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Abstract: CeO,-free and CeO,-modified aluminide coatings were prepared by aluminizing pure Ni film and Ni-CeO; film on Ni

plate at 620 °C, respectively. The effect of the CeO, addition on the growth rate and adhesion of the alumina scale at 1000 °C was

investigated. The results show that the addition of nanometer CeO, in aluminide coating of ¢ phase delays the formation of a

continuous a-Al,O; scale and decreases the growth rate of alumina scale during oxidation. Moreover, the alumina scale adhesion is

improved by the addition of nanometer CeO, due to the smaller cavities formed at the alumina scale/coating interface compared with

the CeO»-free one.
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The pack cementation process as the most mature
aluminizing process is widely used to aluminize nickel-base
superalloys or steels to improve their oxidation resistance at
high temperature!"”'. The thermally grown a-ALO; scale at the
surface of aluminide coatings can provide effective protection
because of its compact structure, low thermal growth kinetics
and volatilitym. However, a-Al,O; with dense hexagonal
structure directly forms only during oxidation over 1200 °C,
while the transient Al,O; with square structure firstly forms
between 800 °C and 1200 °C™*. Then the transient ALO; is
transformed to a-Al,O; with the prolongation of time. In this
temperature range, the transient Al,O; are mainly in y, J and 8
phases and the thermal stability increases gradually from y to
6. Compared with a-Al,Os, these transient Al,O; are not
protective due to the relatively looser structure and higher
growth rate. Moreover, the phase transition from transient
AL O; to a-Al,O; accompanied with ~13% volume shrinkage
would lead to the cracking of alumina scale, which
accordingly causes the breakaway oxidation"'. Thus, the phase
transition process has an important effect on the oxidation
resistance of the alumina-forming alloys between 800 °C to
1200 °C. Besides, cracking and spalling occur due to the
thermal stress introduced by thermal expansion coefficient
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mismatch between the alumina scale and the metal substrate
during cooling or under thermal cycling, which negatively
affects the oxidation resistance and service life of aluminide
coatings at high temperature!*”’.

Reactive elements (RE), such as cerium, lanthanum and
yttrium, or their oxides can significantly reduce the oxidation
rate of the alloy and improve the adhesion of the alumina scale,
which is referred to as “reactive element effect” (REE).
Subsequently, RE-modified aluminide coatings have been
widely applied on superalloys """ The reported variation of
the alumina growth rate between the RE-free and RE-modified
alloys has great difference and unobvious regularity, mainly due
to the different experimental conditions, RE amounts, alloy
types and transition rate from transient Al,O; to stable
ALO;M™! The growth of the transient Al,O; (such as ) is
controlled by the outward diffusion of Al ions, forming typical
morphology of needle or blade'*'®. When RE or their oxides are
added, the needle-like or blade-like structure is suppressed . It
is generally recognized that the growth of a-Al,Oj; is controlled
by both the outward diffusion of Al ions and the inward
diffusion of oxygen ions. Previous results studied by oxygen
isotope method show that RE can greatly reduce the outward
diffusion rate of Al ions, but have little effect on the inward
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diffusion of oxygen ions!". In the meantime, many researchers
have observed the segregation of RE ions at grain boundaries
and scale/metal interface by field emission scanning
transmission electron microscopy (FESEM) and secondary ion
mass spectrometry (SIMS)"'"'"”. On basis of the results, it is
proposed that RE ions with large radius tend to segregate at
grain boundaries or interface, which block the outward diffusion
of Al ions, accordingly decreasing the oxidation rate and
changing the growth mechanism of the alumina scale.

The formation of large cavities and sulfur segregation at the
scale/metal interface are the main reasons for scale detachment.
Various models have been presented to explain the effect of RE
on the adhesion of alumina scale. For example, it is believed
that the added RE oxides could increase the vacancy “sinks”

[7,20]

and reduce the size of the interfacial voids'"™". It is also

recognized that RE addition can bind the S impurities in some
way, greatly reducing the sulfur segregation at the interface***\.
However, each model has its limitations and the researchers
have not yet reached a consensus.

