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An oxidation study of b-(Ni,Pt)Al commercial bond coat systems was carried by means of TGA
analysis during isothermal treatments at temperatures from 1273 K to 1423 K (1000 �C to
1150 �C). The effect of oxygen partial pressure on their oxidation kinetics was studied and
complemented by photo-stimulated luminescence spectroscopy and SEM. Pre-oxidation treat-
ments performed on as-aluminized samples at 10�5 atm O2 did not accelerate the h-Al2O3 fi
a-Al2O3 transformation, even after 5 hours of oxidation relative to samples oxidized in 0.21 atm
O2, with the exception of the sample treated at 1273 K (1000 �C), where apparently a-Al2O3

nucleation started earlier for the sample treated at a low pO2.
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I. INTRODUCTION

HIGH-TEMPERATURE coatings have been widely
used since the 1950s to protect hot-section components
in gas turbine engines against oxidation and corrosion
phenomena.[1–3] In general, such coatings are either
diffusion or overlay.[4] Diffusion coatings have been
studied extensively in recent decades, with those based
on b-NiAl being the most widely used in the land,
marine, and aeronautical applications.[4–7] In order to
improve the resistance of b-based coatings to oxidation
and hot-corrosion, the judicious addition of elements
such as Pt, Pd, Rd, Ir, Cr, Hf, Si, and Y has been
investigated.[8–11] Pt-modified b-NiAl systems, the focus
of the present study, are diffusion coatings comprising:
(1) a Ni-based superalloy as the substrate that provides
mechanical strength during operation; (2) an alumina
scale forming b-(Ni,Pt)Al composition that is an alumi-
num reservoir to sustain the alumina-scale formation;
and (3) a thermally grown oxide (TGO) resulting from
the b oxidation[3,12] and acting as a diffusion barrier to
prevent substrate oxidation as well as to increase its hot-
corrosion resistance. In the case of thermal barrier
coatings (TBC) systems, the b-based coating server as
bond coat to the ceramic top coat (TC) and the intrinsic

failure mechanisms as defined by Evans et al.,[12] are
invariably associated with detachment along the BC/
TGO interface. For instance, thermal expansion mis-
match between the TGO and BC can result large
compressive stresses (3 to 5 GPa) in the TGO layer
during cooling.[13–16] In order to extend the service lives
of TBC systems and b-NiAl coatings in general, the
TGO should: (1) be a-Al2O3 in structure with the largest
possible grain size; (2) have present a uniform columnar
morphology along b-coatings surface; (3) have good
adhesion between the BC and TC; and (4) be slow
growing.[17–19] Rybicki and Smialek[20] and separately
Brumm and Grabke[21] showed that oxidation of the
intermetallic b-NiAl exhibits two polymorphic transi-
tions (c-Al2O3 fi h-Al2O3 fi a-Al2O3) before reaching
the stable a-Al2O3 structure. The process to establish a
stable a-Al2O3 scale may involve several stages of
nucleation and competitive growth depending of the
oxidation conditions. For instance, Brumm and Grab-
ke[21] also showed that at 1148 K (875 �C), c-Al2O3 is
the controlling phase from about 4 to 10 hours. A
subsequent transition period of nucleation and compet-
itive growth of h-Al2O3 are observed with the continu-
ous increase of the parabolic rate constant from about
10 to 16 hours, followed for a h-Al2O3 controlling
regime. However, during the early stages of oxidation
(below 4 hours for this example), additional transitions
(and, therefore, differences in instantaneous growth
rate) can be expected due to different factors including
the heating procedure, surface preparation, and speci-
men handling. These factors can affect the interfacial-
reaction steps associated with mass at the gas/scale and/
or scale/alloy interfaces, growth of transient oxides (e.g.,
NiAl2O4), etc.
Transformation to the stable a-Al2O3 is accompanied

by a volume decrease of the lattice unit cell. For
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example, the volume change associated with the
h-Al2O3 fi a-Al2O3 transition is a ~8 pct, reduction
which can lead to defects and thermal stresses in the
b/TGO interface that may promote early failure.[22]

It is important to emphasize that the deposition
process of the well-know TBC systems with b-(Ni,Pt)Al
bond coats includes stages that can influence the BC
behavior during service, and, therefore, the TBC sys-
tem’s lifetime. These processes include electrolytic Pt
plating[23] (i.e., sulfur impurities), heat treatments and
the aluminizing process,[5,9] surface preparation (i.e.,
grit-blasting after the aluminizing), and pre-oxidation
treatments[17,18,24–28] (i.e., with the variables being oxy-
gen partial pressure, temperature, heating rate, time)
prior to TC deposition onto the BC surface. Results of
the effect of oxygen partial pressure (pO2

) and temper-
ature on the oxidation behavior of as-aluminized
b-(Ni,Pt)Al coatings during isothermal (pre-oxidation)
treatments are presented in this paper. These results are
part of a long study on early stage TGO formation in
TBC systems.[29]

Tolpygo and Clarke[18] demonstrated, by way of
thermal cycling tests at 1423 K (1150 �C) that pre-
oxidation treatments in air of b-(Ni,Pt)Al BC systems to
form a scale of a-Al2O3 TGO prior to TC deposition can
improve time to failure by up to a factor of three. At
around the same time, Spitsberg and More[17] reported
the effect of TGO microstructure on the durability of
TBC systems with b-(Ni,Pt)Al BCs. They found that BC
pre-oxidation treatment, when done under specific
oxygen partial pressures, can result in greater than a
factor of two improvements in TBC lifetime as com-
pared with systems having a non-treated BC. It was
concluded by these authors that pre-oxidation treat-
ments at low pO2

reduce the steady-state TGO growth
rate and, therefore, the growth stress in the TGO.

