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Abstract

In this work the oxidation behavior of both Inconel alioy 600 and coated
system (Pt-modified aluminide coating) was investigated in air in the
temperatures range 700 - 1000 C. The oxidation kinetic of inconel alloy 600
and its coated system was found to follow the parabolic law. Large voids were
found at the oxide scales-substrate interface and at grains or at grain
boundaries. This is due to the chromium depletion in the alloy. The
mechanism of void formation has often been atiribufed to the vacancy
condensation.

Inconel alloy 600 was coated with Pt-modified aluminide using single-step
high activity pack cementation method, At 900 'C, the parabolic rate constant
is 6.63 x107 for the coated system and 1.16x10° (mg 2 / cm 4 .sec) for the
uncoated system. Oxide phases that are formed on coated system during most
of the oxidation exposure conditions are: Al;O;, NiALO,, Cr;0;, and NiFe;0,.
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Introduction superalloy turbine components to
Aluminide diffusion coatings are improve their oxidation resistance,
commonly  applied by  pack Nickel aluminide (NiAl) is the
cementation  method to Ni-based promising high temperature structural
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material because it has good
properties, such as low density, high
melling point (1640 “C) and good
thermal  conductivity. NiAl has
excellent  potential of oxidation
resistance, due to its sbility to form a
pretective o~ ALO; scale and the
ability to form a healing oxide after
spallation [1]. However, aluminide
coatings lack adequate resistance to
hot corrosion (fused salt attack, e.g.,
Na, SO,) and to thermal stresses
generaled during gas mrbine service
2]

Aluminide coatings are carried oul
using either a low-activity high
temperature  (LAHT) or a high-
activity low temperature (HALT)
pack cementation, Conventionally,
low-activity coating is developed in
one step above 1000 °C for 3 to 4 hrs
to produce a NiAl High-activity
aluminizing is carried out at 700 - to
850 "C, which is then followed by a
diffusion treatment above 1000 °C to
form NiAl coating structure {3].

The presence of platinum in nickel
aluminide promotes the formation of a
protective alumina scale.
Consequentiy, the oxidation resistance
of Pt- aluminide coatings is better
than that of aluminide coatings
without platinum [4]. A variety of
mechanisms have been proposed to
explain the beneficial effects of Pt [5-
10).

Studies on the cyclic oxidation of
CM-247 Ni-based cast superalloy
with plain aluminide coating and with
Pt- aluminide coating at 1000- 1200
°C in air show that Pt-aluminide
coating improves the oxidation
resistance. This is because of its
ability to retain alumina as the only
oxide phase and prevent spinel
formation for much longer periods
during oxidation than plain aluminide
counterpart does [11].

Onidarion of Simple and Pt- Modified
DifTusion Coating on Inconel Alloy 600 in Air

The formation of a-ALO, from 8-
AlO; on the B-NiAl coating resulted
in a sharp decrease in the parabolic
rate constant k, by one order of
magnitude [i2]. Moreover the
parabolic rate constamt for the Pt-
aluminide coating was nearly two
orders of magnitude lower than that
for the plain aluminide coating during
isothermal  oxidation of nickel
superalloy CM-247 a1 1100 °C [13]).
The aim of this work is to study the
effects of  platinum-aluminide
difiusion coating on oxidation of Ni
superalloy (Inconel 600).

Materials and Methods

The spectrochemical analysis of Ni
based superalloy (Inconel alloy 600)
is shown in table 1 . Coupons of
dimensions 2 em = 2 em x 0.4 cm
with a total exposed area of 11.2 cm’
were cut out from inconel 600 sheet.
Small hole | mm in diameter was
drilled in each coupon for holding. All
the surfaces, including the edges were
wet ground using 150, 300 and 600
grit silicon carbide papers. These
samples were then cleaned in water,
degreased with acetone, and then
dried.

