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diffusion Between an Aluminide Coating and Underlying
Substrate at High Temperature
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Abstract: The J-Ni>Al;/Ni coating systems with different CeO, contents and particle sizes were specially prepared by partially

aluminizing the Ni films containing ~0 wt%, ~1 wt%, ~2 wt% and ~3 wt% nanometer CeO> (15~30 nm) and ~1 wt% micrometer

CeO; (5 um). The effects of CeO, content and particle size on the interdiffusion between the aluminide coating and underlying

substrate were investigated by annealing in vacuum at 1000 °C. The results show that the addition of nanometer CeO, into the

0-Ni,Al3/Ni coating system could mitigate the interdiffusion between the aluminide coating and underlying substrate and the

blocking effect can be significantly improved with the increase of the CeO- content. However, the addition of micrometer CeO into

the coating system has little influence on the degradation of the aluminide coating. This is intrinsically correlated with the fact that

the CeO; content and particle size would influence the formation of the CeO,-rich layer at aluminide/Ni film interface acting as a

diffusion barrier between the aluminide coating and substrate.
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The reactive elements (RE) modified aluminide coatings
have been widely used as standalone oxidation resistance
coatings or bond coatings in thermal barrier coatings (TBCs)
to protect the superalloy components of gas turbines'"?.
Extensive researches have reported that the high temperature
oxidation performance of the aluminide coatings could be
obviously improved by the addition of a small amount of RE,
such as Y, Hf, Zr and Ce (or their oxides)B'S]. However,
protective aluminide coatings on superalloys degrade not only
by the loss of Al to form alumina scale, but also by the interdi-
ffusion with the underlying substrate!®. Moreover, the inward
diffusion of Al would destroy the y/y’ microstructure of
Ni-based superalloys and consequently result in the formation
of topologically close packed (TCP) phases and the second
reaction zone (SRZ), which could seriously degrade the
creep-rupture properties”'] o,

In order to improve the service life of the coated superalloys,
a diffusion barrier (DB) between the coating and the substrate
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has been developed for blocking the interdiffusion. A good
diffusion barrier should take into account the blocking effect,
service life, preparation process and so on. The diffusion
barriers currently studied mainly include the metallic, the
ceramic and the active DBs. The metallic DBs with good
interface bonding are usually developed by a diffusion bond
mechanism, which are together with interdiffusion reaction
after long-term exposure!' . By contrast, the ceramic DBs
used mainly between MCrAlY coatings and alloys have better
ability of blocking elements diffusion*", @-AL,O; has
attracted the attention of many researchers due to its good
combination property of dense structure and unusual phase
stability!'*"*. a-AL,O; can be directly deposited on the surface
of Ni-based alloy by chemical vapor deposition. However, the
undesired whiskers grow on the surface of the deposited
a-Al, 05 because of the high contents of Co and Ni in substrate,
which is not suitable as a diffusion barrier. To prevent whisker
growth, one approach that has been applied is to deposit a
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layer of TiN between the matrix and the a-Al,O; ceramic
layer''”). Another approach is to deposit a layer of y-Al,O; on
substrate at lower temperature, which is transformed to a-
Al O; after heating[zo]. However, the thermal shock problems
due to the difference of thermal expansion coefficient between
the ceramic DBs and alloys may reduce the service life of the
coating”®"’. In order to improve the adhesion of ceramic DBs
with protective coatings and substrates, the active DBs which
react with Al from superalloy substrate and coating are
prepared, such as Cr-O-NP* #1 Cr-Al-O-NP®*, and yttria
partially stabilised zirconia (YSZ) layer™. The DBs act as a
reservoir of oxygen and transform into sandwich structured
Al-rich oxide/metal/Al-rich oxide during service or post
vacuum annealing, which eventually suppress the interdiffusion.

In the previous work, Tan and co-workers™® developed a
CeO, dispersed aluminide coating system by partially
aluminizing an electrodeposited Ni film containing CeO,
nanoparticles. The results showed that the CeO,-dispersed
aluminide coating had excellent degradation resistance both to
oxidation and interdiffusion compared with the CeO,-free
aluminide coating. The suppression of the interdiffusion was
correlated with the formation of a CeO,-rich layer between
aluminide and Ni acting as a diffusion barrier at high
temperature. This coating system with good performance and
simple preparation process, accordingly, will be an interesting
direction to be explored for the diffusion barrier. In the present
work, the effects of CeO, content and particle size on the
interdiffusion of aluminide coating and underlying substrate
were studied based on the earlier work. To exclude the
influence of oxidation, the coating system was investigated by
vacuum annealing at high temperature.