Moreover, it was also inferred that a direct relation
exists between the TCB́s lifetime and the a-Al2O3 TGO
grain size. However, the optimum pre-oxidation param-
eters (i.e., pO2

, time, and temperature) were not reported
in that study.
Even though the effects of pre-oxidation been consid-

ered, there remains a lack of information concerning the
effects of the temperature, pO2

, surface preparation, and
time on the competitive growth between h-Al2O3 and a-
Al2O3 during the early stages of oxidation (i.e.,
t< 5 hours), which is important for optimizing the
subsequent TGO growth. Thus, the specific aim of this
study was to systematically determine the effects of the
temperature and oxygen partial pressure on the oxide
growth to the better understanding of h-Al2O3 fi
a-Al2O3 phase transition in order to optimize the
subsequent TGO growth of commercial as-aluminized
b-(Ni,Pt)Al BC systems during oxidation treatments.

II. EXPERIMENTAL PROCEDURES

A. Sample Preparation

The samples used in this work were provided by GE
Aviation (Evendale, OH) as rectangular specimens
(1.8 9 1.2 9 0.15 cm), each weighing about 2.9 g. Bond
coats were produced by electroplating a thin layer of Pt
onto Rene N5 single-crystal Ni-based superalloy sub-
strates. A heat treatment was subsequently performed to
diffuse Pt into the superalloy, followed by a vapor phase
aluminizing (VPA) process. After a second heat treat-
ment the desired b-(Ni,Pt)Al phase was achieved. The
resulting bond coat was a bilayer structure consisting of
a ~50 lm thick b-(Ni,Pt)Al and a ~20 lm thick inter-
diffusion zone (IDZ) as shown in Figure 1. As indicate
in Figure 1(c) the coating surface had a root-mean-

(a) (b)

(c)

Fig. 1—As-coated b-(Ni,Pt)Al BC system morphology: (a) surface view, (b) cross-sectional, and (c) the root mean square roughness (Rq).
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square surface roughness (Rq) of 2.03 ± 0.29 lm as
measured using a Mitutoyo Surftest SJ-201P profilom-
eter.

The nominal compositions of the substrate and BC
were determined using inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Perkin Elmer
Optima DV4300) and an electron probe microanalyzer
(EPMA, JEOL 8900 WD/ED), respectively. The results
are summarized in Table I.

All samples were ultrasonically cleaned by sequen-
tially using xylene, acetone, methanol–water (1:1), and
deionized water for 15 minutes each to remove surface
contamination prior to oxidation treatments.

B. Oxidation Exposures

Thermogravimetric analyses (TGA) were performed
using a Setaram Setsys Evolution 16/18 thermobalance,
which had an accuracy of ±0.03 lg. The mass changes
during the TGA experiments were recorded at 5 seconds
intervals. A given test sample was hung from one end of
the beam balance using a 0.4 mm diameter Pt/30 pctRh
wire and positioned—at room temperature- in the hot-
zone region of the vertical furnace. To minimize any
perturbation resulting from gas flow, buoyancy, drag
forces, or sample oxidation before reaching the test
temperature, the heating cycle was programmed as
follows: (1) evacuation of the sample chamber to less
than 10 Pa; (2) heating to the reaction temperature at a
maximum rate of 50 K (50 �C)/min under the same
vacuum conditions; (3) back filling the chamber with
working gas to atmospheric pressure using a flow rate of
200 mL/min; (4) fixing the flow of the working gas to
20 mL/min; andfinally (5) cooling the furnace chamber to
room temperature at a maximum rate of 50 K (50 �C)/
min with a gas flow rate of 0.3 mL/min. In order to
evaluate the effect of pO2

on the b-(Ni,Pt)Al BC oxidation
kinetics, two different conditions were used: dry air with
pO2

= 0.21 atm and argon with pO2
= 10�5 atm in the

range from 1173 K to 1473 K (900 �C to 1200 �C).

C. Characterizations

The structural characterization of the TGO was
monitored after each isothermal exposure (5 hours) by
photo-stimulated luminescence spectroscopy (PSLS)
using a micro-Raman mapping spectrometer (Renishaw
InVia) connected to a Leica microscope equipped with a
532 nm line-focus laser. A 59 microscope objective was

used to focus the ~4 lm spot-sized laser beam and to
collect the scattered light. The laser power at the sample
was 5 mW, and the acquisition time for each spectrum
was in the 0.5 to 2.0 seconds range. PSLS spectra were
obtained by mapping the sample surface over a
~0.09 lm2 area with a pitch size of 10 lm. The laser
power at the sample was 5 mW, and the acquisition time
for each spectrum was in the 0.5 to 2.0 seconds range.
The PSLS technique is based on photon emission from
Cr3+ ions, a typical impurity incorporated in the crystal
structure of Al2O3 formed on alumina coatings.[16,30,31]

Once illuminated, the Cr3+ ions emit fluorescent radi-
ation due to radioactive decay of the excited electrons to
the ground state.[32] The identification of the alumina
phases is done on the basis of the well-characterized
frequencies of the a-Al2O3 and h-Al2O3.

[16] Details about
the PSLS spectra analysis can be found in Reference 33.
The microstructure of the TGO was characterized using
field emission scanning electron microscopy (Jeol
JSM7401F FEG-SEM).