Pt-modified aluminide Coating

Pt-modified aluminide coating was
produced on inconel alloy 600
substrates by using the following
steps: (a) A thin Pt layer is produced
by eleciroplating method. (b)
Diffusion annealing treatment. (c)
High activity aluminizing process.
Each Incone! alloy 600 samples was
coated  electrochemically  with
platinum layer. A platinum plating
solution consisted of P120-Q salt ([Pt
(NH;) 4] HPO, from Johnson Matthey
Catalysts) electrolyte at 90-95°C with
10 g/l of Pt. The Pt thickness was 2.5
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pm after 15 min of plating time based
on the mass gain.

The Pt-coated Inconel alloy 600
samples were then given diffusion
annealing at 850 "C for up to 0.5 hours
and consequently the temperature was
increased to 1034 "C for up to 2 hours
in 2 vacuum furnace at 10~ torr,
Subsequently, the diffusion ireated
specimens were pack aluminized to
produce a  platioum  modified
aluminide coating. The method used
here to aluminize Ni-based superalloy
sample is above pack cementation
using a single-step  high-activity
aluminizing technique.

The pack used for aluminizing
consisted of 10 wt. % Al powder {30
tol50 pm in particle size) as an
aluminum source, 2 wt. % NH,Cl as
the activator, and the balance was 38
wt.% of oealumina (70-210 pm) as
the inert filler. The mixed pack was
then put in a stainless steel cylindrical
cormtainer with a diameter of 5 cmn and
a height of § cm. The cylinder was
filled up to three quarters and the
upper quarter of the container was left
as the reaction chamber that contained
the Inconel sample. The sample was
hanged with Pt wire, this wire passed
through a hole in the container lid.
The container was then filled with Ar
and closed with alumina-based
cement. This process is known as
above pack cementation.

The container was then put in a closed
tube furnace with Ar atmosphere. The
aluminizing process was carried out at
1034 £ 5 °C for up to 4 hours. After
the aluminizing treatment, the
specimens were cleaned and weighed
to determine the aluminum pickup.
No further heat treatment was given to
the specimens after aluminizing [ 14 1.

Oxidation of Simple and Pi- Modified
Diffusion Coating on Inconel Alloy 600 in Air

Isothermai Oxidation:

Both of the uncoated and coated
specimens were isothermally oxidized
in dry air at temperature (700, 800,
900, and 1000 £ 3 "C) for up to 200
hrs time. The weight changes due to
oxidation were monitored
continuously using & (Mettler 200)
microbalance with a precision of 100
pe. The surfaces and cross sections of
oxidized samples in air were
examined using SEM (FEL/Philips
/XL-30 W/TMP). The phases present
in the alloys were identified with X-
ray with General Electric
Diffractometer, operating at scanning
spead of 2° (28) per minute with Cu
k. (A= 1.54).

Results and Discussion
Microstructure of Pt-Modified
Aluminide Coating:

The microstructure of platinum
aluminide coating on inconel ailoy
600 that is termed coated system in
the present study is shown in Fig. 1.
The platinum aluminide coating
reveals a three layer structure in the as
aluminized condition: the outer layer
has a two phase structure in which the
PtAl2 phase (bright grains) is
distributed in a NiAl matrix (dark
grains) as shown in Fig 1l (b). This
structure of the outer coating layer is
expected, based on the extensive
interdiffusion between the substrate
and the Pt layer that takes place
during the prior diffusion treatment.
The PtAl2 phase fully constituted the
outer coating when prior diffusion
treatment was done at 850 °C for 0.5
hr. This inter-metallic phase is known
to be extremely brittle, perhaps much
more so than the B-NiAl phase [11].
The distribution of the PtAl; phase in
(-NiAl matrix takes place as the
temperature of diffusion treatment is
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increased to 1034 "C for up to 2 hrs.
The other two underlying layers of
this coating are: intermediate 3-NiAl
layer and the inner interdiffusion
layer.

