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Abstract: Ni-Al composite coatings were successfully prepared on the surface of P92 ferritic heat-resistant steel by

electroplating nickel and low temperature packing cementation aluminum methods. The anti-oxidation experiment of the

composite coating was carried out at 650 °C for 132 h. The microstructure of cross section, chemical element distribution and

phase transformation of the coating before and after oxidation were characterized by OM, SEM, EDS and XRD. The results

show that all the oxidation kinetics curves of the coatings are in accordance with the parabolic law. The average oxidation rate

of the composite coating without Ce is 0.4412x10°° g/(cm*s). In contrast, the average oxidation rate of the coating with 2 wt%

CeCl; added in the aluminizing agent is 0.2957x10 g/(cm?ss), which indicates that the oxidation resistance is obviously

improved. However, the addition of excess CeCl; (4 wt%, 6 wt%) will produce more holes in the oxidation process and

deteriorate the high-temperature oxidation resistance of the coating. In these cases, the oxidation rates of samples are higher

than that of samples with 2 wt% CeCl; added. Moreover, the addition of Ce element in the coating increases the adhesion of

the oxide film and has an inhibitory effect on the inward diffusion of the Al element.
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The 9-12Cr (wt%) type ferritic heat-resistant steels are
cheaper than austenitic heat-resistant steels and have higher
creep limit. They have been widely used in superheater, re-
heater, water wall, header and steam pipe of ultra-supercritical

thermal power units!"?.

Compared with other ferritic
heat-resistant steel, P92 steel has higher high-temperature
strength and better creep properties. However, when the ser-
vice temperature is above 650 °C, P92 steel cannot
self-generate Cr,0O; film and its oxidation resistance will de-
crease sharply. By changing the composition or surface modi-
fication of such ferritic steel, it can be applied at higher steam
temperatures, thereby increasing the thermal efficiency of
steam turbine °*\. Among the three types of metal alloy pro-
tective coatings, i.e. Al,0;, Cr,O; and SiO,, Al,O; has the
most stable chemical properties in high temperature steam.
Therefore, it is a potential method to improve the high tem-
perature oxidation resistance of the ferritic heat resistant steel
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via a self-generated alumina film by preparing an alumi-
num-rich alloy coating on the surface of the ferritic
heat-resistant steel’’”). However, the lifetime of the coating is
governed by the rate of inter-diffusion at the coating/steel ma-
trix interface, which will cause oxide skin scaling as soon as
the Al content falls to a critical level''*"?.

At present, researchers have successfully prepared a kind of
Ni,Al;-Ni double layer composite coating. The outer layer of
the coating is Ni,Al;, which provides oxidation resistance, and
the inner layer is Ni, which plays a role in preventing the dif-

13141 T was

fusion of Al towards the heat-resistant steel matrix
reported that the Ni,Al;-Ni composite coating can maintain its
structural stability at 650 °C for at least 11361 h'">'®). Whereas,
the inter-diffusion rate between the inner Ni layer and the ma-
trix interface is too fast, which will affect the serviceability of
the coating and reduce the creep strength of the component.

Rare earth has great potential in the metal surface modifica-
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tion. It has been confirmed that rare earth can play an impor-
tant role in reinforcing the high temperature oxidation resis-
tance of the material by catalyzing and promoting seepage in
the coating, changing the morphology and properties of the
second phase and refining the coating microstructure!' ™', Xu

et all'”

prepared aluminized coatings on Ti-based alloys with
different Y contents by powder method and investigated the
isothermal oxidation behaviors of coatings. It was found that
the growth of the coatings is mainly controlled by the inner
diffusion of Al. The addition of Y element can change the dif-
fusion mechanism of Al, and reduce the oxidation rate of the
aluminized coating significantly.

In this paper, a rare earth doped Ni-Al composite coating
with moderate thickness and high density was prepared by
doping rare earth Ce into the aluminizing agent to further im-
prove its high temperature oxidation resistance. The effects of
rare earth contents on the oxidation resistance properties of
coatings at high temperature were investigated, and the
mechanisms of the improvement of oxidation resistance of the
coating were discussed accordingly.

1 Experiment

1.1 Experiment materials

The rare earth doped Ni-Al composite coatings were pre-
pared on the surface of P92 ferritic heat-resistant steel by
electroplating nickel and low temperature packing cementa-
tion aluminum methods. The P92 steel substrate composition
was Fe-9Cr-1.8W-0.5Mo-0.1C (wt%). All surfaces of the
samples (15 mmx12 mmx3 mm) were flattened by SiC sand-
paper and polished afterwards.

The synthesis of the coating involved two steps. First nickel
plating was performed in the traditional Watts liquid solution,
and then the aluminum permeated at a low temperature (650
°C) for 8 h. Aluminizing agent consisted of aluminum powder,
NH,CI, anhydrous CeCls, and the filler of 99.99% purity alu-
mina particles. The specific composition of the aluminizing
agent was 6AIl-2NH,Cl-xCeCl;-(92—x)ALO3(x=0, 2, 4, 6,
wt%), and the corresponding sample is shown in Table 1. The
actual Ce content of the prepared coating measured by
ICP-MS is given in parenthesis. It can be seen that the higher
the content of CeCl; added in the aluminizing agent, the high-
er the content of Ce in the coating.