III. RESULTS

The plots in Figure 2(a) compare the net mass-gain
(Dm) vs the square root of time (t0.5) during isothermal
oxidation of as-aluminized b-(Ni,Pt)Al coatings samples
for 5 hours at the two different oxygen partial pressures
of 10�5 and 0.21 atm O2, and over the temperature
range 1273 K to 1423 K (1000 �C to 1150 �C).
The TGA plot for the sample exposed at 1373 K

(1100 �C) and 0.21 atm O2 is not included because
atypical noise during the test was observed. For oxida-
tions in 10�5 atm O2, the rate of mass gain increase of
1273 K to 1373 K (1000 �C to 1100 �C), but then
abruptly decreased at 1423 K (1150 �C); whereas only
an increase was observed from 1273 K to 1473 K
(1000 �C to 1150 �C) for the samples exposed in
0.21 atm O2. All the plots exhibit deviations from the
straight line expected for the classic parabolic model to
describe the growth of a diffusion-controlled scale, i.e.,

Dm ¼ kpt
0:5; ½1�

where kp is the parabolic rate constant.[34,35] The
observed deviations from a constant kp may be associ-
ated with dynamic effects such as grain-boundary
diffusion (i.e., TGO grain growth), simultaneous reac-
tion steps (i.e., interfacial-reaction steps associated with
mass or defect transfer at the gas/scale and/or scale/

Table I. Chemical Composition of Single-Crystal Superalloy Rene N5 and b-(Ni,Pt)Al Bond Coat

Sample

Weight Percent

Cr Co Mo Re W Al Ti Ta Hf Pt Y Ni

Nominal ReneN5* 7.0 8.0 2.0 3.0 5.0 6.2 — 7.0 0.2 — 0.01 bal.
As-received ReneN5** 6.19 8.27 1.39 3.23 5.03 6.37 0.01 6.93 0.15 — — bal.
As-coated b-(Ni,Pt)Al BC*** 0.80 2.66 0.045 — 0.01 24.91 — 0.28 — 31.86 — bal.

*Ref. [3].
**Measured by ICP-AES.
***Measured by EPMA.
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alloy interfaces[36]), and/or the polymorphism of Al2O3

and associated transformations within the TGO.
Brumm and Grabke[21] investigated the oxidation kinet-
ics of NiAl and NiAl-Cr alloys. The oxidation kinetics
showed two phase transformations from c-Al2O3 fi
h-Al2O3 fi a-Al2O3. The c fi h transformations lead to
a small increase in the kp, whereas that the h fi a leads
to a strong decrease of parabolic rate constant, kp, over
two orders of magnitude. Based on the different growth
kinetics of the alumina phases, a deviation from the
classic parabolic model is expected if an alumina phase
transformation is taking place during the oxidation
exposure.

Figure 2(b) shows the differences between the instan-
taneous net mass-gain in 0.21 atm O2 and that measured
in 10�5 atm O2 at 1273 K, 1323 K, and 1423 K

(1000 �C, 1050 �C, and 1150 �C). A marked deviation
is shown for the mass-gain difference at 1323 K
(1050 �C), which suggest a significant change in the
oxidation behavior at the two pO2

levels.
The instantaneous parabolic rate constant, kp

i , was
estimated using the data presented in Figure 2(a) and
using a local fitting procedure proposed by Monceau
and Pieraggi[36] for the general parabolic law:

t ¼ Aþ BDmþ CDm2; ½2�

where the coefficients A and B can be related to different
kinetic parameters and C is directly related to the inverse
of kp. Figures 3(a) and (b) show the time dependence of
kp
i . As seen in this figure, all samples reached a steady

state after almost 4 hours of exposure, except for the

(a) (b)

Fig. 2—(a) Dm vs t0.5 curves showing the early stage (up to 5 h) oxidation behavior of as-aluminized b-(Ni,Pt)Al BC’s and (b) the net mass-gain
difference between the samples oxidized at pO2

= 0.21 atm and pO2
= 10�5 atm.
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Fig. 3—Log kp
i plotted as a function of time for as-aluminized b-(Ni,Pt)Al BC system samples during isothermal oxidation at different tempera-

tures and oxygen partial pressures: (a) pO2
= 10�5 atm and (b) pO2

= 0.21 atm.
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sample exposed at 1373 K (1100 �C) in 10�5 atm O2 for
which kp

i is still decreasing after 4.5 hours of exposure.
Figure 4 summarizes in an Arrhenius plot the para-

bolic rate constants estimated after 5 hours ex, with the
data reported by Brumm and Grabke[21] for NiAl alloy
oxidation included to provide a frame of reference.
These results will be analyzed and discussed in the next
section; however, at this point it can be sated that a
significant difference is observed in comparison with the
reference system, especially at lowpO2

.
In order to determine if the observed deviations are

related to the polymorphic transformation of the Al2O3,
a systematic structural characterization by PSLS was
carried out on the TGO surface of all samples. Figure 5
compares a semiquantitative estimation of the a-Al2O3

fraction as a function of temperature for a fixed
exposure of 5 hours for all the tested conditions.

A sigmoidal behavior is observed for both pO2

conditions with a more extensive h-Al2O3 fi a-Al2O3

transformation for the samples oxidized in 0.21 atm O2

from 1273 K to 1373 K (1000 �C to 1100 �C), reaching
the 100 pct a-Al2O3 plateau at 1373 K and 1423 K
(1100 �C to 1150 �C) for 0.21 and 10�5 atm O2, respec-
tively. The results in Figure 5, suggest that at 1173 K to
1323 K (900 �C to 1050 �C) in 10�5 atm O2 the TGO
growth kinetics during the first 5 hours of oxidation are
mainly controlled by h-Al2O3 (c-Al2O3 signal was not
observed during PSLS analysis).

