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Abstract: The NiAl coating was prepared on the surface of NiCrW-based superalloy by pack cementation method with CaCl, as an

activator. The surface and cross-section of the coated specimens were analyzed via X-ray diffraction and scanning electron

microscopy coupled with energy dispersive spectroscopy. Results show that CaCl, can replace NH,CI as an effective activator. The

NiAl coating with an almost single phase structure and a thickness of 30 um can be obtained after pack cementation at 950 °C for 4 h.

A chromium-rich interlayer can be observed between the NiAl coating and the substrate. When the filling ratio of the pack powder is

less than 100%, the needle-like 0-Al,O; phase is formed on the NiAl layer surface. During the constant temperature air oxidation test

at 1000 °C, the NiAl coating suffers from high speed oxidation to slow speed oxidation, which is in agreement with the phase

transformation from needle-like metastable 0-Al,O, to irregular granular stable a-Al,O,. The final stable a-Al,O, provides a good

oxidation resistance for the substrate.
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Nickel-based superalloys play a key role in the
manufacturing of combustion chambers, rocket tail nozzles,
and heat exchange tubes for high-temperature gas-cooled
reactors'. However, in recent years, the difficulty of
increasing the melting point of metal materials has restricted
the maximum operating temperature of the engine turbine
inlet™. Therefore, the development of high-temperature
protection technique for nickel-based superalloys is essential.

Typically, the high temperature coatings, including the
normal coating and the diffusion coating, can protect the Ni-
based superalloys” no matter it reacts with the substrate or
not”. At present, the main coating preparation methods on the
alloy substrate include the pack cementation, hot-dipping,
chemical vapor deposition, and molten salt techniques™. The
pack cementation method has been widely used due to its low
production cost, simple operation, simple equipment, good
effect of infiltration layer, and strong binding force between
the coating and the substrate”. Both the NiAl coatings and
modified y-Ni+y'-Ni,Al coatings with excellent properties can
be prepared by pack cementation™. Several studies studied the
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preparation of aluminized coatings via pack cementation™'”.

However, the phase formation and microstructure evolution of
the coating on the superalloy substrate during the pack
cementation are still unclear. The evolution behavior and
formation mechanism should be further investigated because
they are essential for the practical application of coatings.

The structure and properties of the coating prepared by
pack cementation are related to the chemical composition of
the substrate!"
pack powder. Zielinska et al'” found that the superalloys with
high total contents of Ni and Co and low contents of Cr, Mo,
W, and Ti have thick aluminide layers. It is also found that the

and the composition and filling ratio of the

aluminide layer can be prepared in AICl, vapor with hydrogen
as the carrier gas, and the corrosion resistance of the substrate
can be further improved in the mixture of AICL+ZrCl,
vapor*', In addition, the partial pressure of AICI, AICL,, and
AICI, can be controlled by the HCI/H, ratio in the initial gas
stream, thereby controlling the growth of the aluminide

i

layer'™. However, the research on aluminizing in closed

environment is still not comprehensive.
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Lu et al'” investigated the low-temperature formation of
aluminide coatings on a Ni-based superalloy through pack
cementation with NH,CI as an activator, and found that the
NH,CI content affects neither the coating thickness nor the
structure or component distribution. However, the heating and
decomposition of NH,Cl will generate toxic ammonia gas and
HCI gas, which may corrode the production equipment.

Therefore, the NiAl coating with a controllable structure
was prepared under different filling ratios of pack powder
with an environmental-friendly activator CaCl, in this
research. The air constant temperature oxidation experiment
was performed at 1000 ° C and the oxidation resistance
behavior of the NiCrW-based superalloy with NiAl coating
was investigated.

