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ABSTRACT

Nickel-based superalloys grade IN 738 were
aluminized and annealed to improve oxidation
resistance. The sample surface was analyzed by GIXD
after aluminizing, annealing and oxidation testing. The
microstructure of the coating layer was observed by
optical microscope and SEM. EDS was employed to
investigate distribution of elements in the coating layer.
The thickness of the coating layer increased with
increasing time and temperature. The growth rate of the
nickel-aluminide layer increased from 0.95 to 1.55 and
3.47 um/s"2 when the aluminizing temperature
increased from 1073 to 1173 and 1273K. The
aluminizing temperature played an important role in the
structure of coating. When aluminizing at 1073 and
1173 K, a fine structure of Ni2Al3 formed as a coating
layer by inward diffusion of aluminum. For 1273 K
aluminizing, large columnar grains of Ni2Al3 coexisting
with AlCr2 were formed by both outward and inward
diffusion. Annealing can homogenize the coating layer.
Ni2Al3 can be changed to the NiAl phase by annealing
at 1273 K for 36 ks under argon atmosphere. Oxidation
resistance of IN738 was markedly increased by
aluminizing and annealing because of the formation of
aluminum-oxide film as a protective film.
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1. INTRODUCTION

The major degradations and failure usually found in
cast nickel-based superalloy grade 1N738 result from
high-temperature oxidation and hot corrosion processes.
To achieve high resistance of both processes, chromium
can be added up to 15wt% to form Cr2O3 film combined
with A12O3 for a protective oxide scale film. However,
addition of Cr by more than 20 wt% could lead to
σ-phase formation resulting in brittle fracture of
material. Therefore, surface modifications by coating
are utilized to improve oxidation-resistant nickel-based
superalloys /1-3/. Aluminizing by means of pack
cementation is one of the surface modification processes
which can provide a nickel-aluminide coating which
acts as a protective layer in order to improve oxidation
resistance. Among several nickel-aluminide compounds,
NiAl is an intermetallic compound which has excellent
oxidation resistance /4,5/. Formation of the NiAl
coating layer on the substrate could resist oxidation and
prolong the lifetime of the nickel-based superalloy. To
achieve a thick NiAl layer with a fine coating structure,
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the process parameters must be considered. Using high-
temperature aluminizing can prevent formation of other
nickel-alutninide compounds such as Al3Ni5 and Al3Ni
which arc not stable at high temperatures. However,
too high process temperatures can lead to crack
formation due to different thermal-expansion
coefficients of the matrix and coating layer. Also the
formation of micro pores in the matrix due to the
Kirkcndal l Effect (which decreases mechanical strength)
must be avoided /6-8/. In this research, the formation of
a nickel-aluminide layer by pack aluminizing at various
times and temperatures was studied. The effect of
annealing after aluminizing on a coating layer was also
studied. The oxidation resistance of the cast and coated
sample was investigated.

2. EXPERIMENTAL PROCEDURE

A nickel-based superalloy grade IN 738 was selected
as a substrate to evaluate the optimum condition of pack
cementation and oxidation resistance after coating. IN
738 was cut into a rectangular shape and polished by
SiC paper followed by Ιμηι ΑΙ2Ο3 powder. After
polishing, the samples were rinsed and cleaned by
ultrasonic bath using acetone for 300 seconds.

In this study, pack cementation of IN 738 was
divided into two steps: aluminizing and annealing. For
the aluminizing step, the samples were placed in an
alumina crucible with an aluminizing reagent. The
aluminizing reagent was a mixture of aluminum powder,
ammonium chloride and alumina powder with weight
ratio of 15:5:80. The aluminizing processes were
performed under argon atmosphere with temperature
varying from 1023 to 1273 Κ (800 to 1000°C) for 3.6 to
22.5 ks (1 to 6.25 hours). After aluminizing, all samples
were annealed at 1273 Κ for 21.6 to 36 ks (6 to 10 hours)
under argon atmosphere in order to prevent oxidation.
Oxidation testing was conducted by using a vertical tube
furnace at 1273 Κ for 144 ks (40 hours) under ambient
atmosphere.

The samples, after coating, annealing and oxidation
testing, were characterized by energy dispersive
spectrometer (EDS), and glancing incident angle x-ray
diffraction (GIXD), at the incident angle of 5 degrees.
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The microstructure was observed by use of a scanning
electron microscope (SEM), and an optical microscope.

3. RESULTS AND DISCUSSION

The coating layer thickness increased with
increasing aluminizing time and temperature. Plots of
the coating thickness against the square root of the
aluminizing time are shown in Fig. 1. The incubation
time can be neglected as can be seen from Fig. 1
whereby the intercept of the trend line is close to the
point of origin. The small value for the incubation time
implies that the ratio of the powdered mixture in the
pack used in this study was appropriate for aluminizing
nickel-based super alloys grade ΓΝ738. The linear
relationship between thickness and the square root of
the aluminizing time suggests that the diffusion process
controlled growth of the coating layer. As shown in Fig.
1, the growth rates of the coating layer were 0.95, 1.55
and 3.47 \un/sm (42.74, 92.79 and 208.46 μπι/1κΗΐΓ1/2,
respectively) when aluminized at 1073, 1173 and 1273
K, respectively. The growth rate increased when the
aluminizing temperature increased since the diffusion
process was activated by the higher temperatures,
resulting in a higher diffusion rate.
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Fig. 1: Thickness of coating layer against aluminizing
time.
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For 1073 and 1173 K aluminizing temperatures,
which are considered low temperatures for aluminizing
in this research, the microstructure of the coating layer
was a fine and uniform structure for all aluminizing
times as shown in Fig. 2.
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Fig. 2: Cross-section microstructure of aluminized
IN738 for 3.6 ks at (a) 1073 K, (b) 1173 Κ
and (c) 1273 K.

