge, information on the lattice parameters,
as well as the partial molar volumes of Ir-Rh and Ir-Re
binary alloys is not available. Still, it is believed that the
variation of the molar volumes in Ir/Ir-10Rh and Ir/Ir-10Re
diffusion couples would be comparable to that in Ir/Ir-10Pt,
since their Goldschmidt atomic radii are not largely
different; Ir: 0.135 nm, Pt: 0.138 nm, Rh: 0.134 nm, and
Re: 0.138 nm.[33]

In comparison with the tracer self-diffusivity of pure Ir,
the interdiffusivity in the Ir-Rh and Ir-Pt solid solutions was
higher, but that in Ir-Re was lower within the temperature
range studied. According to the binary phase diagrams,[23]

the addition of Pt and Rh to pure-Ir lowers the melting
temperature, while Re addition raises the melting temper-
ature. This trend agrees with the empirical knowledge: at a
given temperature, interdiffusivity increases if second
elemental addition lowers the melting temperature of the
solvent, and decreases if the solute raises the melting
temperature.[25]

Although Pt addition lowers but Re addition raises the
melting temperature of Ir, their apparent activation energies
for interdiffusion are comparable. Instead, the apparent
activation energy for interdiffusion in the Ir-Rh solid
solution seems to be higher than that for the Ir self-diffusion
and interdiffusion in the Ir-Pt and Ir-Re solid solutions. It
has been documented that the apparent activation energy for
interdiffusion of platinum-group metals (PGMs) in Ni tends
to increase with decreasing misfit, where the misfit is
defined as the difference in the Goldschmidt atomic radii
between Ni and PGMs.[34] They explained this trend by the
solute-vacancy binding energy, which increases with
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Fig. 4 The interdiffusion coefficients in the Ir-Pt solid solution
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Fig. 5 Arrhenius plots of the interdiffusion coefficients in the
Ir-Re, Ir-Rh, and Ir-Pt solid solutions. The broken line represents
the tracer self-diffusion coefficient of pure Ir[28]

Table 2 Activation energies and prefactors for the
interdiffusion coefficients

Composition

~D

log10(D0, m
2/s) Q, kJ/mol

�10 at.% Re �4.9± 1.0 456± 36

�10 at.% Rh �2.0± 0.1 529± 5

2 at.% Pt �3.3± 1.0 462± 45

4 at.% Pt �3.4± 0.8 456± 33

6 at.% Pt �3.4± 0.6 451± 24

8 at.% Pt �3.4± 0.7 449± 29

Ir (self)[28] �4.44 439
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increasing misfit. The same tendency is observed for the
interdiffusion in the Ir-rich solid solutions of Ir-Pt, Ir-Rh,
and Ir-Re alloys. As noted above, Rh has the smallest misfit
in the atomic radii against Ir, and shows the highest apparent
activation energy for interdiffusion. It should be noted that
this is only a qualitative explanation for the experimental
results in this study. In fact, the previous study[21] has
demonstrated that the apparent activation energy for the
interdiffusion in Ir-Nb solid solution is 496 (±15) kJ/mol,
which is higher than that of Pt or Re, although the
Goldschmidt atomic radius of Nb (0.147 nm)[33] is larger
than that of Pt or Re. More detailed studies are required to
identify the factors that contribute to the apparent activation
energies for interdiffusion.

5. Conclusions

Interdiffusion in the Ir-Pt, Ir-Rh, and Ir-Re solid solutions
has been studied. Within the solute composition range up to
�10 at.%, the interdiffusion coefficients in the Ir-Rh, and Ir-
Re solid solutions show negligible change with composi-
tion. On the other hand, some composition dependence is
evident in the interdiffusion coefficient of the Ir-Pt solid
solution phase. The apparent activation energy of diffusion
in the Ir-Pt solid solution decreases with increasing Pt
content. Within the temperature range of 2073-2373 K, the
interdiffusion coefficients in the fcc solid solutions of Ir-Re,
Ir-Rh, and Ir-Pt binary alloys are expressed by the
Arrhenius-type formula as follows.

~D ¼ 10�4:8�1:4 exp �460� 58 ½kJ=mol�
RT

� �

½m2=s�;

for � 10 at:% Re

~D ¼ 10�2:0�0:1 exp �529� 5 kJ=mol½ �
RT

� �

½m2=s�;

for � 10 at:% Rh

~D ¼ 10�3:4�0:7 exp �453� 28 kJ=mol½ �
RT

� �

½m2=s�;

for 5 at:% Pt

In comparison with the tracer self-diffusivity of pure Ir,
the interdiffusivity in the Ir-Rh and Ir-Pt solid solutions was
higher, but that in Ir-Re was lower within the temperature
range studied. This trend is qualitatively explained by the
change in the melting temperature by second elemental
additions.
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