1 Experiment

The as-cast NiCrW-based superalloy was used as the
substrate, and its main chemical composition is shown in
Table 1. The NiCrW-based superalloys were cut into speci-
mens of 10 mmx10 mmx5 mm. The specimens were polished
by 320#, 800#, 1200#, and 2000# sandpapers, cleaned by
acetone, and then dried. The pack powders were composed of
20wt% Al (reactor, 38~75 pm), 2wt% CaCl, (activator),
77wt% ALO, (inert filler, 150~250 pum), and 1wt% CeO,
(<5 um). Moreover, the Al,O, powder was calcined at 1200 °C
for 2 h to remove the substances of low melting point. These
powders were mixed in proportion thoroughly in a grinding
machine, and then placed in the corundum crucible with the
specimens. The pack powder with the filling ratio of 100%,
90%, 70%, and 50% was used and then sealed with fire-
resistant mud. The sealed crucible was placed in a drying oven
at 120 °C for 4 h. Furthermore, the muffle furnace was heated
to 950 °C at a heating rate of 10 °C/min. The specimens were
heated at 950 °C for 4 h in the furnace and then cooled natu-
rally. The coating phase was determined via X-ray diffraction
(XRD, D/max2550). In addition, the cross-section morphol-
ogy and the element content of the coating were evaluated via
scanning electron microscopy (SEM, FEI Quanta250FEG)
coupled with energy dispersive spectroscopy (EDS).

Discontinuous weighing method was used in the constant
temperature oxidation test, and the oxidation medium was air.
Before the test, the initial mass of the specimen was weighed
by an electronic analytical balance. Then the specimen was
placed in an alumina crucible and put into a muffle furnace for
heat preservation at 1000 °C for 2, 5, 10, 20, 50, 100, 150, and
200 h. The crucible was taken out at 2, 5, 10, 20, 50, 100, 150,
and 200 h, separately, and the specimen was weighed after
natural cooling. The mass gain curve per unit surface area of
the specimen was used to evaluate the high temperature
oxidation resistance of the coating. The related formula is as

Table 1 Main composition of as-cast NiCrW-based superalloys
(wt%)
Cr W Co Mo Al C Ni
18.860 16.130 11.850 1.280 0.820  0.084  50.410

follows:
M-m
S )
where AW is the oxidation mass gain per unit area (mg-cm™);
M is the specimen mass at different time (mg); m is the initial
specimen mass (mg); S is the surface area of the specimen
(cm?).

AW =

2 Results and Discussion

2.1 Morphology and phase component of NiAl coatings

Fig. 1 shows XRD pattern of NiAl coating with the pack
powder of 100% filling ratio. The NiAl coating almost
completely consists of single NiAl phase with a small amount
of AIN phase, because the reaction product of Al and air is
only partly eliminated from the system. Based on the reaction
during pack NH,Cl
activator'”, the possible reactions during pack cementation
with CaCl, activator from initial temperature to over 780 °C
are as follows:

cementation with the traditional

2A1+3CaCl, (1)—2AICl, (g)+3[Ca] )
2AICL (2)+AI-3AICL (g) 3)
AICI (2)+2A13AICI (g) )
3AICL (g)—[Al[+2AICL (g) 5)
3AICI(g)—2[AI+AICL, (g) (6)
Ni+[Al]>NiAl 7

Al powder reacts with CaCl, to form gaseous AICI,
compounds and then gaseous AICI and AICI, are generated.
AICI and AICI, are diffused to the specimen surface and the
active Al atoms are released, thereby forming AICL"™. AICI,
repeatedly undergoes these reactions, resulting in continuous
activation of the Al atoms. The released active Al atoms cause
a concentration gradient of Al on the substrate surface and are
diffused into the Ni substrate”. According to the NiAl binary
phase diagram™ (Fig.2), the proportion of Ni and Al atoms
participating in diffusion in this research is 1:1 near the diffu-
sion interface, which is conducive to the formation of the
NiAl phase. Because CaCl, has a high melting point and is in
the molten state at the reaction temperature, the entire reaction
process can be steadily promoted™, resulting in the coating
with uniform thickness and few defects.
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Fig.1 XRD pattern of NiAl coating
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Fig.2 NiAl binary phase diagram>”!

