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Bo Sundman, Stewart Ford, Xiao-Gang Lu, Toshio Narita, and Daniel Monceau

(Submitted April 22, 2009; in revised form June 19, 2009)

An experimental study of diffusion of Al, Ni, and Pt in a Pt-coated binary Ni-Al alloy has been
made and compared with a computer simulation. Assessed thermodynamic and Kkinetic
descriptions have been used. Starting from the measured experimental concentration profiles
after 1 h heat treatment at 1173 K the simulation is compared to the experimentally determined
profiles after 11 h continuous heat treatment. The experimental finding that Al will diffuse
against its concentration gradient is explained by the strong lowering of the chemical potential
by Pt. The simulation predicts that Al will reach a concentration maximum at the surface, larger

than its bulk composition.
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1. Introduction

The corrosion resistance of Ni-based superalloys can be
enhanced by coating with Pt. Coatings are typically
5-10 um thick and at elevated temperatures, there will be
diffusion of all elements in the coating as well as in the bulk.
This leads to a /Y’ coating enriched in Pt.!"! This coating
can also be enriched in AL The optimization of the
coating fabrication process, and also the durability of the
v/v’ coating, depends on the diffusion of Pt into the bulk and
of the diffusion of Al toward the external surface. There
have been reports®! that Al will diffuse against its
composition gradient because Pt significantly lowers its
chemical potential. It is interesting to investigate if a
simulation based on assessed thermodynamic data can
correctly reproduce experimental findings as it is much
simpler to simulate long time heat treatments than to
perform the experimental work, particularly since coatings
as well as the bulk material are usually multicomponent
alloys. However, this study is based on the first available
assessment of Al-Ni-Pt,¥ and a binary Ni-Al alloy was used
as substrate with a coating of pure Pt in order to have as
simple a system as possible.

If uphill Al diffusion toward the coating surface can be
shown experimentally in a model Pt-Ni-Al system and
simulated thanks to adequate thermokinetic data, the
consequences are threefold. First, it proves the assumption
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that this effect is due to the Pt effect on Al activity. Second,
it shows that the use of simple Fick’s laws with the
concentration gradients being the driving force for diffusion
is inadequate to model the composition evolution of coated
superalloys. Third, it opens the way to an optimization of
the fabrication of coated systems and to a better simulation
of the lifetime of coated superalloys including thermal
barrier coating (TBC) systems.

2. Thermodynamic and Kinetic Models

The Calphad method means that each phase in a system
is modeled with a single Gibbs energy function with
parameters fitted to experimental and theoretical data.’
These models can also be extrapolated in composition and
temperature outside the stable range of the phase. They can
thus be used to calculate gradients in chemical potentials
and thermodynamic factors when there is an on going
diffusion process or phase transformation.

The DICTRA softwarel® can solve diffusion problems in
one dimension expressing the flow J, of the components k& in
a lattice fixed frame as

Jie = _ckyVanVa%

4
where ¢, is the amount of component £ per unit volume, yv,
the fraction of vacant sites on the sublattice where & is
dissolved, Qv is a kinetic parameter, p,; is the chemical
potential of component k, and z is the length coordinate. For
substitutional diffusion, the phenomenological parameters
Ly are defined as

(Eq 1)

Lig = cxyvallieva (Eq 2)
Transforming to the volume fixed frame gives
- ;i
==L, (Eq3)

i=1
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where
n

L= > (s — V)L,

=

(Eq 4)

where 0y is the Kronecker delta and ¥} is the partial molar
volume of component ;. Fmally, this can be transformed to
gradients in composition by using the chain rule for derivation

Ay, 0 d
Z k’z(?: aczj ZDkJ cj

(Eq5)
where

oy

i l

Z Ly de;