IV. DISCUSSION

Simultaneous comparisons of the data presented in
Figures 2, 3, 4, and 5 are necessary to provide a better
understanding of the h-Al2O3 fi a-Al2O3 transforma-
tion process. Three different exposures temperatures

[1273 K, 1323 K, and 1423 K (1000 �C, 1050 �C, and
1150 �C)] are selected for detailed discussion in the
following.

A. Exposures at 1273 K (1000 �C)
It can be assumed that h-Al2O3 was the kinetically

controlling phase at both oxygen potentials, at 1273 K
(1000 �C), since a-Al2O3 fractions at 0.2 and
1 9 10�5 atm O2 were about 13 and 7.5 pct, respec-
tively, after 5 hours of oxidation (see Figure 5). This
assumption is in agreement with the time evolution of
the kp

i shown in Figure 3, where a stable growth rate
constant was established for both atmospheric condi-
tions after 2.5 hours of exposure.
Since h-Al2O3 can be modeled as a p-type oxide[37–39]

and Al vacancies (VAl
¢¢¢ ) predominate in its structure

according to following the reaction (using the Kröger–
Vink notation[40]):

O2 ¼ 2OX
O þ

4

3
V
000

Al þ 4h�; ½3�

where OO
X represents an oxygen atom in an oxygen site

of Al2O3 and hÆ represents an electron hole in valence
band. By invoking the law of mass action and the con-
straint of electrical neutrality, h�½ � ¼ 3 V

Al
000

� �
, the alu-

minum vacancy concentration is found to be given as

V
Al
000

� �
¼ K3

81

� �3=16

p
3=16
O2

½4�

Inasmuch as V
Al
000

� �
is proportional to kp, it can be

shown that, in accordance with Wagner’s theory,[41]

kp ¼
Z p

00
O2

p
0
O2

C1p
3=16
O2

d ln pO2
; ½5�

where p
00

O2
and p

0

O2
represent the oxygen partial pressure

at the gas-scale and metal-scale interfaces, respectively.

Fig. 4—Arrhenius plot showing the kp values of as-aluminized
b-(Ni,Pt)Al BC systems after 5 h of isothermal oxidation at different
temperatures and oxygen partial pressures: (a) pO2

= 10�5 atm and
(b) pO2

= 0.21 atm. Bold lines correspond to the c-, h-, and a-Al2O3

lines reported by Brumm and Grabke[21].

Fig. 5—Comparison of the h-Al2O3 fi a-Al2O3 transformation as a
function of temperature after 5 h of isothermal oxidation of b-(Ni,P-
t)Al BC’s with (a) pO2

= 10�5 atm and (b) pO2
= 0.21 atm These

results were obtained by image analysis of PSLS mappings. A typical
PSLS spectrum for a TGO composed of both a- and h-Al2O3 phases
is also shown.
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Following the discussion above, the h-Al2O3 para-
bolic growth rate constant, kp

h, will be directly propor-
tional to the external pO2

, and therefore, a reduced rate
of h-Al2O3 growth is expected at low pO2

. Given that
p
00
O2
� p

0
O2
, it can be approximated

kp � C1 p
00

O2

� �3=16
½6�

Based on this, the differences in net-mass gain ob-
served at 1273 K (1000 �C) (Figure 2) should be
mainly due to the decrease in the difference in environ-
mental pO2

, i.e., 0.21 vs 10�5 atm O2. In order to verify
this effect, the following comparison can be done:

kp
� �

0:21 atm

kp
� �

1�10�5 atm
¼

p
003=16
O2

h i

0:21 atm

p
003=16
O2

h i

1�10�5 atm

¼ 6:46 ½7�

kp values can also be directly read from Figure 3, i.e.,
kp
� �

0:21 atm
= 7.2 9 10�7 mg2/cm4 s and kp

� �
1�10�5 atm =

1.2 9 10�7 mg2/cm4 s. Thus, experimentally it is found

kp
� �

0:21 atm

kp
� �

1x10�5 atm

¼ 6

This kp ratio is in reasonable agreement with the
expected value of 6.46 value to the extent that it can
be concluded that the observed net-mass gains are in
accordance with h-Al2O3 growth which, in then is in
accordance with Eq. [6].

B. Exposures at 1323 K (1050 �C)
A distinct difference in the fraction of a-Al2O3 was

observed for the samples oxidized at 1323 K (1050 �C).
Specifically, the sample exposed to 0.21 atm O2 showed
a higher a-Al2O3 volume fraction (~78 pct) in compar-
ison with the sample exposed to 10�5 atm O2 (~11 pct)
after 5 hours of oxidation (see Figure 5). Moreover, the
sample exposed to 0.21 atm O2 always showed a higher
net-mas gain with respect to the 10�5 atm O2, as shown
in Figure 6(a). At first glance, these results might seem
contradictory, given that low pO2

conditions slow h-
Al2O3 growth (Eq. [6]), and since that h-Al2O3 growth
rate is reported to be approximately two orders of
magnitude higher than a-Al2O3 at 1323 K (1050 �C).[21]
However, when the net mass-gain difference between
these two conditions is estimated (Figure 2(b)), some
answers can be realized in order to support the PSLS
observations. The net mass-gain difference at 1323 K
(1050 �C) shows how the mass gain in 0.21 atm O2

decreases with the time to values where

DmpO2¼0:21 atm<DmpO2¼1�10�5 atm

for times greater than about 3 hours (~104 s0.5), sug-
gesting that a slower-growing phase (i.e., a-Al2O3) is
starting to control the oxidation kinetics.
In order to understand the possible nature of this

apparently faster transformation at 1323 K (1050 �C),
the following discussion can be done. It will be assumed
that the h-Al2O3 fi a-Al2O3 transformation rate follows
a basic diffusional nucleation model of the form[42]
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Fig. 6—Dm vs t0.5 curves showing the effect of the pO2
on the oxidation behavior of as-aluminized b-(Ni,Pt)Al BĆs after 5 h of oxidation: (a)