1 Experiment

Small specimens (15 mmx>10 mmx2 mm) used as substrates
were cut from pure Ni plates. After being hand-polished using
800# sand paper and then cleaned with alcohol and acetone, the
specimens were electrodeposited with a Ni-CeO, film from a
nickel sulphate bath (150 g/ NiSO,6H,O, 120 g/L
CgHsNa;0,2H,0, 12 g/l NaCl, 35 g/ H;BO;) loaded with
CeO, particles. The CeO, particles with different sizes (15~30
nm and 5 pm) were commercial products from Alfa Aesar. The
deposited Ni films with different nanometer-CeO, contents but
similar thickness were available through controlling the particle
contents in bath at the same deposition time. The particle
contents in bath were 2, 10 and 20 g/L. The Ni film containing
CeO, in micron size range with similar thickness was also
prepared.

The specimens were firstly coated by Ni-CeO, coating, and
then were aluminized at 620 °C using a conventional halide
activate pack-cementation in a powder mixture of Al (particles
size: ~75 pm)+56 wt% ALO; (~75 um)+4 wt% NH,Cl in an Ar
(purity: 99.99%) atmosphere. The earlier works™*® indicated
that J-Ni,Al; was formed by aluminizing Ni film and it grew

inward using the pack-cementation method at 620 °C.

Accordingly, the CeO, containing aluminide coating systems
with different CeO, contents and particle sizes were specially
prepared by partially aluminizing the Ni-CeO, films. For
comparison, another CeQO,-free aluminide coating system of
0-Ni,Al;/Ni was also prepared by aluminizing a pure Ni film.
The Ni film was electrodeposited from a similar bath above but
without CeQ, particles. Afterwards, the aluminized specimens
were annealed for different time at 1000 °C in a vacuum of
1x10° Pa. Scanning electron microscopy (SEM), energy
dispersive spectroscopy (EDS), and X-ray diffraction (XRD)
were used to investigate the evolution of the microstructure and
phase of the aluminide coating annealed for different lengths of
time.

2 Results and Discussion

2.1 Microstructures of the as-received coatings

According to the calculation based on EDS analysis results,
the deposited Ni films with nanometer-CeO, contain ~1 wt%,
~2 wt% and ~3 wt% CeO, electrodeposited from the bath
added with 2, 10 and 20 g/L CeO,, respectively. The Ni film
containing micrometer CeO, contains ~1 wt% CeO, particles.
Five different aluminide coating systems formed by partially
aluminizing the electrodeposited Ni films with and without
CeO, particles, were denoted coating-1, coating-2, coating-3,
coating-4 and coating-5, respectively (as shown in Table 1).

Fig.1 shows the cross-section morphologies of the
aluminide coating systems under optical microscope (OM). In
the condition, the outer part of the coating is the aluminide
coating in its  phase which has been transformed from the
outer Ni film, while the inner part of the coating is the inner
Ni film remaining unaluminized as reported in the earlier
work®® Accordingly, 5-Ni,Al;/Ni coating systems with and
without CeO, particles are clearly seen in Fig.1. The
aluminide coatings are ~20 pum-thick and the unaluminized Ni
films are ~30 pm-thick for the five coating systems.
2.2 Microstructures of the CeO, free coatings after

annealing

The aluminide coating is degraded by the interdiffusion
between the aluminide and the underlying metallic substrate at
high temperature. As shown in Fig.2a, J-Ni,Al; is fully
degraded into a Ni-rich S-NiAl phase (NigsgAlg4,) in the

Table 1 Aluminide coating systems formed by partially
aluminizing the electrodeposited Ni films with
different CeO, contents and particle sizes