In this investigation, CeO,-free and CeO,-modified aluminide
coatings were prepared by low-temperature pack cementation
process. The effect of the CeO, addition on the growth rate and

adhesion of the alumina scale at 1000 °C was investigated.
1 Experiment

Specimens with dimensions of 15 mmx10 mmx=2 mm were
extracted from the as-received pure Ni plate. After being
abraded by SiC paper to 800 grit and then ultrasonically cleaned
in alcohol and acetone, the specimens were electrodeposited
with a Ni-CeO, film from a nickel sulfate bath (150 g/L
NiSO,6H,0, 120 g/L C¢H;sNa;0,2H,0, 12 g/L NaCl, 35 g/L
H;BO;) loaded with CeO, particles. The CeO, nanoparticles
(15~30 nm) were commercial products from Alfa Aesar. For
comparison, a CeO,-free Ni film was electrodeposited from a
similar bath but without CeO, loading. Afterward, the deposited
specimens were aluminized at 620 °C for 5 h using a
conventional halide activate pack-cementation method in a
powder mixture of Al (particle size: ~75 um) + 55 wt% AlLOs
(~75 pm) + 5 wt% NH,Cl in an Ar (purity: 99.99%) atmosphere.
It has been reported that inward grown J-Ni,Al; phase forms
using the same pack cementation method at 620 °C"'%l.
Accordingly, the CeO,-free and CeO,-modified J-Ni,Als
coatings were prepared by aluminizing the electrodeposited
Ni-CeO, and Ni films on Ni plate, respectively.

Afterwards, the aluminized specimens were oxidized in air at
1000 °C. Thermo gravimetric analyzer (TGA, Thermo Cahn 700)
was used to measure the oxidation kinetics. After oxidation, the
phases of the coatings were characterized using X-ray
diffraction (XRD). The microstructures of the coatings and the
oxide scales grown on the coatings were investigated using
scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS).

2 Results and Discussion

2.1 Microstructure

Fig.1 shows the cross-sectional morphologies of the
electrodeposited Ni and Ni-CeO, films on Ni plate (after
etching in 4 vol% HNO;+C,HsOH). The thicknesses of the
electrodeposited films are ~10 um. The co-deposited CeO,
particles were exfoliated during etching, and consequently the
original particle locations left the black holes in Ni-CeO, film
(Fig.1b). It contains ~3.5 wt% CeO, in Ni-CeO, film, as
revealed by the EDS analysis results. After aluminization, the
cross-sectional morphology of the J-Ni,Al; coating formed on
the Ni plate with a ~ 10 um-thick Ni film is shown in Fig.2a.
The aluminide coating is ~43 pm-thick. The CeO,-modified
0-Ni,Al; coating of similar thickness also formed on the Ni
plate with Ni-CeO, film, as seen from Fig.2b. In fact, the
0-NihAl; coatings without or with CeO, particles have a
bi-layered structure. The outer layer (~30 pm-thick) is
transformed from the electrodeposited Ni or Ni-CeO, film,
while the inner layer is transformed from the underlying Ni
substrate, as detailed in the earlier work”’. The white particles
in the magnified image of the A-framed zone in Fig.2b are the
nanoparticles of CeQO,, which are randomly dispersed in the
outer layer of the aluminide coating.
2.2 Ocxidation

Fig.3a shows the isothermal oxidation kinetics of the CeO,-
free and CeO,-modified J-Ni,Al; coatings for 20 h oxidation
in air at 1000 °C. It demonstrates that the mass gain of the
CeO,-modified aluminide coating is lower than that of the

¢ Ni Film

¢ Ni-CeO; film

Fig.1 SEM morphologies of cross-section of the electrodeposited
Ni (a) and Ni-CeO- (b) film on Ni plate (after etching in 4
vol% HNO3+C2H50H)
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Ni,Al; coating

100 pm

SEM morphologies of cross-section of the J-Ni,Al; coating

on Ni plate, by aluminizing a ~10 pm-thick Ni film (a) and a
~10 pm-thick Ni-CeO; film (b) (the inset on the lower left is a
magnified image of the A-framed zone in Fig.2b)
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CeO,-free one. According to the difference of oxidation rate,
the oxidation process of the CeO,-free aluminide coating
could be divided into two stages: initial stage (stage “I”’) with
the faster oxidation rate and steady-state (stage “II”’) with a
slower oxidation rate. The parabolic oxidation rate constants
for different periods of the two aluminide coatings are clearly
shown in the corresponding parabolic plots of Fig.3b. The
oxidation of the CeO,-free aluminide coating have two stages:
stage “I” with a large parabolic oxidation rate constant krf of
~1.35x10"* g*ecm™s" and stage “II” with a lower parabolic
oxidation rate constant k, of ~2.74x10" g em™s”. The
CeO,-modified aluminide coating with respect to the
CeO,-free one have lower parabolic oxidation rate constants
for both stage “I” and stage “II” (k; is ~1.03x10" g*cm™ s
and k, is ~1.71x10™" g*em™s™). It is considered that the
transition from stage I to stage II corresponds to the formation
of a continuous a-Al,O; scale. From Fig.3a, it can be seen that
the transition time to stage II for CeO,-modified coating is
later than that of the CeO,-free coating.