Fig.3a shows the cross-section morphology of NiAl coating
with the thickness of about 30 um. The aluminized layer,
diffusion layer, and the substrate can be observed from the
surface to the interior specimen. EDS results show that the
aluminized layer mainly consists of Ni and Al, which is in
agreement with the XRD results. The diffusion layer contains
numerous white particles with high Cr content. During the
diffusion of Ni and Al atoms in the NiAl phase, the solid
solubility of Cr and W in the substrate decreases. Cr and W
are carbide-forming elements, so they can combine with
carbon in the substrate and be precipitated in the diffusion
chromium-rich
precipitates”. The bonding interfaces have no obvious holes
or defects. Fig. 3¢ shows SEM morphology of the NiAl

layer in the form of carbides and

coating surface, which consists of irregular particles of
different sizes (0.5~2 um), and the particle surface is smooth
without oxide growth.

2.2 Effect of filling ratio of pack powder on NiAl coating

structure

The SEM images in Fig.4 show the surface morphologies
of NiAl coating with pack powder of different filling ratios.
The needle-like or grid-like 6-Al,O, occurs on the coating
surface. At filling ratio of 90%, only a little needle-like
0 -ALO, can be observed on the coating surface (Fig. 4a).
When the filling ratio decreases to 70%, many needle-like
0 -ALO, particles grow on the coating surface; whereas the
entire coating surface is covered by the needle-like 0-Al,O,
when the filling ratio is 50%. This is because when the filling
ratio of the pack powder is less than 100%, some oxygen
remains in the sealed crucible. When the active Al and Ni
atoms diffuse to form the NiAl phase at high temperature, the
oxidation process of Al atoms occurs at the diffusion interface.
Owing to the simultaneous diffusion and oxidation processes,
the in-situ formed 0-Al,O, has a better combination with the
coating®™!, which improves the mechanical properties of NiAl
coating, thereby effectively solving the problem of easy
shedding of aluminum oxide layer.

2.3 Oxidation resistance behavior of NiAl-coated NiCrW-
based superalloys

Fig. 5 shows XRD patterns of the NiCrW substrates after
oxidation for different durations. After oxidation for 2~50 h,
the diffraction peaks of Cr,0, gradually appear and the
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Fig.3 SEM morphology (a) and corresponding EDS line scanning results (b) of cross-section of NiAl coating; SEM surface morphology of NiAl

coating (c)

Fig.4 SEM surface morphologies of NiAl coating with pack powder of different filling ratios: (a) 90%, (b) 70%, and (c) 50%
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Fig.5 XRD patterns of NiAl-coated NiWCr-based superalloys after

oxidation for different durations

intensity of each peak is increased. However, after oxidation
from 0 h to 100 h, the intensity of the (110) and (200) main
peaks of the Cr,Ni, phase in NiCrW-based superalloys is
decreased continuously. The diffraction peaks at 20=43.8° and
74.8° are composite peaks corresponding to Cr,Ni, and
NiCr,O,. After oxidation for 50 h, the (220) and (511) diffrac-
tion peaks of NiCr,O, appear and the intensities of the (104)
and (116) peaks corresponding to Cr,0, are decreased. In
addition, Cr,O, can further react with O, to form volatile CrO,.
However, the amount of NiCr,0, (product of NiO and Cr,0,)
is increased during the oxidation process. Thus, the Cr,O,
content decreases, and the NiCr,0, content increases.