After aluminizing, the samples were cleaned and weighed
(sampletcrucible) using an electronic balance with an accu-
racy of 10> g.

1.2 Oxidation tests

The oxidation experiments were carried out in a horizontal
furnace at 650 °C for 132 h in air. The samples were taken out
from the furnace at 24, 60, 96, and 132 h, successively. Then,
mass gain (sample+tcrucible) was measured using the same
electronic balance. In order to make the results accurate, three
samples were used for each experiment to measure the aver-
age mass change.

1.3 Characterization

The actual Ce content of the prepared coating was measured
using inductively coupled plasma mass spectrometry
(ICP-MS). The cross-sectional microstructure of the rare earth
added composite coating after oxidation was observed and
analyzed by optical microscope (OM) (Axiovert25). The
structure and composition were analyzed by scanning electron
microscopy (SEM) (QUANTA400) with an energy dispersive
X-ray spectroscopy (EDS) (Oxford INCA). By employing an
X-ray diffraction (XRD) (DSADVANCE with Cu-Ka source

radiation), the phases of coating surface were characterized.
2 Results and Discussion

2.1 Characterization of the prepared Ni-Al coatings

According to our previous research® the thickness of
nickel layer is controlled to about 100 pm for aluminizing,
which can take advantage of activity restriction principle to
suppress the mutual diffusion of elements and enhance the
thermal stability of the coating. Fig.1 shows the cross-section
morphologies of Ni-Al composite coatings with different
CeCl; contents. It can be seen that the thickness of the alu-
minized layer of the sample 0# varies between 11~18 pm. The
thickness of the aluminized layer of sample 1# varies between
21~23 pum and the coating surface is smooth without obvious
defects. However, the surfaces of sample 2# and 3# are un-
even and their aluminum layer thicknesses fluctuate around 20
pum. In particular, the surface of the penetrating layer of sam-
ple 3# shows a serious leakage phenomenon and the defects
also increase significantly, which may cause a lot of looseness
or even penetration layer spalling. It indicates that the proper
amount of Ce can improve the coating quality and the addition
of CeCl; in the aluminizing agent can promote osmosis acting
as a catalyst.

Furthermore, XRD results (Fig.2) show that all the surface
phases of prepared coatings consist of Ni,Al; and a small
quantity of Ni. The addition of rare earth does not change the
surface phase composition of the coating. Due to the small
content of Ce element, the XRD pattern cannot accurately de-
termine the existence of its compound, as shown in Fig.2.

2.2 Oxidation kinetics curves of composite coatings at
650 °C

Fig.3a shows the mass gain per unit area (AM/A, mg/cm®)

as a function of time after oxidation of the samples in air at

Table 1 Oxidation mass gain equation and oxidation rate of P92

steel Ni-Al composite coating

CeCl;  Square root fitting ~ Average oxidation

- p2
Sample Iwt% line equation rate/x10° g-em™>s™! Adj. R
0# 0(0) »=0.02647x—0.03397 0.4412 0.99961
1#  2(0.08) y=0.01774x-0.01028 0.2957 0.99109
2#  4(0.1) y=0.02137x-0.0368 0.3562 0.99053
3#  6(0.13) »=0.02120x—0.0181 0.3533 0.99838
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Fig.1 Cross-sectional morphologies of prepared coatings: (a) 0#, 0 wt% CeCls, (b) 1#, 2 wt% CeCls, (c) 2#, 4 wt% CeCls, and (d) 3#, 6 wt%

CeCl;
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Fig.2 X-ray diffraction patterns of surface of the prepared coatings
with different CeCl; contents

650 °C. The oxidation kinetics curve after fitting is shown in
Fig.3b. It is shown that the Adj. R* (adjusted coefficient of de-
termination) values of fitted curves are all close to 1. This in-
dicates that the fitting result is accurate. After oxidation at 650
°C for 132 h, as shown in Table 1, the oxidation mass gain
equation and oxidation rate of the composite coating with
different Ce contents are calculated. It can be seen that the
fastest oxidation rate of the coating occurs in the composite
coating of aluminizing agent without anhydrous CeCl; and its
average value is about 0.4412x10 g/(cm™s). The coating with
2 wt% CeCl; addition in the aluminizing agent has the strongest
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Fig.3 Oxidation kinetics curves (a) and fitting results (b) of rare
earth added Ni-Al composite coating in air at 650 °C
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oxidation resistance and exhibits the optimal protection effect of
0.2957x10° g/(cm™s) oxidation rate. However, the average
oxidation rate of 4 wt% CeCl; and 6 wt% CeCl; contained coat-
ing is 0.3562x10° and 0.3533x10® g/(cm™s), respectively. It
reveals that an appropriate addition of CeCl; into aluminizing
agent will enhance the oxidation resistance, but excessive addi-
tion of CeCl; will adversely affect the oxidation resistance.