The diffusion matrix Dy; thus consists of a kinetic part
Ly, and a thermodynamic part dp/dc; usually called the
thermodynamic factor. The mobility coefficients Lj; nor-
mally depend much less on temperature and composition
than the diffusion coefficients and only the L;; parameters
need to be stored in the kinetic database for DICTRA. The
thermodynamic factor is a matrix which can be calculated as
the second derivatives of the molar Gibbs energy G,:

oy, o, & Gm
= Vit = Vg Eq 7
66.7 8xj 8xi8xj ( 4 )

(Eq 6)

There is a relation between the fluxes in Eq 5 and for
substitutional diffusion one of the components can be
eliminated by introducing Dj; = Dy; — Dy, to obtain

(Eq 8)

The coefficients are usually called interdiffusion coeffi-
cients or chemical diffusivities. For more details of diffusion
with moving phase interfaces see Andersson et al.l)

3. Thermodynamic and Kinetic Data

The assessed thermodynamic descri l)tlon of AI-Ni-Pt
comes from an assessment by Lu et al.,'*) mainly based on
the experimental data by Gleeson and coworkers.”! An
isothermal section calculated from the assessed system is
shown in Fig. 1. The Niz;Al, AINiPt,, and Pt;Al phases are
ordered forms of the FCC phase. AINi is a B2 ordered form
of the BCC phase.

There is some mobility data for Al, Ni, and Pt in the fcc
phase in the mob2 database,'™ consisting of mobilities for
Al and N1 1r1 fcc (y) from Engstrom and Agren!® and
Jonsson,!! P rity diffusion of Al in Pt from Bergner
and Schwartz,!'" impurity diffusion of Pt in Ni from M11110n
and Kucera,'?! and self-diffusion of Pt from Rein et al.!
The diffusion matrix at 1173 K for small fractions of Al and
Pt and with Ni as dependent component is given in Table 1.

Both thermodynamic and kinetic data used for the
simulation are thus independent of the experimental data.
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However, as will be shown later the experimentally
measured compositions show that the profiles change more
rapidly than the diffusion coefficients allow. That can mean
that the thermodynamic data are incorrect or that the
mobilities are too small. In order to test the latter, a second
simulation was made with mobilities 10 times larger than
the database values.

In Table 2, the interdiffusion coefficients calculated from
the original mobilities in Table 1 and the thermodynamic
factor according to Eq 6 are compared with values obtained
by a recent study at 1423 K by Hayashl et al.l'" for a
composition close to that used in this paper and the
agreement is good. The assessed negative cross terms are
about two times larger than the calculated which means that
the effect of the gradients in the other elements maybe
slightly underestimated in this simulation.

4. Experimental and Simulation Setup

Computer simulations can assist with prediction of
composition profile changes for very long heat treatment
times to eliminate the time and expense required to
determine them experimentally. Simulations also allow the
use of more components and more alloy compositions than
can be experimentally determined. But for the present
simulation a very simple binary bulk alloy and a pure Pt
coating were used in order to verify the simulation method
as well as the thermodynamic and kinetic data. The
Ni-5at.%Al composition was selected so the whole diffusion
process occurred within the fcc (y) phase without any
moving phase boundaries. This Al content is about half the
actual in nickel base superalloys used for blades and vanes
in gas turbines.

For the experimental profiles, coupons of Ni-5at.%Al
were electroplated to form a 1.5-2 pm layer of Pt. Samples
were sealed inside Ar-filled quartz capsules and furnace
heated to 1173 K at a rate of 10 K/min, to reduce Pt layer
spallation. After heat treatment for 1 or 11 h, samples were
removed from the furnace and allowed to air cool. Electron
probe micro-analysis (EPMA) was conducted on polished
cross sections (see Fig. 2). After 1 h of heat treatment at
1173 K the Pt composition near the surface had decreased
significantly to around 15 at.% (see Fig. 3a). This rapid
initial diffusion could not be simulated with the available
data and may be caused by the very fine grain structure of
the electroplated Pt coating. However, the 12-14 pm
diffusion depth of Pt is much larger than the initial Pt layer.
The composition profile after 1 h was used as the starting
profile for the simulation as shown in Fig. 3(a), and the
simulation was used to determine the evolution of the
profiles at longer times.