EDS analyses of NiAl-coated NiCrW-based superalloys
after oxidation for 100 h are shown in Fig.6. The products on
the substrate surface are mainly irregular or sharp corner
particles. The irregular particles mainly consist of O and Cr
elements, and therefore are regarded as Cr,0,. The sharp
corner particles mainly consist of O, Ni, and Cr elements, and
therefore are regarded as NiCr,O,, which is formed by NiO
and Cr,0O, during the late-stage oxidation of the Ni-rich
substrate. NiCr,O, can destroy the continuity of the previously

Poirt2 s ,

formed Cr,O, film. Moreover, the volume ratio of the oxide to
the metal consumed for oxide formation, namely the Pilling-
Bedworth ratio, of Cr,0, and NiCr,O, with spinel structure is
large. A large internal stress is generated during the growth
process®”, In the early stage of oxidation, when the Cr,O, film
is thin, the internal stress can be released by deformation.
However, after continuous oxidation, the oxide film becomes
thick and NiCr,0, is gradually formed. The deformation of
this phase is increasingly difficult, and the internal stress of
the film accumulates gradually™'. When the internal stress
exceeds the bonding strength of the Cr,O, film, the oxide film
breaks and peels off. Therefore, the formation of nickel-
chromium spinel in the late-stage of oxidation reduces the
protective effect of the oxide film on the substrate.

2.4 Oxidation resistance of NiAl coating

Fig. 7a shows the appearance of the specimen before
oxidation. The specimen surface is relatively flat, and tightly
combined with the matrix without obvious defects. Fig. 7b
shows the appearance of the specimen after oxidation for 200
h. A large number of white oxides grow on the specimen
surface. The NiAl coating covers the substrate evenly and
densely, and it does not peel off.

Fig. 8 shows the XRD patterns of NiAl-coated NiCrW-
based superalloys with filling ratio of 100% after oxidation for
200 h. After the constant temperature oxidation in air at 1000 °C
for 5 h, a weak (110) diffraction peak of AlLO, appears,
indicating that oxidation starts and the nucleation of ALO,
begins. After oxidation for 50 h, Al,O, is formed considerably
and a strong (110) peak can be observed. The Al,O, phase
grows up completely and appears as the main phase after
oxidation for 200 h. Moreover, a small amount of intermediate
product of Al ,Ni, ,, phase is formed due to the Al oxidation.

Fig. 9 shows the surface morphologies of NiAl-coated
NiCrW-based superalloys with filling ratio of 100% after
oxidation for 100 and 200 h. The flaky 6 -AlLO, grows
vertically on the coating surface due to the nucleation growth
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Fig.6  SEM morphology (a) and EDS analysis results of point 1 (b) and point 2 (b) in Fig.6a of NiAl-coated NiCrW-based superalloys after

oxidation for 100 h
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Fig.8 XRD patterns of NiAl-coated NiCrW-based superalloys with

filling ratio of 100% after oxidation for different durations

of #-AlLO, at the early stage of oxidation. However, after
oxidation for 200 h, many §-Al,0, flakes are transformed into
irregular granular o -Al,O,. Compared with the vertically-
disordered 0-Al,O,, the closely arranged a-AlO, better iso-
lates the substrate from oxygen, leading to better high
temperature oxidation resistance in the late stage and better
anti-oxidation performance.

Fig. 10 shows the cross-sectional morphology of the NiAl
coating after oxidation for 200 h. Compared with the initial
NiAl layer (Fig.3a), an oxide layer with a thickness of about 4
pm is formed outside the NiAl coating. The EDS analysis
results of different areas are shown in Table 2. The atomic
ratio of Al to O in the oxide layer is 2:3. Compared with the
relatively flat coating surface in Fig.3a, the transition interface
between the oxide layer and the coating is irregular, because
of the non-synchronized oxidation of the coating caused by
the chromium-rich precipitation, which hinders the Al
diffusion in the NiAl layer. The aluminized layer is still
dominated by the NiAl phase®.
chromium-rich phase and a tungsten-rich phase exist in the
NiAl layer due to the diffusion and oxidation of Al. With the
oxidation proceeding, the chromium-rich phase and tungsten-
rich phase hinder the further diffusion of Al, thereby inhibiting

[27]

However, a residual

the further oxidation

Fig.11 shows the mass gain curves of NiAl-coated and non-
coated NiCrW-based superalloys during oxidation. In the first
10 h of oxidation, the nucleation of Al,O, occurs in the coated