Oxidation of Uncoated Incomel in
Adw

The weight gain data during
isotherma! oxidation in dry air for the
uncoated system at a {emperaturs
range of 700-1000 'C for up to 200
hrs is plotted in Fig. 2. The oxidation
kinetics can be described by
examining the growth rate time
constant or 7 value, which is found as
the exponent in the following rate
gquation;

@EWA=kt" )

where A w is the weight gain, 4 is the
sample surface area, k£ is the rate
constant, and t is time. Values of »
are shown in table 2. It is found that
the relationship is parabolic where n =
0.5. Deviation from theoretical value
of m = 0.5 can be explained by an
oxide laver cracking, leading to a
sudden increase of the surface area in
contact with oxygen and thus to an
acceleration of the oxidation kinetics.
These results have shown that the
parabolic kinetics at this temperature
range can be quantified on the
modified parabolic rate law with the
assumption  that  oxidation s
controlled by diffusion mechanism
and the grain boundaries are the only
effective short-circuit diffusion paths
[15]. The grain boundary diffusion
mechanism provides an initially high
oxidation rate. As time passes, oxide
grain growth occurs, which decreases
the number of easy diffusion paths
and slows the oxidation rate.
Therefore, the easy pathways are cut
off, and the oxidation rate is
decreased beyond that for parabalic
kinetics.

Oxidation of Simple and Pt- Muodified
Diffusion Coating on inconel Alloy 600 in Air

For the parabelic kinetics, the rate
cquation takes the form:
A P (2)

where kj is the parabolic rate constant
in units of {mg ' /cm ' .sec). The
parabolic oxidation rate constant for
four series of cxperiments are
calculated and the linear lines are
represented in Figd as the least
squares curve fits to the data. The
parabolic oxidation rate constants (k)
for the set of experiments are listed in
the table 2.

The parabolic oxidation rate constant
of inconel alloy 600 in air, vary by
one order of magnitude from a low of
1.43 * 10 7 (mg */em * .sec) at 700
°C to a high of 237 * 10 (mg*/em
* sec) at 1000 °C. The data in table 2
are single-temperature rate constants
and, for practical applications, should
be generalized over the entire range of
temperatures. The following
Arrhenius  equation relates  the
oxidation rate to temperature:

kp -——Aexp['%T] (3)
where A and B are constants, R is the
universal gas constant, and T is the
temperature in K. In thermodynamic
sense, B would be the activation
energy but, in the present formulation,
that will not be the case. In order to
evaluate the appropriate ranges of
temperatures over whichto fitk, asa
function of temperature, the values in
table 2 were plotied vs. (1/T) as
shown in Fig. 4. A linear regression
analysis of the form of Eq. (3) results
in the following relationships for &, as
a function of temperature:
k,=26x10" exp [-140258/T] T
(973 K, 1073 K ) (4a)
k,=3.6x 10 " exp [ -9438.44 / T)
Te(1073K,1173K)

(4b)



Eng. & Technofogy, Vol .24, No.7, 2008

k,= 1.3 x 10 exp [-10668.7/]
(4c)

The values of &, so calculated are in
units of (mg’ /&m".sec). When k, from
Eq. (4) is used in Eq. (2), the square
of the oxygen weight gain per unit
surface area over the time interval of
oxidation is computed as (mg*em®).
Al low temperatures, inconel alloy
600 experiences a pericd of transient
oxidation for approximately 30 hours
of oxidation in air followed by
parabolic oxidation at a greatly
reduced rate, In other words, data
reveal a parabolic oxidation rate (k)
that obeys an Arrhenius-type equation
of the form:

~2/ )
kp=k e /RT” (s
where £k, is the pre-exponential factor,
Q is the activation energy, T is the
temperature, and R is the universal
gas constant 8.33 (J / K) / mol . From
the experimental data, the activation
energy was caiculated from a plot of
log (&) vs (1/T) in the temperature
range from 700 'C to 1000 C as
shown in Fig. 5. The value obtained
for the parabolic growth of CryO; was
105 ki mel ™', which is in good
agreement with values in the
literature, 100-170 kJ mol ~', on Ni-
20Cr alloys [16].
i At low temperature (i.e., 700
C) the oxide scale was too thin to be
detectable  with X-ray diffraction
analysis. The main phases that exist
on inconel alloy 600, as long as those
are present m sufficient amount are
NiQ, and spinal phases of Ni (Cr;0;,
Fe,04). At 700 'C, an external layer
of NiO (which is formed by the
outward diffusion of Ni toward oxide-
gas interface and inward diffusion of
0) and a complex spinel Ni (Cr, Fe) ;.
Oy are formed. A neariy continuous
layer of CryO; lies below. In the case