5. Results

Using the DICTRA software with the thermodynamic
and mobility data, the simulated profile after 10 more hours
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Fig. 1 The calculated isothermal section for Al-Ni-Pt at 1173 K. The composition of the bulk is Ni-5at.%Al and the coating pure Pt.

The diffusion is entirely inside the fcc phase

Table 1 The diffusion matrix at 1173 K with Ni as
dependent component for the composition y,; = 0.05
and yp, = 0.1

Mobilities from Ref 8 Mobilities 10 times faster

Al Pt Al Pt
Al 30x107%  —9.0x 107" 21x107"%  —66x107'°
Pt —6.0x10"" 77x107Y7  —45x%x 10716 50x 10710

Two sets of mobility values were used. Units are m%/s

Table 2 Comparison of the diffusion matrix

at 1423 K with Ni as dependent component

with mobilities from Ref 8 and thermodynamic data
from Ref 4 and that assessed by Hayashi et al.l"!
for 8.2at.%Al and 21.5at.%Pt

Al Pt
Calculated Assessed Calculated Assessed
Al 5.9 5.7 —-1.2 =2.1
Pt -1.6 —-2.3 1.7 1.6

Units are 1074 m%/s

of heat treatment at 1173 K is compared with the experi-
mental data in Fig. 4 together with a magnification of the Al
and Pt profiles.

Fig. 2 A micrograph of the surface layer after 1 h heat treat-
ment

The simulation used experimental data for the initial
composition profile and independently determined thermo-
dynamic and kinetic data. It is evident that the mobility data
also underestimated the diffusion after 11 h as the calculated
composition profile for Pt did not change as much as the
experimental. The much more rapid diffusion in the
experiments could be due to higher fraction of defects such
as vacancies formed by net outward mass transfer.

The experimental data after 10 more hours heat treatment
shows the Al profile has a minimum near the maximum
diffusion depth of Pt, and this is also predicted in the
simulated profile. From this minimum toward the surface,
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Fig. 3 The symbols are measured compositions from the surface (left side) into the bulk. In (a) all fractions, and in (b) a magnification
of the Al and Pt compositions. Note that two points of the Al composition, at the surface and at 7 pm have been smoothed. The line is

the initial profile for the simulation
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the experimental data shows a continuous increase in Al
concentration whereas the simulated profile shows a slight
increase, a maximum and then a decrease. This difference
could again be attributed to the contribution of grain
boundary diffusion at the surface; however, both profiles
show some increase in Al composition after the minimum.
This increase occurs because Al diffusion is governed by the
gradient in chemical potential of Al and the chemical
potential of Al is constantly decreasing from the bulk to the
surface as shown in Fig. 5(a) due to the increasing amount
of Pt.
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In (a) the measured and simulated compositions after a total time of 11 h heat treatment is shown with a magnification in (b)

The simulation also showed that the surface composition
of Al will exceed that of the bulk after a period of time due
to the effect of Pt on the Al activity. Figure 5(b) shows how
the Al composition at the surface increases rapidly during
the first 20 h and then levels off.

To test the effect of higher mobilities, a second set of
diffusion coefficients listed in Table 1 were used for a
simulation with the same initial composition profile and the
results are shown in Fig. 6. The fit is now much better in the
outer high Pt region but slightly worse in the bulk. This
strongly indicates that diffusion in the inner and outer regions

605



Section I: Basic and Applied Research

-150 [ B SR N |

-155 8

-160 -
-165 -
-170 - .
-175 - .