1323 K (1050 �C) and (b) 1423 K (1150 �C).

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 46A, FEBRUARY 2015—731



J� ¼ ZN exp �DG�

kT

� �
b� nuclei=m3s

� 	
; ½8�

where J* is the nucleation rate, Z is the Zeldovich
non-equilibrium factor (~0.1), N is number of sites
available for nucleation per unit of volume, DG* is the
standard free energy change per critical nucleus to
achieve the transformation and is directly proportional
to the cube of the interfacial energy (DG� / c3) and is
also strongly temperature dependent, and b* is a trans-
port coefficient related with the frequency at which sin-
gle atoms join the nuclei and in accordance with
Arrhenius. Thus, Eq. [8] can be rewritten as

J� ¼ ZxN exp �DG�

kT

� �
exp �DGm

kT

� �
nuclei=m3s
� 	

;

½9�

where DGm is the activation energy for atomic migration
and x is a factor that includes the area of the critical
nucleus, as well as the vibrational frequency of the
atoms forming the nucleus.

Inasmuch as theAl vacancy concentration in h-Al2O3 is
a function of the pO2

based on Eqs. [4], it is deduced that
that V

Al
000

� �
pO2¼0:21 atm

> V
Al
000

� �
pO2¼1�10�5 atm

at the gas/

scale interface. Since kp is proportional to V
Al
000

� �
, a

greater inward flux of V
Al
000

� �
and, therefore, a greater

outward flux of Al3+ from the alloy is expected for the
sample oxidized in 0.21 atmO2.Themore rapid growthof
h-Al2O3 in 0.21 atm O2 contribute to a more severe
depletion of the BC aluminum. The p-type nature of the h-
Al2O3 means that the new oxide is formed at the gas/h-
Al2O3 interface and vacancies diffuse inward through the
growing oxide and accumulate scale/alloy interface pro-
moting the nucleation and subsequent growth of interfa-
cial voids.On theother hand, themass transfer ofAl in the
b-NiAl BC occurs via vacancy diffusion. Brumm and
Grabke[43] have been systematically studied the void
formation for different b-NiAl alloy compositions and
they found that void formation increase with increasing
[Ni]/[Al] ratio due to vacancy injection (Kirkendall effect)
at scale/alloy interface. Pint[44] also studied the interfacial
void formation of Al2O3 forming alloys showing small
voids (20 to 200 nm) have been observed even for the
adherent reactive-element-doped scales. It was also
established that when the voids remains small (20 to
50 nm) they can have a little effect on the scale adhesion,
and this can even be incorporated into the growing scale if
new oxide forms, primary at the scale/oxide interface.
Moreover, Bagwell et al.[42] studied the nucleation of a-
Al2O3 from h-Al2O3, concluding that a critical h-Al2O3 is
not a prerequisite for a-Al2O3 nucleation but is a result of
the incubation time to produce a-Al2O3 nuclei by diffu-
sional nucleationwith a subsequent rapid growth of the a-
Al2O3 nuclei due to the heat generated during the
exothermic h-Al2O3 fi a-Al2O3 transformation resulting
in abnormal large initial a-Al2O3 grains (100 to 1000 nm).
Since a-Al2O3 is the only stable phase of alumina, it will be
expected that any process increasing the diffusive trans-
port in the formation of the a-Al2O3 nuclei in Eq. [8] will
be beneficial to the transformation. b* is a term repre-

senting the frequency that a critical nucleus can receive an
atom which depend on the surface area and the diffusion
rate of atoms crossing the unstable nucleus. Based on this,
it is proposed in the present work that b* should be a
directly proportional to Al vacancy concentration

b� ¼ x exp �DGm

kT

� �
/ V

Al
000

� �
½10�

Taking the previous discussion into account, a higher
concentration of defects is anticipated at the h-Al2O3/
alloy interface for the sample oxidized in 0.21 atm O2

due to higher rate of the vacancy condensation and void
formation at this interface, making this interface suit-
able for a-Al2O3 nucleation, since a greater decrease of
DGm will increase its nucleation rate.
Based on Figure 7 and taking into account the

discussion above, three different regimes may be pro-
posed for the sample oxidized at 1323 K (1050 �C) and
0.21 atm O2 (blue curve) using the sample oxidized in
10�5 atm O2 as a framework for comparison, and
assuming that h-Al2O3 was the controlling phase at
t< 5 hours under this conditions.
Regime I corresponds to 0< t< 1.5 hours, where the

relatively high kp
i corresponds to h-Al2O3 growth.

Regime II, for about 1.5< t< 3 hours, where the kp
i

for the sample exposed to 0.21 atm O2 is almost equal to
the kp

i at 10�5 atm O2 where h-Al2O3 is controlling the
TGO growth due to the still incipient a-Al2O3 nucle-
ation. Region III, for about t> 3 hours, the a-Al2O3

nucleation rate for the sample tested in 0.21 atm O2 is
faster than sample oxidized in 10�5 atm O2.