The aluminide coatings after 20 h oxidation at 1000 °C were
characterized using XRD and the results are presented in Fig.4.
A protective scale of a-Al,0; forms for the CeO,-free aluminide
coating (Fig.4a), while the alumina scale in both « and 6 forms
exists for the CeO,-modified one (Fig.4b) after 20 h oxidation.
Moreover, J0-Ni,Al; completely degrades into Ni-rich S-NiAl
phase (NigsgAly4y) and Niz;Al in the detected area for the
CeO,-free aluminide coating. However, only Ni-rich S-NiAl
phase (Nijs3Aly4,) is acquired for the CeO,-modified aluminide
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Isothermal oxidation kinetics (a) and the corresponding
parabolic plots (b) of CeO,-free and CeO,-modified 0-Ni>Al;
coatings for 20 h oxidation in air at 1000 °C
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Ni,Al; coatings after 20 h isothermal oxidation at 1000 °C
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coating, as shown in Fig.4b. Fig.5 shows the SEM surface
morphologies of the aluminide coatings after 20 h oxidation at
1000 °C. It reveals that a small amount of spallation occur on
the surface of the CeO,-free aluminide (Fig.5a). However,
spallation of the CeO,-modified aluminide coating is not
observed after oxidation for 20 h, as shown in Fig.5b. From a
magnified image of the surface alumina scale (Fig.5a"), it

= Spallation N
£

100 pm

——

<100 pm [

exhibits a fine whisker and blade-like configuration. After CeO,
particles were added into the coating, the oxide scale on the
surface could be divided into two areas: a blade-like area (A)
and a smoother area (B), as presented in Fig.5b'. Pint et al >
believe that these smoother areas correspond to the location of
the doped rare-earth oxide particles.

SEM cross-sectional morphologies of both CeO,-free and

v 10 um

Fig.5 Surface morphologies of CeO»-free (a) and CeO,-modified (b) 6-Ni>Als coatings after 20 h isothermal oxidation at 1000 °C;

(a’) and (b’) are the magnified images of the alumina scale in (a) and (b), respectively

CeO,-modified coatings after oxidation are shown in Fig.6. It
can be seen that the coatings degrade into two distinct layers
after oxidation. The outer layer is Ni-rich 5-NiAl and the inner
layer is y-Ni;Al on basis of the XRD and EDS analysis.
Moreover, there are discontinuous y’-Ni;Al phases dispersing in
the outer S-NiAl layer of the CeO,-free aluminide coating (as
arrowed in Fig.6a), which correspond to the rapid Al diffusion
channels (the locations of grain boundaries). With respect to the
CeO,-free coating, the thinner alumina scale and the much
thicker B-NiAl layer formed on the CeO,-modified coating
reveal that Al depletion within the CeO,-modified coating is
much lighter. Furthermore, cracking and spallation of the oxide
scale occur on the CeO,-free coating, while the CeO,-modified
coating exhibits better alumina adhesion. Small cavities are
observed at the alumina/aluminide interface (as arrowed in
Fig.6b). Besides, cavities are observed in the two aluminide
coatings as well.
2.3 Discussion

The oxidation kinetics and XRD results of CeO,-free and
CeO,-modified aluminide coatings show that the addition of
CeO, delays the formation of a continuous a-Al,O; scale and
decreases the growth rate of alumina scale. Based on the earlier
study, it is generally considered that there are four stages for the

RNisAl NiAl __ Spallation
K Cavities

Ni;Al

Cavities

Fig.6 SEM morphologies of cross-section of CeO,-free (a) and
CeO,-modified (b) J-NixAl; coatings after 20 h isothermal
oxidation at 1000 °C
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transition of transient alumina to stable o-Al,O; during
oxidation **. At the initial stage of oxidation, transient alumina
(such as y, 0) forms (stage 1). Afterwards, a-Al,O; nucleates at
the interface of transient Al,Os/alloy matrix (stage 2). With the
extension of time, a-Al,O; transversely grows into a continuous
layer (stage 3). Once a continuous a-AlLO; layer forms, the
oxidation rate of the aluminide coating would show a significant
decrease, which corresponds to the change from stage “I” to
stage “II” in oxidation kinetics (as shown in Fig.3). Finally, the
residual transient Al,O; completely transforms into a-Al,Os
(stage 4). From the above process, it can be seen that a-AL,O;
nucleates on the basis of transient Al,O;.