-180 - L
1h i

Chemical potential of Al kJ/mol

-185 1

-190 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50
10° Distance (m)

(a) Chemical potential of Al

Mole fraction Al

0.07 1 ] ! i

0.06 -
0.05 -
0.04 . -
0.03 - -
0.02 -

0.01 + -

0 T Y T 1
0 20 40 60 80

Time (h)
(b) Surface composition of Al

100

Fig. 5 The calculated profile for the chemical potential of Al after 1 and 11 h heat treatment is shown in (a) and in (b) the variation of

the surface concentration of Al with time
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Fig. 6 The lines are the calculated composition profile using the higher diffusion coefficients in Table 1. The symbols show the experi-

mental values (same as in Fig. 4)

is governed by different effective diffusion coefficients, due
to the differences in microstructure and in the concentration
of diffusion assisting defects. It would be of interest to model
the system with different mobilities for the different regions
although this may make the simulations very complex.

6. Discussion

Computer simulations for predicting changes in phase
composition after long time heat treatments or for materials

606

used at high temperatures can be very useful to predict how
their properties may change. Experimental validation of the
simulation is very important to test the available databases.
Validated databases for thermodynamic and kinetic data are
needed to allow reasonable predictions for multicomponent
alloys.

The simulations presented in this paper show a reason-
able agreement with experiments, in particular the uphill
diffusion of Al toward the surface of a Pt-coated Ni-Al
alloy. This “pull” of Al to the surface due to the lowering of
the chemical potential of Al by Pt is a major factor to
improve the corrosion resistance. The complexities of the
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very small grain size and high defect concentration in the
experimental samples are the main reason that the exper-
imental results deviate from the simulations which are based
on bulk equilibrium thermodynamics and steady-state
determinations of kinetic data. Using a recent assessment
of mobilities in the Ni-Pt system,!'*! not available when this
work was done, could possibly also improve the results.

7. Conclusions

Three main conclusions can be made from this study. The
first concerns the Pt effect on the high temperature oxidation
resistance of alumina-forming alloys. This work confirms
Gleeson’s et al.”’! idea that Pt reduces Al activity and causes
its outward migration toward the surface when a Pt coating
is applied on a Ni-base superalloy. The fact that Al flux
toward the surface is increased improves the ability of the
alloy to form a protective [pl)ure alumina layer. Indeed, the
Wagner theory of oxidation''®! shows that Al activity should
be not only higher than a critical value to make alumina the
most stable oxide for a given atmosphere, but also that the
outward flux of Al should be higher than a critical value
which depends on diffusion and solubility of oxygen in the
alloy. The first condition will be always fulfilled in Ni-base
superalloys for gas turbine blades but the second condition
not always. This can lead to detrimental internal oxidation
of aluminum, but a surface layer of Pt will favor external
alumina scale formation. It would also be interesting to
analyze the thermodynamic effect of Pt on Al diffusion in
Pt-coated B-NiAl in order to explain the various aspects of
the Pt improvements on [B-(Ni, Pt)Al high temperature
oxidation.

The second consequence of the Pt effect on Al activity
and diffusion in y-Ni(Al) concerns the Ni-Pt-Al coating
fabrication. The kinetics of formation of a 7y/y" Pt-rich
coating at the surface of the superalloy from a pure Pt
coating (as in Ref 1) could be optimized from a diffusion
analysis as done in this paper. It was shown that Pt
deposition on a nickel base superalloy increases the rate of
aluminization from the vapor phase by Benoist et al."'”! The
rate of aluminization of a superalloy from the vapor phase
will depend on the difference of Al activity between the gas
and the alloy surface, and the modeling of the kinetics of
aluminization presented here can take into account the
thermodynamic effects.

Third, the modeling of long-term lifetimes of coated
superalloys requires modeling of Al and Pt diffusion in the
system (e.g., Bacos et al.l"®!). There are complications due
to different phase transformations, but nevertheless the very
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strong effect of Pt on Al activity suggests that thermody-
namic effect on diffusion should be carefully considered in
the modeling of the lifetime of coated superalloys.
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