C. Exposures at 1423 K (1150 �C)
For the samples oxidized at 1423 K (1150 �C) only a-

Al2O3 signal was by PSLS after 5 hours of oxidation
(see Figure 5). However, this was the temperature that
showed the greatest net mass-gain difference (see Fig-
ures 2(b) and 6(b)), which suggests that a different
structural evolution of the TGO took place, even when

Fig. 7—Comparison of the kp
i values vs time for the as-aluminized b-

(Ni,Pt)Al BC samples isothermal oxidized at 1323 K (1050 �C) in a
pO2

= 1 9 10�5 atm (black curve) and pO2
= 0.21 atm (blue curve)

(Color figure online).
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a-Al2O3 was the only phase present after 5 hours of
exposure. At the same time, Figure 6(b) shows that the
largest deviation from the parabolic behavior (straight
line) was measured for the sample exposed to 10�5 atm
O2. This result is confirmed by the continuous decrease
of kp

i with time (Figure 3(a)), suggesting that the
transient stage extends up to about 4.5 hours of expo-
sure with a competitive h/a growth taking place from the
beginning of the exposure, and/or an a-Al2O3 lateral
grain growth of the existing a-Al2O3 is occurring at the
same time as was proposed in Reference 17. The first
conclusion is supported by the presence of residual
needle-like microstructure of metastable h-Al2O3 after
5 hours of oxidation (see Figure 8). Meanwhile, the
sample oxidized in 0.21 atm O2 should exhibit at least
three different regimes of transformation based on
Figure 3(b). Regime I (0< t< 2 hours) is where
h-Al2O3 controls the oxidation kinetics. This is followed
by a transient regime, region II (2< t< 4 hours) where
a competitive growth between h- and a-Al2O3 occurs
and finally a regime III (t> 4 hours) in which a-Al2O3 is
the controlling phase.

D. Oxygen Consumption Analysis

In order to further the above discussion and to
highlight the effect of a low pO2

has on the oxidation
kinetics of b-(Ni,Pt)Al coatings, a comparison with data
available in the literature for oxidation of similar
conditions is presented in the following. Figure 9 shows
dmO/dt vs t curves for the samples oxidized in 10�5 atm
O2 (black curves) and 0.21 atm O2 (blue curves) at
1273 K, 1323 K, and 1423 K (1000 �C, 1050 �C, and
1150 �C), along with the comparable curves for h-Al2O3

and a-Al2O3 based on the oxidation data reported by
Brumm and Grabke (red curves) for NiAl alloys
oxidized in an He-O2 mix with a pO2

= 0.13 atm
O2.

[21] The kp values reported in the literature were
used to calculate their corresponding dmO/dt curves
using:

JO ¼
1

2

ffiffiffiffiffi
kp
t

r

¼ dðmOÞ
dt

ðmg O=cm2 sÞ ½11�

Based on this comparison and the previous discussion,
the following conclusions can be drawn. At 1273 K

(1000 �C), h-Al2O3 is the phase that controls the
oxidation behavior of b-(Ni,Pt)Al independently of the
pO2

used in the present work. A good agreement between
the sample oxidized in dry air and the Brumm and
Grabke data is observed. Taking this into account, it
can also be concluded that the slight shift observed for
the sample oxidized in 10�5 atm O2 is a result of the
decrease in h-Al2O3 growth rate due to a reduction in
oxygen potential at the Al2O3/gas interface (Eq. [6]).
At 1323 K (1050 �C), the sample treated in 0.21 atm

O2 shows a pure h-Al2O3 growth below 1 hours of
oxidation followed by a transient stage. Similar to the
observations at 1273 K (1000 �C), results showed a
reduction of the h-Al2O3 growth rate at 1323 K
(1050 �C) in a low pO2

. However, for t> 3.5 hours the
instantaneous mass-gain rate for the sample oxidized in
0.21 atm O2 became slower. This result supports the
faster nucleation observed in 0.21 atm O2 by PSLS.
At 1423 K (1150 �C), h-Al2O3 is not stable and

nucleation of a-Al2O3 occurs from the very early stages
of oxidation (first minutes), reaching an a-Al2O3 con-
trolling regime just after about 4.5 hours for the sample
oxidized in 0.21 atm O2. Deviations of dmO/dt values
with respect to those expected for a-Al2O3 based the
reported data can be explain due to the different
compared systems. However, for the sample oxidized
in low pO2

a deviation from the expected oxygen
consumption rate is observed after about 45 minutes
of exposure. This result seems to be at variance with the
assumption that a-Al2O3 growth is independent of the
external pO2

. However, the observed deviation can be
attributed to two different phenomena: (1) the TGO is
not a pure n-type semiconductor and a p-type to n-type
transition takes place near to the metal/scale interface,
as was proposed by Nicolas-Chaubet et al.[45] and Heuer
et al.[22] and (2) the continuous lateral growth of the a-
Al2O3 grains is significant enough affect the oxygen
diffusion during this period.
With the aim to better understand the gas-supply

control effect on competitive growth between h- and a-
Al2O3 during the early stages of oxidation, a basic
approach to calculate the flux of oxygen to a flat surface
from a gas flowing parallel to it was carried out based on
the theory of mass transfer in dilute gases.[46] The
present analysis assumed that the working gas contains
only one reactive species to promote the sample oxida-
tion. In our case, once the test temperature was reached

(a) (b)