Oxidation of Simple and Pr- Modified
Diffusion Costing on Incone! Alloy 800 in Ajr

of Ni-Cr and Ni-Al oxidation [15],
even fast diffusion along grain
boundaries is still apparently too slow
to account for the measured oxide
growth rates. Short circuit diffusion of
oxygen appears to occur to a greater
or lesser extent in practically all oxide
films. Consequently, oxygen is
transported as molecules along short
circuit pathways. This inward oxygen
gas transport is responsible for the
growth of new oxide within the films
and for the growth of the inner layer
of the well-developed duplex films,
which grow on the alloy.

The oxide surface was examined
using SEM as shown in Figs, 6-9, The
scale appears similar to numerous
nodules on the surface and no
indication of scale spallation or
cracking. Nodules of NiO nucleated
on the surface and grew with a duplex
structure. The nucleation increased
with increasing tcmperatures so that
the nodules nucleated at lower
temperature are slightly larger and
less dense, whereas at higher
temperatures, the nodules become
smaller and denser. Subsequent mass
gain may result from the nucleation
and formation of more nodules. One
interesting feature of the nodules is
that the gas/surface appears to have
porosity (backscatter image Fig. 6c).
Cross section micrograph is presented
in Fig. 8, which reveals the presence
of many cavities under the oxide
layer. This comresponds to Cr
depletion of inconel alloy 600 by the
outward diffusion of Cr toward the
oxide layer,

Generally, the oxidation mechanism
of a commercial Inconel alloy 600 is
similar to that of Ni-Cr alloys [17, 18,
19, and 20] and subsequent steps
show an interesting difference
between the two alloys due to the
effect of the minor alloying
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component iron in inconel alloy 600,
It iz the available iren, which
combines preferentially with the
nicke! oxide to form a NiFe,O, spinel
phase possibly because of the higher
diffusion rate of iron and the higher
formation rate of NiFe;0:. As the
oxide layer grows thicker, the solid-
state reaction between Ni) and o-
Fe;0; induces the formation of a
mixture of NiFe;0; and NiO (the
outermost laver is enriched in nickel
ferrite), CriO; appears at the interface
between the alloy matrix and the outer
laver rich in nickel oxides. So, the
scale corresponds to the duplex
system Ni0O + NiFe,0s / Cr; 0y / alloy.
When the CrO; sub-layer is
continuous, the NiO layer stop
growing and the oxidation kinetics
hardly reflect the growth of the Crz04
layer.

At 900 'C, the continvous CryO; sub-
bayer has grown and the reaction has
progressed and NiQ has not been
observed at this condition. Either the
whole NiO layer has reacted with
Cr:0s to form NiCr04, or it has
pecled off during oxidation.
Oxidation of Coated System:

The kinetic behavior of Inconel alloy
600 with Pt -modified aluminide
coating in air during isothermal
oxidation at 800 and 900 'C for 200
hours follows the parabolic rate. The
values of the parabolic rate constant
k, and », in the coated system are
determined in the same procedure
followed in the previous work and
listed in the Table 3 .The value of kg
obtained at 900 Cis A, =663 x 10~
and about half that for the uncoated
inconel alloy 600 (&, = 1.16 x 10 *y
(mg*/em* .sec).

The data for the Inconel alloy 600
obtained in the case of oxidation in air
suggest that this undergoes oxidation
according to the parabolic law only

Oxidation of Simple and Pi- Modified
Diffusion Coating on Inconel Afloy 600 in Air

after an initial transition period of ~
30 hours. Krishna etal [2]] studied
the isothermal oxidation character-
ristics of Ni-Cr-Al allovs between
1000 and 1200 C at 0.1 utm of
oxygen. They observed that all the
Ni-Cr-Al alloys go through an initial
transient period, lasting up to 20 hours
for certain composition.