. . . Particle content in
Coating system Particle size

electrodeposited Ni film/wt%

Coating-1 - 0
Coating-2 15~30 nm 1
Coating-3 15~30 nm 2
Coating-4 15~30 nm 3
Coating-5 5 um 1
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Cross-sectional morphologies of the J-Ni>Al; coatings formed by aluminizing Ni film (a), Ni film containing 1 wt% (b), 2 wt% (c),

and 3 wt% (d) nanometer CeO,, and Ni film containing 1 wt% micrometer CeO (e)

detected area after 10 min annealing for the CeO,-free
aluminide coating system of J-Ni,Al3/Ni (coating-1). Beside
the Ni-rich f-NiAl, Ni;Al is also acquired after 60 min
annealing according to the XRD pattern (Fig.2b). It
demonstrates that significant interdiffusion occurs between the
aluminide and the Ni film. Fig.3 shows the SEM cross-
sectional morphologies and EDS line scans of Al and Ni and
local quantitative measurements of Al for coating-1 after 10
and 60 min annealing at 1000 °C. It reveals the composition
evolution of the CeO,-free aluminide coating with time during
annealing at 1000 °C. The J phase degradation starts from the
Ni,Al;/Ni film interface. After 10 min annealing, the
aluminide coating in its 0 phase has been degraded into two
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Fig.2 XRD patterns of coating-1 annealed for 10 min (a) and 60
min (b) at 1000 °C

layers: an outer layer of Ni-rich f-NiAl (36.1 at% Al as
arrowed) and an inner layer of Ni;Al (26.0 at% Al) as seen
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Fig.3 SEM cross-sectional morphologies and EDS line scans of Al
and Ni and local quantitative measurements of Al for coating-1
after 10 min (a) and 60 min (b) annealing at 1000 °C
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from the different color contrast (Fig.3a). With the increase of
the annealing time, the Ni-rich S-NiAl continues to degrade
into Ni;Al from the interface of Ni-rich S-NiAl/NizAl,
forming a thinner Ni-rich -NiAl layer and a thicker Ni;Al
layer for 60 min annealing (Fig.3b).
2.3 Microstructures of the coatings with nanometer CeQO,
after annealing

For the CeO,-containing coating system of coating-2,
0-Ni,Al; has been degraded into an Al-rich S-NiAl phase
(NigoAly ) in the probed surface layer after 10 min annealing as
seen in Fig.4a. Ni rich 5-NiAl phase (Ni; ;Alyy) is detected after
60 min (Fig.4b). It reveals that the degradation of coating-2 is
much slighter than that of coating-1, which could be further
confirmed by the cross-sectional morphologies. The annealed
aluminide coating after 10 min annealing exhibits two zones:
zone I with pores and zone II with few pores according to the
morphological characteristics (Fig.5a). Zone I is an Al-rich
S-NiAl layer on a basis of the XRD and EDS analyses (51.5
at% Al as arrowed). Zone II is double-layered: an outer layer of
Ni-rich S-NiAl (39.6 at% Al) and an inner layer of Ni;Al (23.8
at% Al). The interdiffusion of Al and Ni between the aluminide
coating and Ni film causes heavier degradation for 60 min
annealing, as shown in Fig.5b. The outer Al-rich S-NiAl layer
has been totally transformed into Ni-rich f-NiAl layer (44.1 at%
Al as arrowed) and the thickness of the aluminide coating
increases with time. It is believed that zone I which is as thick
as the original J-Ni,Al; coating is not varied in thickness with
the annealing time, while the thickness of zone II increases by
~14 pm from ~16 um for 10 min annealing to ~30 pum for 60
min annealing (including the increase of the thickness of the
inner Ni;Al layer from ~8 um to ~13 um). From the EDS line
scans in Fig.5b, the depth profiles of Al and Ni for 60 min
annealing have gentler slopes compared with the results for 10
min annealing, demonstrating significant interdiffusion between
the aluminide and the Ni film.

The ¢ phase in the probed surface zone of the coating-3 has
been transformed to the Al-rich -NiAl (NigyAl; ;) for 10 min
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Fig4 XRD patterns of coating-2 annealed for 10 min (a) and 60
min (b) at 1000 °C
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Fig.5 SEM cross-sectional morphologies and EDS line scans of Al
and Ni and local quantitative measurements of Al for coating-2
after 10 min (a) and 60 min (b) annealing at 1000 °C

annealing (as shown in Fig.6a), which is similar to that of
coating-2. After 60 min annealing, Ni-rich S-NiAl (Ni; o4Alj06)
forms on the basis of the XRD results (Fig.6b). Thus less
interdiffusion occurs at the J-Ni,Al;/Ni film interface for
coating-3 compared with that of coating-2 for 60 min annealing
(Fig.4b). Fig.7a and 7b show an apparent structural evolution of
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Fig.6 XRD patterns of coating-3 annealed for 10 min (a) and 60
min (b) at 1000 °C
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coating-3 occurring with time during the vacuum annealing at
1000 °C. The annealed aluminide coating also exhibits two
zones after 10 min at 1000 °C as that of coating-2. The
thickness of zone II increases to ~ 30 pm with the expanding of
the annealing time. After 60 min annealing, the Al content of
Zone 1 (49.3 at% Al as arrowed) is more than that of coating-2
(44.1 at% Al), which is consistent with the XRD results (as
shown in Fig.5b and Fig.7b).