Fig. 8—Thermally grown oxide morphology after 5 h of isothermal oxidation with a pO2
= 1 9 10�5 atm. Surface morphology (a) and cross-

section (b) view of the samples oxidized at 1423 K (1150 �C).
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in the furnace chamber, the vacuum was broken, the
working gas flowed past the b-(Ni,Pt)Al BC samples and
oxygen molecules (the reactive species) transferred from
the bulk gas through a boundary layer to the sample-gas
interface by diffusion and convection phenomena.[46]

Once the oxygen molecules reached the sample surface,
the reaction between the Al and O2 took place to form
an alumina scale according to the reaction:

2Al sð Þ þ 1:5O2 gð Þ ! Al2O3 sð Þ: ½12�

The oxygen flux, JO
* , is given by

J�O ¼ 32
km
RT
ðp00O2

� p
0

O2
Þðmg O=cm2 sÞ; ½13�

where km is mass-transfer coefficient, T absolute tem-
perature, R the universal gas constant, p

00

O2
and p

0

O2

represents the oxygen partial pressure at the working
gas-oxide scale and metal-oxide scale interfaces respec-
tively. Two working gas mixtures, p

00

O2
, were used in the

present study. Assuming that p
0
O2

can be neglected since
the oxygen partial pressure at this interface should be
defined by the dissociation partial pressure of the
alumina, 10�40 to 10�29 atm, from 1173 K to 1473 K
(900 �C to 1200 �C) respectively. As assumed earlier, p

0

O2

can be neglected. Details of the J�O calculations used in
this study can be found in the Appendix.
It is generally found that during the very early stages

of oxidation of Ni-Al and Ni-Pt-Al alloys, the alumina
scale is mainly controlled by the growth of metastable
phases (i.e., undoped c- and/or h-Al2O3 phases) via
outward Al diffusion.[37–39] Based on the p-type nature
of metastable phases of alumina, an external pO2

can be
used to stifle their growth rate as has been showed
previously, allowing that the stable a-Al2O3 (mainly an
n-type oxide) nucleate and grow more freely.
The flux of oxygen available in the working gas at

10�5 atm (horizontal green lines) and 0.21 atm O2

(horizontal orange lines) used in this study are plotted
in Figure 10 with the dmO/dt vs t curves from Figure 9.
It is this flux that sustains the growth of the TGO for a
given oxygen partial pressure. The flux of oxygen
available in the Brumm and Grabke experiments were
not been estimated, but it should be on the order of
10�2 mg O/cm2 s.
From Figure 10 it is seen that 0.21 atm O2 offers

enough oxygen for the growth rate of h-Al2O3 to be
unaffected: whereas at 10�5 atm O2, the oxygen flux
seems to be underestimated at least 30 times with respect
to minimum oxygen flux to sustain the observed oxygen

(a) (b)

(c)

Fig. 9—Comparison of the dmO/dt vs t curves for as-aluminized samples with Brumm and Grabke data for a NiAl alloy: (a) 1273 K (1000 �C),
(b) 1323 K (1050 �C), and (c) 1423 K (1150 �C).
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consumption rates. A recent publication of Næss
et al.[47] showed that the classical theory for an uncon-
strained flow over a flat plate can lead to an underes-
timate the mass transfer coefficient when the velocity
profile is not accurately predicted by the boundary layer
theory. Deviations of this theory can be expected, for
instance, when the boundary layer thickness is signifi-
cant compare with the cross section of the experimental
setup. A comparison of the setup used by Næss and the
one used in this work suggests that we can expect similar
or even higher (3 to 7 times higher) deviations. How-
ever, the observed deviations in our case are still too
high (at least 30 times) to be explained only by this
effect.

A further cause for the deviation may be related to the
assumption of invariant surface area during the TGA
analysis. Traditionally, the surface area of a sample to
be used during TGA analysis is estimated based on
macroscopic dimensions (length, width and height).
However, two additional contributions to the real
surface area are missing in this approximation: (1) the
surface roughness of the sample and (2) the dynamic

surface area due to TGO microstructure. The real
sample surface area is changing with time and temper-
ature. It is well known that the metastable c-Al2O3 and/
or h-Al2O3 show a platelet-like and/or needle-like
morphology. In order to illustrated the above descrip-
tion, a surface view of the morphology of the samples
oxidized for 5 hours and low pO2

(10�5 atm) from
1273 K to 1423 K (1000 �C to 1150 �C) is shown in
Figure 11. Based on this figure, it can be seen that the
assumption of a flat and homogeneous surface for the
kinetic calculations is not valid and clearly underesti-
mates the dynamic and heterogeneous surface area.

V. CONCLUSIONS

1. Low oxygen partial pressure conditions suppress
the h-Al2O3 growth in accordance with the theory
proposed by Wagner for p-type oxide base on the
following relation

kph / p
3=16
O2

(a) (b)

(c)

Fig. 10—Comparison of the dmO/dt vs t curves for as-aluminized samples with the available flux of oxygen during oxidation experiments for the
different oxygen partial pressures used. (a) 1273 K (1000 �C), (b) 1323 K (1050 �C), and (c) 1423 K (1150 �C). Red dashed curves refer to
Brumm and Grabke data for a NiAl alloy (Color figure online).
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Therefore, the shift observed for the parabolic rate
constants (after 5 hours of oxidation) to lower values
from 1173 K to 1323 K (900 �C to 1050 �C) at a
pO2

= 1 9 10�5 atm with respect to the h-Al2O3 line
reported by Brumm and Grabke[21] is mainly a
consequence of this inhibition and not to the begin-
ning of transient stage regime.

