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Abstract: By using CeO, particles instead of part of Al,Os particles as filler, the CeO, was successfully entrapped into the outer
layer of the chromizing coatings on the as-deposited nanocrystalline (NC) and microcrystalline (MC) Ni films using a conventional
pack-cementation method at 800 °C. For comparison, chromizing was also performed under the same condition on MC Ni film using
Al,Oj as filler without CeO, particles. SEM/EDX and TEM results indicate that the refinement of Ni grain and CeQO, entrapped into
the chromizing coatings refine the grain of the chromizing coating. Oxidation at 900 °C indicates that compared with the CeO,-free
chromizing coating, the CeO,-dispersed chromizing coating exhibits an increased oxidation resistance. For the CeO,-dispersed
chromizing coating, the refinement of Ni grain size significantly decreases the transient-oxidation scaling rate of the chromizing

coatings. Together with this, the CeO,-dispersed chromizing coating formed on NC Ni exhibits a better oxidation resistance.
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1 Introduction

Chromium coatings, traditionally manufactured
using a conventional pack cementation at temperatures
above 1000 °C for durations of 6—10 h, limited by the
diffusion and reaction kinetics involved, have been
widespread to economically improve high temperature
oxidation and corrosion resistance of metals [1—5].
However, such a high temperature treatment inevitably
limits the applications of chromizing coatings due to the
grain growth of substrate materials, which has a
detrimental effect on the mechanical properties of
workpieces. Therefore, exploration of novel processing
techniques by which chromizing kinetics is greatly
enhanced at low temperatures is essential for the
widespread application of the chromizing -coating.
WANG et al [6—8] found that the refinement of grain
size using so-called surface mechanical attrition
treatment (SMAT)
diffusion of Cr at low temperatures, thus influencing the
corrosion or oxidation resistance of the chromizing
coatings. ZHANG et al [9] found that electrodeposition

is another method to produce nanostructured materials,

significantly enhanced inward

and seems to be appropriate for lowering the chromizing
temperature (or shortening the duration) in a practical
manner. After adding some rare earth (RE) or RE oxides
into the chromizing coatings through codeposition of
CeO, or Y,0; particles into Ni matrix before chromizing,
the oxidation resistance of chromizing coatings could be
effectively improved [1-5, 9—11]. The phenomenon was
first reported in 1937 [12] and is referred as reactive
element effect (REE). Various theories to elucidate the
REE have been put forward but are still in dispute [13].
However, these methods not only added their technologic
step, but also improved the difficulty in preparation for
the modified chromizing coatings. It was reported that
during the low activity aluminization, the filler Al,O4
particles could be entrapped into the outer layer of
aluminide coating [14,15] due to the outer growth of the
aluminide coating. By considering this phenomenon,
ZHOU et al [16] added some Y,O; microparticles into
the outer aluminide coating using the Y,0;
microparticles instead of part of AL,O; filler. ZHOU et al
[11] found that the outer growth also contributed to the
formation of chromizing coating at a low temperature
(800 °C). Thus, it is reasonable to add the RE oxides into
the outer layer of chromizing coatings using the same
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methods. So far, studies on the oxidation of chromizing
coating with RE oxides additions by CeO, nanoparticles
as filler have rare been reported. In this work, by
considering the beneficial effect of CeO, nanoparticles
on the oxidation of chromizing coatings, CeO,-
dispersion low temperature chromized coating on the
electrodeposited NC Ni film was produced by pack
cementation at 800 °C using the CeO, nanoparticles
instead of part of AlL,O; as filler, and its oxidation
performance was reported. To clearly elucidate the effect
of the grain size of Ni and CeO, on the oxidation
performance of the chromizing coatings, preparation and
oxidation of two chromizing coatings on MC Ni with or
without CeO, particle dispersion were also studied under
the same condition.