XRD characterization indicates that the § phase in the probed
surface zone of the coating-4 has been transformed to the
Al-rich 5-NiAl (NipeAl, ; as presented in Fig.8) both for 10 min
annealing and 60 min annealing. The XRD results demonstrate
that coating-4 performs the least degradation because of the
interdiffusion between the coating and the substrate. The
characteristic morphologies in Fig.9 could furtherly confirm it.
Although the XRD pattern and cross-sectional morphology of
coating-4 are similar to that of coating-2 and coating-3 after
annealing for 10 min, coating-4 exhibits a much narrower zone
IT (Fig.9a). The annealing time seems not to affect the
morphologies of the two zones significantly, only the thickness
of zone II increases by ~10 um from ~8 um for 10 min
annealing to ~18 pm for 60 min annealing. Apparently, the more
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Fig.7 SEM cross-sectional morphologies and EDS line scans of Al
and Ni and local quantitative measurements of Al for coating-3
after 10 min (a) and 60 min (b) annealing at 1000 °C

AN AL @
=5 R \
< A
}%— 1 - 1 1 - 1
g A-Ni Al b
E
S JA 2 ] - 1
10 20 30 40 50 60 70 &80 90

20/(°)

Fig.8 XRD patterns of coating-4 annealed for 10 min (a) and 60
min (b) at 1000 °C
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Fig.9 SEM cross-sectional morphologies and EDS line scans of Al
and Ni and local quantitative measurements of Al for coating-4
after 10 min (a) and 60 min (b) annealing at 1000 °C

the thickness of zone II increases, the more severe the
degradation occurs. The degradation of coating-4 is not
significant for 60 min annealing with respect to that of coating-3
and coating-2. The EDS line scans in Fig.9b show that the depth
profiles of Al and Ni for 60 min annealing are as sharp as those
for 10 min at the degradation front of the aluminide, indicating
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that the interdiffusion across the interface is not substantial.

On basis of the comparison results presented here, one can
assume that the addition of CeO, nanoparticles could mitigate
the degradation of the aluminide coating during annealing and
the coating systems have better blocking effect when the
particle contents increase which is 1 wt%~3 wt%. It is believed
that the nanoparticles of CeO, could accumulate at the
degradation front of the aluminide at high temperature and the
formed CeO,-rich layer acting as a diffusion barrier suppress the
degradation of the aluminide coating. The mechanism for the
self-formation of the CeO, diffusion barrier layer in the
aluminide coating has been proposed, as described in the
previous work”®. Based on the microstructures of the coatings
with nanometer CeO, after different lengths of annealing time
combined with the model proposed earlier, the degradation
procession of the aluminide coating systems with different CeO,
contents is illustrated in Fig.10. The sketch shown in Fig.10a
reveals the annealing process of the coating system containing
relatively high CeO, content (e.g. ~3 wt% as that of coating-4).
When annealing starts, interdiffusion of Ni and Al occurs at the
interface of J-Ni,Al; coating and the Ni film (stage I). Then
S-NiAl phase firstly forms at the interface of Ni,Al;/Ni-CeO,
(stage II). Accordingly, two new interfaces form which are
marked with I; and I,. The faster diffusion of Al with respect to
Ni through I; leads to the counter-diffusion of Kirkendall
vacancies to the surface of the coating®”
condense and then form voids at sinks such as grain boundaries,

. The vacancies

impurities, the interface of CeO, and aluminides in this work
due to the high defect density here (as presented in Zone [ of
Fig.5). Meanwhile, predominant Ni diffusion across I, induces a
flux of Kirkendall vacancies which diffuse to the Ni-CeO,
film™. For a similar reason, voids form at the interface of
aluminide/Ni (I,) and near the oxides of Ni-CeO, film (Fig.5b).
The inward diffusion of Al leads the region of NiAl phase
extending into the alloy substrate, which is accompanied by the
inward movement of aluminide/Ni interface. During the
movement of interface, the interface would sweep the randomly
dispersed CeO, in Ni-CeO, film and then drags the particles to
move forward. The CeO, particles progressively enrich at the
interface, forming the CeO,-rich layer (stage III). When the
CeO, content decreases (as shown in Fig.10b), fewer
nanoparticles disperse in the coating system (stage I).
Accordingly, fewer CeO, particles enrich at the degradation
front (stage II) and Ni-rich S-NiAl phase at the area close to the
interface of aluminide/Ni continued to be degraded into y“Ni;Al
phase caused by further interdiffusion (stage III).
2.4 Microstructures of the coatings with micrometer
CeO, after annealing