5 pm

Fig.9 SEM surface morphologies of NiAl-coated NiCrW-based
superalloys with filling ratio of 100% after oxidation for 100
h (a) and 200 h (b)

Fig.10 Cross-section morphology of NiAl coating after oxidation at
1000 °C for 200 h

Table 2 EDS analysis results of area 1, area 2, and area 3 in

Fig.10 (at%)
Element Area 1 Area 2 Area 3
(oxide layer) (aluminized layer) (precipitate phase)
6} 56.1 1.3 7.6
Al 42.6 47.1 0.0
Cr 0.7 5.7 29.5
Co 0.0 5.5 17.9
Ni 0.6 40.2 17.5
\Y 0.0 0.0 27.4

specimens and the mass gain is relatively fast. With the
oxidation further proceeding to 100 h, the specimens maintain
a slow mass gain indicating that the oxidation enters into the
stable growth period of 0-ALO,. The transformation from
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Fig.11 Mass gain curves of NiAl-coated and non-coated NiCrW-

based superalloys during oxidation

0 -Al0, to a-ALO, occurs gradually during the oxidation
process, leading to a gradual reduction in the oxidation mass
gain of the specimen. Moreover, the mass gain increases
slightly by 0.1 pg-cm™-h™ during the oxidation from 150 h to
200 h, indicating that the NiAl coating exhibits good
oxidation resistance after oxidation at 1000 °C for 100 h.

Furthermore, the fast oxidation rate of the NiAl coating
during the early stage of oxidation results from the presence
of the metastable 9-Al,O,. When the oxidation temperature is
lower than 1050 °C, a certain oxygen partial pressure or water
vapor environment is conducive to the formation and growth
of §-ALO,”". The surface defects provide channels for the
rapid ion migration which leads to the rapid oxide growth
along the crystal surface™), and appear in the metastable
0-Al0,, resulting in the rapid growth of §-Al,O,. Therefore,
the growth rate of 0-AlLO, in the first and middle stages of
oxidation controls the oxidation process. With the oxidation
proceeding, 0-AlO, gradually changes into stable a-AlO,,
forming a relatively dense alumina film, which inhibits the
diffusion of oxygen and metal ions in the oxide layer. The
growth of a-AlLO, controls the late stage of the oxidation
process, thereby leading to excellent oxidation resistance of
the coating.

However, the substrate is a nickel-based chromium-rich
alloy. In the early stage of oxidation, the formation of Cr,O,
film results in rapid mass gain of the substrate, but the thin
Cr,0, film has a weak protection effect on the substrate. With
the oxidation further proceeding, the selective oxidation of Cr
results in the formation of a nickel-rich area on the substrate
surface, and NiCr,0, with spinel structure and NiO are
formed™. Therefore, the continuity of the Cr,0, film is
destroyed and the oxidation resistance of the oxidation film is
reduced, which leads to a higher oxidation rate of the
substrate, compared with that of the NiAl coating, in the late-
stage of oxidation.

3 Conclusions

1) The NiAl coating containing 20wt% Al powder on
NiCrW-based superalloys can be prepared by pack
cementation at 950 °C for 4 h with CaCl, as the activator, and
the thickness of NiAl coating is about 30 um with a uniform

structure and without obvious defects. The interlayer between
the coating and the substrate is a chromium-rich phase
diffusion layer.

2) The coating solely consists of single NiAl phase at the
filling ratio of pack powder of 100%; the needle-like 0-Al,O,
grows on the surface of the nickel-based alloys at the filling
ratio of pack powder of <100%.

3) Within the first 100 h of oxidation at 1000 ° C, the
formation and growth of 0-Al,O, mainly occur in the NiAl
coating. After oxidation for more than 100 h, the mass gain of
oxidation is decreased and then increased slightly with
proceeding the oxidation. The metastable 0-Al,O, is gradually
transformed into dense and irregular granular steady-state
a-AlO,, which provides protection to the substrate in the late
stage of oxidation process and leads to good oxidation
resistance performance.
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