2 Experimental

Samples with dimensions of 15 mmx10 mmXx2 mm
were cut from an electrolytic nickel plate. They were
ground with 800# SiC papers. After ultrasonically
cleaning in acetone, they were electrodeposited with a 50
pm-thick Ni film from a nickel sulfate bath. The current
density used was 3 A/dm’, the bath temperature was 35
°C, and the pH was 5.6—6.2. The detailed coating process
has been provided elsewhere [11]. MC Ni samples were
prepared by annealing the as-deposited NC Ni film at
800 °C in pure Ar atmosphere for 40 min. The NC Ni
film and some MC Ni samples were buried in a
power-mixture-packed cylindrical steel container and
sealed. The chromizing powder mixture was 50%Cr (75
um)+23.5%AL0; (75 pum) +23.5%CeO, (7 nm,
commercial product from NanoScale Materials, Inc.,
Manhattan)+3%NH,CI. The container was then placed in
a horizontal quartz tube furnace. The quartz tube was
first evacuated and then introduced with pure Ar gas for
10 min before heating up the furnace. The chromization
was conducted at 800 °C for 7 h in the pure Ar
atmosphere. To clearly elucidate the effect of the grain
size of Ni base and CeO, on the oxidation performance
of the chromizing coatings, some MC Ni samples, were
chromized in a homogeneous mixture of 50%Cr+
47%A1,05+3%NH,CI
Afterward, the chromized samples were brushed, cleaned
in bubbling distilled water for 30 min and finally

under the same condition.

ultrasonically cleaned in acetone to remove loosely
embedded pack particles. The various chromized
coatings developed on the MC Ni without CeO,, MC Ni
with CeO,, and as-deposited NC Ni with CeO, are
labeled as C1, C2 and C3, respectively.

The oxidation experiments were carried out in air at
900 °C for to 20 h and the mass was weighed after fixing

time intervals using a balance with 0.01 mg of sensitivity.
Three parallel samples were adopted for acquring
average mass change during the thermal exposure. The
composition and phases of the various coatings before
and after oxidation were investigated using Camscan
MX2600FE type scanning electron microscope (SEM)
with energy dispersive X-ray analysis (EDX),
D/Max—2500 pc type X-ray diffraction (XRD) and
TECNAI-20 type transmission electron microscope
(TEM). The average chromium concentrations in the
surface zone were analyzed using area analysis. Ten
replicate tests at different locations were carried out so as
to minimize data scattering, and every value was an
average of ten measurements. Electroless Ni-plating was
plated on the surface of the oxidized specimens to
prevent the spallation of the scales for observing
cross-sections.

3 Results

3.1 Microstructure

The size of the as-deposited NC Ni film [11] is in a
range of 15—60 nm according to the measurement from a
few hundred grains selected randomly, which is finer
than the grain size of the MC Ni with the mean value of
1 um (Fig. 1). Both films formed numerous twins. No
defects such as pores and cracks were observed.

Fig. 1 TEM bright-field image of prepared MC Ni

After pack cementation at 800 °C for 7 h, the
chromized layers on various samples were prepared. The
average chromium concentrations in the surface zone
(<4 um: the profile depth of electron beam) are close to
40% for C1, 44% for C2 and 57% for C3 by EDX area
analysis, as shown in Fig. 2.
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Fig. 2 SEM images (a, ¢, ¢) and corresponding EDX (b, d, f) of various chromizing coatings: (a), (b) C1; (c), (d) C2; (e), (f) C3
(CeO, particles are entrapped into chromizing coating for C2 and C3)

Figure 2 shows the SEM images and the
corresponding EDX of the various chromizing coatings.
The appearance of Al and O peaks in Fig. 2(b) would
attribute to the loosely embedded AlO; particles.
However, Figs. 2(d) and (f) clearly exhibit that the CeO,
particles are successfully entrapped into the outer layer
of C2 and C3 using CeO, particles instead of part of
Al,0; as filler. Two distinct morphologies with different
grain sizes appear for C2, as seen in Fig. 2(c). The
morphology in area A is similar to that of C1 with a large
grain size. However, the morphology in area B with
higher Ce contents exhibits a finer grain structure, which
is similar to that of C3. The results discussed above
suggest that after being entrapped into the chromizing

coating, CeQO, particles significantly retard the grain
growth of the chromizing coating, as seen from Figs. 2(a)
and (c). Figures 2(c) and (e) show that the refinement of
Ni grains before the chromizing process also contributes
to the formation of finer grain chromizing coating.
Together with this, the finest grain size can be observed
for C3, as presented in Fig. 2(e). Previous investigation
[16] exhibited that the grains of the chromizing coatings
formed on electrodeposited nanocrystalline Ni (15-60
nm) are generally larger than 1200 nm at 800 °C only for
5 h, thus the grains of CI are also ultrafine-grained and
larger than 1200 nm at 800 °C for 7 h. TEM observations
show that the grain size of the chromizing coating for C3
near the original coating/gas interface is ultrafine-grained
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with the mean size of 1 pm according to the
measurement from a few hundred grains selected
randomly, as seen in Figs. 3(a) and (b). The
corresponding SAED pattern of area A in Fig. 3(b)
shown in Fig. 3(c) further confirmed the presence of
nano-sized CeO, particles for C3. It can be seen that near
the CeO, particles, the grain sizes are finer, indicating
that the grain growth of the chromizing coating is
retarded by the dispersed CeO,. The dispersed CeO,
particles are much larger than the original nanoparticles
used, which may be due to the agglomeration or the
dissolution and re-precipitation of some CeO,
nanoparticles during the chromizing process. The grain
refinement enhances the diffusion of chromium during
pack cementation, leading to a higher Cr content on the
coating surface as seen from the EDX analyses.