Many studies have shown that the addition of RE oxides
greatly accelerates the transformation of 6-a phase compared

31 which might be relevant

with alloying and ion implantation
with the nucleation mechanism of a-AlL,Oj;. If the nucleation
mechanism of a-Al,Osis diffusion nucleation, a-Al,O; is easier
to nucleate at the aggregation position of the anionic and
cationic vacancies”™. The addition of oxide particles induces a
large number of particle/alloy interfaces, which are conducive
to the condensation of vacancies and accordingly provide many
heterogeneous nucleation points for a-Al,O;. However, this
simple nucleation effect cannot totally explain the influence of
oxide particle doping on phase transition of Al,O;. The doping
ions’ own chemical properties may have greater impact on the
transition. Burtin et al”* believe that the radius and valence of
the doped ions are the key factors that affect the phase transition
of transient Al,O; to a-Al,O;. According to their model, the
addition of CeQ, particles would hinder the transition from
transient Al,O; to a-Al,Os due to the large ionic radius and high
valence of the rare earth element, thus delaying the formation of
a continuous a-Al,O; scale. At the same time, CeO, particles
dissolved in alumina scale decompose and release Ce ions due
to the higher surface energy of nanoparticles during oxidation
The Ce ions prefer to diffuse outward along the grain
boundaries because of the larger ionic radius with respect to Al
ions. Consequently, the growth of both 6-Al,O; and a-Al,O;
scale is suppressed by the absence of CeO, nanoparticles
through inhabiting the outward diffusion of Al ions along the
grain boundaries. As a result, the CeO,-doped area (B in the
Fig.5b") exhibits a smoother surface morphology, while the area
without CeO, doping remains the whisker- and blade-like
configuration of 6-Al,0;. The effect of CeO, dispersion on the
oxidation kinetics is a synergistic effect of the two points above.
Although the formation of a continuous a-Al,O; scale is
delayed, the oxide scale of CeO,-modified coating grows more
slowly than that of CeO,-free one.

In addition, the oxidation results also show that the CeO,-
modified coating exhibits better alumina adhesion compared
with the CeO,-free one. When the aluminide coatings are
performed at high temperature, the degradation of coatings both
arising from the outward diffusion to form alumina scale and
the inward diffusion into the substrate occurs. The aluminide

[17]

coatings in its 6 phase would transform into Al-rich § phase at
the onset of oxidation. The Kirkendall vacancies induced by the
relatively higher diffusion rate of Al to Ni in Al-rich S-NiAl
phase, together with the cationic vacancies, condense and then
form cavities in the outer layer of the coating™. The vacancies
prefer to condense at the high energy areas such as the interface
of the alumina scale/aluminide coating and the interface
between CeO, and aluminide. Scale spallation occurs when
large-size cavities form at the scale/coating interface of the
CeO,-free coating (Fig.6a). While the CeO, particles are added
into the aluminide coating, the presence of CeO, particles near
interface could increase the sites for the condensation of
vacancies and reduce the size of cavities at the interface
(Fig.6b). Thus, the scale adhesion is greatly improved. Besides,
the Kirkendall vacancies diffuse inward to the inner layer of the
aluminide coating due to a relatively higher diffusion rate of Ni
to Al in the Ni3Al phase”™*". Accordingly, cavities also form in
the inner layer of aluminide coating, which could be clearly
seen in Fig.6a.

3 Conclusions

1) The addition of nanometer CeO, in aluminide coating of
0 phase delays the formation of a continuous a-Al,O; scale
and decreases the growth rate of alumina scale during
oxidation at 1000 °C.

2) The addition of nanometer CeO, in aluminide coating of
J phase improves the alumina scale adhesion due to the
smaller cavities formed at the alumina scale/coating interface.
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