To understand the effect of particle sizes on the interdiffu-
sion between the aluminide coating and substrate, the J-
Ni,Al;/Ni coating system containing micrometer CeO, particles
(coating-5) is also prepared for comparison. Same as the coating
system without CeO,, aggravated interdiffusion in coating-5
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Fig.10 Schematic diagrams of degradation procession for the alu-
minide coating systems with relatively high nanometer CeO,

contents (a) and relatively low nanometer CeO, contents (b)

leads the ¢ phase aluminide to be degraded into Ni-rich S-NiAl
phase (Nij;Alyo) at the area close to surface only after 10 min
annealing and some peaks of Ni;Al are also probed after 60 min
annealing (as shown in Fig.2). Fig.11 shows the evolution in
phase composition of the J-Ni,Al; coating with time during
annealing at 1000 °C. The morphological characteristics
obtained for coating-5 are similar to those of the coatings
without particles. It consists of an outer layer of Ni-rich -NiAl
and an inner layer of Ni;Al, according to the 37.3 at% and 27.6
at% Al measured on the areas as indicated in the EDS line scan
(Fig.11a). Severe degradation is observed at the J-Ni,Al;/Ni
film interface, as revealed by the depth profiles of Al and Ni.
This result indicates that the presence of micrometer CeQO,
particles has little effect on the interdiffusion between the
coating and the underlying Ni film.

A particle either moves along with an individual migrating
boundary if Vp:>Vg (Vp« is the maximum migrating rate of the
particle moving together with the boundary, V' is the boundary
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Fig.11 SEM cross-sectional morphologies and EDS line scans of Al
and Ni and local quantitative measurements of Al for coating-5

after 10 min (a) and 60 min (b) annealing at 1000 °C

migrating rate) or detaches from the boundary (immovable
particle) in the opposite case™. The ability or inability of a
particle to move along with the migrating boundary depends on
both the properties of the particle and the interaction of the
particle with the boundary. It is believed that a particle is able to
move together with a certain boundary (the boundary energy
and Vp are constant) if »<r* (r is the radius of the particle
assumed spherical in shape, »* is the maximum radius of the
particle moving together with the boundary)”**"". Hence, for the
CeO, particle as small as in nanosize regime (~40 nm), it would
be dragged by the interface with its advancement into the Ni
film (Fig.10). However, when the CeO, particles with micron
size (~5 pum) are added in the Ni film, the mobility of the
particle is negligibly small. Consequently, the micrometer
particles are immobile and cannot be dragged by the moving
interface during the annealing. That’s the reason that the
degradation of coating-5 is much more severe than those of
coating systems with CeO, nanoparticles.

3 Conclusions

1) The addition of nanometer CeO, in the coating system of

0-Ni,Al;/Ni could mitigate the interdiffusion between the
aluminide coating and underlying substrate during vacuum
annealing at 1000 °C. The blocking effect can be significantly
improved with the increase of the CeO, content which is 1~3
wt%. The reason could be that more CeO, particles enrich at
the interface of the aluminide/Ni to block the interdiffusion
while the content of CeO, in film increases.

2) The addition of micrometer CeO, in the coating system
of 0-Ni,Al;/Ni has little influence on the interdiffusion
between the aluminide coating and underlying substrate
during vacuum annealing. It is assumed that the CeO,
particles in micron size range could not be dragged by the
interface of aluminide/Ni and accordingly the CeO,-rich layer
could not form at the degradation front as the coating system
with nanoparticles.
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ORE (RIS T A 0B 0-NLAL/NI RERRIIBAL, 110 FLBEE CeO, ki & imiin, ok T4 SOk W 138, EHCK CeO,
SURL 8 AR Z AR R LY HU L TS 50 . ORI CeOy J0RL & A RS 25 S i i 5 R AL /N 92 LA CeO, 32
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