CeO, (111)

Ce0, (200)

CeO, (220)
CeO, (311)

Fig. 3 TEM bright-field images of chromizing coating for C3 at
location near original coating/gas interface: (a) Major area
without CeO, particle; (b) Area with CeO, particle; (c)
Corresponding SAED pattern of area A in (b)

3.2 Oxidation resistance

Figure 4 shows the oxidation curves of the various
chromizing coatings in air at 900 °C for 20 h. During the
oxidation and cooling, no spallation occurred for the
three chromizing coatings. All chromizing coatings
obeyed the parabolic rate law to a good approximation.
The parabolic rate constant is 2.38x10 ''g%/(cm*s) for
C1, 7.6x10 "% g*/(cm*s) for C2, and 1.22x10™"* g*/(cm*s)
for C3, as shown in Fig. 3. It is obvious that C2 and C3
exhibit lower scaling rates than Cl1, particularly in the
short transient oxidation stage (the first 2—3 h). In this
stage, a continuous, protective chromia scale was
expected to thermally grow. After this period, the
oxidation rate maintained so extremely low that no
significant mass gain occurred for the CeO,-dispersed
chromium coating. However, a significant mass gain
occurred for the CeO,-free chromium coating. The
results suggest that the addition of CeO, promotes the
faster formation of a continuously protective chromia
scale. By comparison of the oxidation curves of C2 and
C3, it can be seen that the grain refinement of Ni base
before chromizing also decreases the transient oxidation
rate of the CeO,-dispersed chromium coating. After the
transient oxidation period, both C2 and C3 exhibit a
similarly low scaling rate.

2.0

o Chromizing coating on microcrystalline Ni
= Chromizing coating on
microcrystalline N1 using CeO, power
| * Chromizing coating on
L5 nanocrystalline Ni using CeO, power

2.38 x 107" g?/(cm®+s)

7.6 x 10712 g%/(cm*+s)

Mass change/(mg-cm™)
>

1.22 % 10712 g%/(cm®+s)

0 5 10 15 20
Time/h

Fig. 4 Oxidation kinetics of chromizing coatings at 900 °C for
20h

Figure 5 shows that a mixture of NiO, NiCr,0,4 and
Cr,0; is formed on C1 but only Cr,O; is formed on C2
and C3. For oxidation of the CeO,-dispersed chromizing
coatings (C2 and C3), a higher intensity peak from the
coating substrate appears (see Figs. 5(b) and (c)),
suggesting that the chromia scale formed is thinner in
this case. In contrast, the chromia formed in the
CeO,-free coating (C3) exhibits a preferential growth on
the (202) plane (see Fig. 5(a)). This suggests that the
CeO, addition significantly suppresses NiO growth, and
a purer and denser chromia scale is formed on the
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CeO,-dispersed chromizing coating. This is consistent
with the SEM results shown in Figs. 6 and 7.
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Fig. 5 XRD patterns of different specimens after 20 h oxidation
at 900 °C: (a) C1; (b) C2; (c) C3

Fig. 6 SEM top-views of scales formed on specimens after 20 h
oxidation at 900 °C: (a) C1; (b) C2; (c) C3

SSSINi-plating s
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Fig. 7 Backscattered electron images of different specimens
after 20 h oxidation at 900 °C: (a) C1; (b) C2; (c) C3

Figure 6 shows the SEM top-views of the scales
formed on three chromizing coatings after 20 h exposure
at 900 °C. Chromia scales exclusively form on C2 and
C3, but minor NiO and NiCr,O, form on C1. However,
compared with the chromia feature on C2 and C3, the
chromia grains on C1 are large. This may be the result of
the preferred growth of the oxide on the {202} orient
planes as mentioned above. From Figs. 6(b) and (c), it
can be found that the chromia scale on C3 is slightly
finer than that on C2.