GIXD analysis at the surface of samples shows that
the coating layers consisted of Ni2Al3 and NiAl, (see
Fig. 3).
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Fig. 3: GIXD profiles of IN738 after aluminizing.
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The high relative intensities of the Ni2Al3 peaks
indicate that Ni2AI, was the main phase in the coating
layer formed by 1073 and 1173 K aluminizing. When
the aluminizing temperature was increased to 1273 K,
which is considered a high temperature for aluminizing,
a non-uniform microstructure of the coating layer was
observed (Fig. 2 (c)). The layer coated at the high
temperature for aluminizing of 1273 K can be divided
into two zones: inner and outer. The inner zone, which
is located adjacent to the matrix, had a fine structure
similar to those structures of the layers formed by low-
temperature aluminizing at 1073 and 1173 K. The outer
layer had a rough structure consisting of two phases:
dark grey and light grey. Both phases contained
aluminum but the dark-grey phase was a chromium-rich
phase while the light-grey phase was a nickel-rich phase
as shown by elemental line scans in Fig. 4.
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inner sub-layer was formed by inward diffusion of
aluminum while the outer sub-layer was formed by both
inward and outward diffusion, resulting in a rough
structure. The outer sub-layer consisted of columnar
grains in a perpendicular direction to the sample surface
which suggests that there was outward diffusion of
nickel and chromium from the matrix. Outward
diffusion normally occurs when the aluminizing
temperature exceeds 1273K /3/. Although a high
temperature can achieve a high growth rate of the
coating layer, the outward diffusion of nickel from the
matrix to the coating layer can cause formation of micro
pores (the Kirkendall Effect). According to the
previously described results, 1173 K (900°C) would be
the most appropriate aluminizing temperature. At this
coating temperature, the microstructure of the coating

Fig. 4: Line scan of nickel (green line), chromium (red
line) and aluminum (blue line).

Since the GIXD analysis shows that the coating
layer consisted of Ni2Al3 and AlCr2, the dark-grey phase
can be identified as AlCr2, and the light-grey phase was
Ni2AI3. NiAI3 was not found in this coating layer
because the NiAl3 is not stable at 1273K. The different
main phase and microstructure in the coating layer
shows that for low-temperature aluminizing (1073 and
1173 K), the growth of the aluminizing layer was
controlled by inward diffusion of aluminum into IN738
resulting in a fine microstructure of Ni2Al3 phase. In
contrast, for 1273 K aluminizing, both inward and
outward diffusion processes took place as can be seen
from the two sub-layer coating layers in Fig. 2 (c). The
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Fig. 5: GIXD profiles of IN738 after aluminizing at
1173 K for 14.4 ks following by various
annealing time.
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Fig. 6: Weight of samples after oxidation test at 1273 Κ under ambient atmosphere

layer was fine and uniform which is a preferable
structure for oxidation resistance. A thickness of the
coating layer of approximately 100 μιη obtained from
four hours of aluminizing should be adequate for
improving the oxidation resistance of IN 738.

The coating layer can be annealed by heat treatment
at 1273 Κ under argon atmosphere. After annealing the
coated IN738 samples, the coating layer changed from
Ni2Al3 to NiAl which has excellent oxidation resistance.
After annealing for 21.6 ks (6 hours), the GIXD profiles
show that the Ni2Al3 had changed to NiAl (see Fig. 5).
When the annealing time was increased to 36 ks (10
hours), the relative intensities of NiAl peaks increased
while the relative intensities of the Ni ;AI3 peaks
decreased. This implies that the amount of NiAl
increased with increasing holding time for the annealing
process.

The oxidation test showed that the oxidation
resistance of IN738 was markedly improved by coating
and annealing. The weight of as-cast IN738 decreased
after oxidation testing for 7.2 ks (2 hours) due to the

delamination of the oxide layer formed on the surface
(see Fig. 6).

In contrast, the weights of the coated sample and
coat-annealed samples slightly increased because of the
formation of surface-oxide film which remained on the
surface after oxidation testing for 144 ks. The
explanation for the differences in oxidation resistance is
that the coated and as-cast samples had a different type
of surface oxide film. From GIXD profiles as shown in
Fig.7, the surface-oxide film which formed on the top
surface of the as-cast sample consisted mainly of a
nickel-oxide film which could easily delaminate from
the sample surface and, hence, could not act as a
protective film. On the top surface of the coated and
coat-annealed sample, aluminum-oxide film formed
after oxidation testing since the nickel aluminide layer
provided aluminum atoms to form the aluminium oxide
film. This dense aluminum oxide film can be used as a
protective layer by retarding oxygen diffusion, hence
suppressing the oxidation process.
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Fig. 7: GIXD profiles of IN738 after oxidation test at
1273 Κ for 54 ks under ambient atmosphere.

4. CONCLUSION

Pack aluminizing by using Al, A12O3 and
powder with a weight ratio of 5:15:80 can successfully
form nickel-aluminide film on ΓΝ738. The main phase
of the coating layer was Ni2Al3 for low-temperature
aluminizing at 1073 and 1173 K, while Ni2Al3 and
AlCr2 were found in the case of high-temperature
aluminizing at 1273K. The growth rate of the nickel-
aluminide layer increased with increasing temperature
since the growth of the nickel-aluminide layer was
controlled by diffusion, i.e., inward diffusion for low-
temperature aluminizing and outward diffusion for high-
temperature aluminizing. The annealing process under
argon atmosphere is an appropriate process to
homogenize the coating layer and form the NiAl phase
to increase oxidation resistance. In this research, the
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optimum annealing condition was 1273 Κ for 36 ks.
Oxidation resistance of ΓΝ738 was markedly improved
by pack aluminizing and annealing.
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