2. A faster h-Al2O3 fi a-Al2O3 transformation was
observed from the as-aluminized b-(Ni,Pt)Al BC
systems oxidized in dry air in comparison the sam-
ples oxidized at a pO2

= 10�5 atm from 1273 K to
1473 K (1000 �C to 1200 �C).

3. The macroscopic surface area using during the
TGA analysis is significantly underestimated the dy-
namic real surface area during an oxidation test
(about 25 times in our case). This underestimation
should be take into account especially when a gas
supply control analysis is conducted.
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APPENDIX

The oxygen flux, JO
* , is given by

J�O ¼ 32
km
RT

p
00

O2
� p

0

O2

� �
ðmg O=cm2 sÞ; ½A1�

where km is mass-transfer coefficient, T absolute tem-
perature, and R the universal gas constant. Two work-
ing gas mixtures, p

00

O2
, were used in the present study.

As assumed earlier, p
0

O2
can be neglected. A value of

km can be evaluated using:

km ¼ 0:664
D4

AB

m

� �1
6 vl

l

� �1=2
ðcm=sÞ; ½A2�

where DAB is the diffusion coefficient in an A–B binary
gas, v the kinematic viscosity, vl the linear velocity of the
gas and l the length of the surface parallel to gas flow
(1.8 cm for all samples). DAB and v values were
estimated using the kinetic theory of gases, using the
Chapman–Enskog formulation and the gas molecular
interaction parameters shown in Table AI.[46]

5 µm

10 µm

5 µm

10 µm

(a) (b)

(c) (d)

Fig. 11—Surface microstructure of samples treated for 5 h with a pO2
= 1 9 10�5 atm at: (a) 1273 K (1000 �C), (b) 1323 K (1050 �C), (c)

1373 K (1100 �C), and (d) 1423 K (1150 �C).
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Accordingly, DAB is defined as

DAB ¼
1:858� 10�3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T3 1

MA
þ 1

MB

� �r

Pr2
ABXD;AB

cm2=s
� 	

; ½A3�

where

rAB ¼
rA þ rB

2
Å
� 	

½A4�

XD;AB ¼
1:06036

T�0:1561
þ 0:193

expð0:47635T�Þ þ
1:03587

expð1:52996T�Þ

þ 1:76474

expð3:89411T�Þ
½A5�

eAB

k
¼

ffiffiffiffiffiffiffiffiffiffi
eAeB
p

k
K�1
� 	

½A6�

T� ¼ kT

eAB
½A7�

Here, r is the collision diameter, XD the diffusion
collision integral, e the characteristic energy of interac-
tion (used in the Lennard–Jones potential), M the
molecular weight, k Boltzman’s constant and P the
system pressure (set to 1 atm during TGA analysis). The
subscripts A and B represent the gaseous species
considered during the interactions.

Meanwhile, v is given by

m ¼ g
q

cm2=s
� 	

; ½A8�

where g and q are the average values of viscosity and
density of the species in the working gas, respectively.
g is given by

gi ¼ 2:6693� 10�5
ffiffiffiffiffiffiffiffiffiffi
MiT
p

rXg
poiseð Þ ½A9�

g
mix¼

PN

a¼1

xagaP
b
xb/ab

poiseð Þ ½A10�

Xg ¼
1:16145

T�0:14874
þ 0:52487

exp(0:7732T�Þ þ
2:16178

exp(2:43787T�Þ
½A11�

/ab ¼
1
ffiffiffi
8
p 1þMa

Mb

� ��1=2
1þ ga

gb

 !1=2
Ma

Mb

� �1=4
2

4

3

5

2

;

½A12�

where gi is the viscosity of the pure species i, gmix the
viscosity of mixed species and Xg the viscosity collision
integral. The mass-transfer parameters for the different
oxidizing conditions used in this work were calculated
from Eqs. [A1] to [A12] and are tabulated in Tables AII
and AIII.

Table AI. Gas Molecular Interaction Parameters[46]

Species r (Å) e/k (K) M (g/mol)

O2 3.433 113 32.00
N2 3.667 99.8 28.01
Ar 3.432 122.4 39.95
Air 3.617 97 28.97

Table AII. Mass-Transfer Parameters for O2 in Ar at a pO2
= 1 3 1025 atm

T [K (�C)] DAB (cm2/s) m (cm2/s) 0:664ðD4
AB=mÞ

1=6 (cm/s1/2) (vl/l)
1/2 (s1/2) km (cm/s) J�O (mg O/cm2 s)

1273 (1000) 2.33 1.29 1.12 0.605 0.65 1.98 9 10�6

1323 (1050) 2.48 1.39 1.15 0.629 0.68 2.01 9 10�6

1373 (1100) 2.64 1.50 1.19 0.653 0.71 2.03 9 10�6

1423 (1150) 2.80 1.60 1.22 0.676 0.75 2.05 9 10�6

Table AIII. Mass-Transfer Parameters for O2 in N2 at a pO2
= 0.21 atm

T [K (�C)] DAB (cm2/s) m (cm2/s) 0:664ðD4
AB=mÞ

1=6 (cm/s1/2) (vl/l)
1/2 (s1/2) km (cm/s) J�O (mg O/cm2 s)

1273 (1000) 2.41 1.18 1.16 0.58 0.67 6.48 9 10�2

1323 (1050) 2.57 1.27 1.20 0.59 0.71 6.54 9 10�2

1373 (1100) 2.73 1.37 1.23 0.60 0.74 6.61 9 10�2

1423 (1150) 2.90 1.47 1.27 0.61 0.78 6.68 9 10�2
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