By comparing the corresponding cross-sectional
SEM images of the chromia scale on the three
chromizing coatings after exposure in air at 900 °C for
20 h as shown in Fig. 7, it can be seen that the oxide
scale thickness formed on C2 and C3 is significantly
reduced, especially C3, indicating the formation of purer
and denser scale on C3. These results suggest that the
CeO,-dispersed chromizing coating exhibits a better
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oxidation resistance than the CeO,-free chromizing
coating, which is consistent with the oxidation kinetics in
Fig. 4.

4 Discussion

It is generally accepted that for a Ni—Cr alloy with
the chromium content over 20%, a chromia layer can
thermally form after the establishment of an outer NiO
layer at high temperatures [17]. Previous results [11]
indicated that even with 50% Cr, a NiO-rich outer layer
can still form at 900 °C on the chromizing coatings. In
this work, the chromizing coating prepared on MC Ni
(Cl) exhibits a coarse structure and a low Cr
concentration (40% Cr), which could not guarantee the
out-ward diffusion flux of chromium far exceeding that
of the oxygen atoms from the onset of oxidation. In this
case, they cannot exclusively develop a continuous
chromia scale. However, the chromizing coatings
prepared on MC—Ni (C2 ) and NC—Ni (C3) have fine
structures and high Cr concentrations with surface CeO,
dispersion, which guarantees the outward diffusion flux
of chromium far exceeding that of the oxygen atoms
from the onset of oxidation. In this case, they can quickly
and exclusively develop a continuous chromia scale at
the short transient stage of oxidation. The increased grain
boundaries as a result of the refinement of the
chromizing coating due to the dispersed CeO,, together
with dispersed CeO, particles on the coating surface, are
both available sites for chromia nucleation at onset of
oxidation. The increased chromia nuclei on C2 and C3
with respect to that on C1 shorten the time for their
linkage through the oxide lateral growth. The linkage of
the chromia nuclei on C2 and C3 is also accelerated
because the grain refinement in the finer grained
chromizing coatings enhances the diffusion of chromium
to the oxidation front, i.e., the oxide/coating interface.
Hence, the finer and compact chromia scale was formed
on the C2 and C3, especially on C3. In other words, the
fine-grain of the CeO,-dispersed chromized coating
enhanced the diffusion of chromium to the oxidation
front and consequently accelerated the formation of a
continuous chromia layer in a shorter time [1-5, 9—11].
After the establishment of the continuous chromia scale,
the scale growth rate should be faster on C2 and C3 than
on C1 because the chromia scale on C2 and C3 is finer,
especially on C3. The case, however, was not observed
from the oxidation kinetics. The reason may be that the
chromia scale is incorporated by Ce ions released from
the dispersed CeO, when they are incorporated into the
growing scale. The doped Ce ions segregate to the scale
grain boundaries and as a result the dominant grain
boundary diffusion of chromium cations for chromia
growth will be suppressed [1-5, 9,10].

From above analysis, the lower oxidation rate of
CeO,-dispersed chromizing coating was associated with
the effect of CeO,, which can be summerized as follows.
Firstly, CeO, entrapped in the chromizing coating led to
the formation of a fine-grain chromium-coating, which
enhanced the diffusion of chromium to the oxidation
front and consequently promoted the formation of
chromia layer in a shorter time [1-5, 9,10]. Secondly, the
CeO, dispersion might release Ce ions, which entered the
growing chromia scale [18] and segregated to the scale
grain boundaries. In this case, the dominant diffusion of
chromium cations during the growth of chromia scale
was blocked, leading to a decrease of oxidation. At the
same time, the refinement of Ni base led to the formation
of a fine-grain chromium-coating structure, which
enhanced the diffusion of chromium to the oxidation
front and consequently accelerated the healing of the
chromia layer at the short transient stage of oxidation.

5 Conclusions

1) Using CeO, particles instead of part of Al,O; as
filler, the CeO, is successfully entrapped into the outer
layer of chromizing coatings by a conventional pack-
cementation method at 800 °C.

2) The refinement of Ni grain and CeO, entrapped
into the chromizing coatings refines the grain of the
chromizing coating, which obviously decreases the
transient-oxidation-scaling rate.

3) The CeO,-dispersed chromizing coating formed
on NC Ni exhibits the best oxidation resistance among
the three chromizing coatings due to the formation of
purer and denser chromia scale.
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