The first stage of the coating
degradation in the coated system is
the transformation of the top phase
structure (PiAly + B-NiAl) to the
single phase B-NiAl. The second stage
is the transformation of B-NiAl to B-
NiAl + ¥'. The major oxide phases
present here are the more stable
alumina fl‘.‘l‘.—ﬁl:ﬂ;}. Niﬁt]zﬂ;. Cl’:ﬂ],
and Fe;0, emerging after 200 hrs
oxidation period at 900 C in air,
Moreover, the mechanism of void
formation can be explained as
follows: when the iransformation
from P-NiAl to 4" occurs by front
growing into the middle of the outer
zone (inward B to y' transformation
due to Al consumption at the surface
and outward transformation due to the
outward Ni diffusion from the
substrate), voids may be formed due
to vacancy coalescence mechanism .
In general, the values of k, indicate
that the modification of aluminide
coating with platinum on Inconel
alloy 600 results in a significant
improvement  in  the  oxidation
resistance. The changes that take
place in phase constitution of coated
system  during  the  isothermal
oxidation in air have been less
lightening because of the complexity
of such systems and need high
accurate facilities.
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Conclusions

From the Isothermal oxidation tests in
air at temperatures 700 to 1000 °C; the
following results can be concluded:
I-Inconel alloy 600 exhibits steady
parabolic diffusion controlled
oxidation rate dependence in air over
the temperatures 900 and 1000 °C for
long time intervals up to 200 hours,

2- At 700 and 800 °C, Incone] alloy
600 experiences a period of transient
oxidation for approximately 30 hours.
3- At 700 and 800 °C, no oxide
spalling was found.

4- The parabolic rate constant (k)
varics by one order of magnitude from
a low value of k,=1.43x 107 at 700
°C to a high value of k=
143 x 10 (mg */em * .sec) at 100
°C.

5- The activation energy for Inconel
alloy 600 is estimated to be 105 kJ/
maole.

6- The major oxide layers formed on
Inconel alloy 600 are: CryOs.
NiCr;0;, and NiFe;0; as identified by
X-ray diffraction analysis,

7- The coated system exhibits good
oxidalion resistance in air compared
with Inconel alloy 600 at the same
identified conditions and oxidation
kinetics follow the parabolic oxidation
rates.
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Table 1, : Nominal composition of Inconel alloy 600.

Chemical Limits
Ni__ Cr [Fe [Mn [Si S P Ic
720 D55 05 ls.n 1.0 |o.5 0.015 0.015 1&.&55
IMin. J_ Max, {Max. Max. [Max. [Max.

Table 2: n values & parabolic oxidation rate coefficients &, for oxidation of
inconel alloy 600 in air for up to 200 hours.

| Temperatures (C) | n values k, (mg */cm ' sec)
700 0.5 143% 107

{ 800 0.56 548* 1077

L an0 0.49 1.16* 107

| 1000 0.49 237*10°

Table 3: n values & parabolic oxidation rate coefficients &, for oxidation of
coated system.

| Environment | 800 Ck,(mgZem'.sec) n | 900 Ck (mgem .sec)n

i_?ir 308x10 056 | 663x10 0.44
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Diffusion Coune oo Inconed Alloy 600 in Air

Fig.1 SEM images of Pt =Madified Aluminide Coanng in the as coaled
(2 Top view (X300}, and (b) Cross section view, 1; PIAL + B-NIAL 2: -
WAl and 3: mter-diffusion zone.
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Figts Scanning electron mictograph of surfzce oxide growth on inconed
atloy 000 wxidized in air at 706 C for up (o 200 hir. () Top view (5200},
L top view (X3000, und (o} backseanter image (NA00).
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Fig. 7 Scanning electron micrograph of surface oxide of incone! alloy 600
anadized i aw ar LO0O O for up qo 200 by (X3000.

Fig & Tansverse secrion image of SEM uf inconei alloy 600 oxidized in air at
1090 For up o 200 hows,
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Pig, 9 Transverse cross image of SEM of coated systens axidation inair for
13 B 200 hour at: (a) 300 C, and (b)Y 9090 O,
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