According to the theory of parabolic growth kinetics pro-
posed by Wagner?', metal oxide parabolic law at high tem-
perature is as follows:

y'=kt+c 1)
where y is mass gain per unit area, ¢ is oxidation time, » is in-
dex factor, and both k£ and ¢ are constants. In the case of n>2,
it is shown that the oxide film formed by this oxidation mode
has a smaller retardation than the element diffusion. Mean-
while, the diffusion of ions forms a dense barrier layer that
decreases the oxidation rate. When n<2, the oxide diffusion
retardation is not directly proportional to the film thickness,
and the characteristics of the oxide film including loose film
and the existence of defects such as voids, stress and grain
boundary diffusion may increase the oxidation rate. In the ini-
tial stage of oxidation, the oxide film formed on the coating
surface prevents the corrosive gas such as oxygen from enter-
ing the coating and slows the oxidation rate. At the later stage
of oxidation, a dense oxide film forms on the coating surface
and the oxidation rate tends to be constant.

In this paper, the oxidation experiment of the coating was
carried out in air at 650 °C. According to the oxidation kinet-
ics curve and the fitting result, it is clear that » is equal to 2,

-
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which is consistent with the law of parabola. With the increase

of the oxidation time, the thickness of the oxide film gradually

increases and the oxidation rate becomes smaller and smaller.

The oxidation rate is negligible when a sufficiently thick oxide

film is formed.

2.3 Cross-sectional morphologies of composite coat-
ings after oxidation

The cross-sectional morphologies of samples after oxi-
dation for 132 h are presented in Fig.4. It can be seen that
there are a lot of holes, micro-cracks and other defects in
the 0# sample, the oxide layer is loose, and intermittent
peeling occurs. The sample 1# forms a small number of
holes at the position of about 17 um to the coating surface.
The hole band of sample 2# is deeper and mainly distrib-
uted at the joint interface. In comparison, the number of
holes in sample 3# obviously increases that almost connect
each other to form cracks. At the same time, compared to
sample 0#, the oxide films in the coating of 1#, 2# and 3#
are thinner.

At high temperature, because the diffusion rate of alu-
minum from the aluminized layer to the pure nickel layer is
greater than the diffusion rate of nickel from the pure nick-
el layer to the aluminized layer, the position where the
concentration gradient of aluminum is the largest (interface
between the aluminized layer and the pure nickel layer)
will form a large number of voids due to the Kirkendall ef-
fect. In order to reduce energy, vacancies will inevitably
gather into holes once formed™. With increasing the oxi-
dation time, the holes further increase and accumulate until

Element scan baseline

Cracks
P

Fig.4 Cross-sectional morphologies of rare earth added Ni-Al composite coatings after oxidation at 650 °C for 132 h: (a) 0#, 0 wt% CeCls,

(b) 1#, 2 wt% CeCls, (c) 2#, 4 wt% CeCls, and (d) 3#, 6 wt% CeCl;
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a linear crack forms. Therefore, in all four samples, holes
appear at the interface between the aluminized layer and
the pure nickel layer. However, the amount of holes in the
interface of the 2# and 3# sample is obviously larger than
in sample 1#. This may be due to the fact that an appropri-
ate amount of Ce plays a role as “vacancy trap” in inhibit-
ing the formation and aggregation of interfacial vacancies,
while a large amount of Ce may form rare earth-containing
compounds®’!. There is a possibility that the phase bound-
ary and grain boundaries of these compounds can serve as a
fast channel for Al diffusion instead of restraining vacan-
cies. As a surface active element, Ce oxides preferentially
form during oxidation and may become the nucleation site
of ALO;. Therefore, a uniform and complete oxide film
forms rapidly on the surface of the coating due to the
growth of Ce oxides being transformed into synergistic nu-
cleation and growth with Ce-Al-O, such as CeAlO;. Be-
cause of the barrier effect of the oxide film, not only the
short-circuit diffusion channel of aluminum to the surface
but also the inward migration of O atoms through the grain
boundary of the oxide film is hindered, so that the alumi-
num oxide film always keeps thin status. Meanwhile, a
proper amount of Ce-Al-O segregated in the grain bound-
ary of Al,O; acts as a pin suppressing grain growth at high
temperaturem]
the diffusion creep of the fine grains. Therefore, the adhe-
sion and anti-spalling properties of the oxide film are im-

and releases thermal stresses via increasing

3429

proved. As we can see, the thickness of the oxide film in all

the samples with Ce addition is thinner than that of samples

without Ce addition, and their surfaces have no obvious

spalling.

2.4 Depth profiles of Al, Cr, Fe and Ni in the compos-
ite coatings

Fig.5 shows the depth profiles of alloy elements of sam-
ples after oxidation at 650 °C for 132 h (EDS scan baseline
is shown in Fig.4b). It can be seen that the diffusion dis-
tance of Al element to the coating surface in 0#, 1#, 2# and
3# sample is 70~72, 38~41, 48~50 and 61~63 um, respec-
tively. It reveals that the addition of CeCl; in aluminizing
agent can suppress the diffusion of Al in the coating. In ad-
dition, Fe and Cr elements are mainly enriched in the ma-
trix, which proves that the Ni layer effectively blocks the
diffusion of Al into the matrix and the diffusion of matrix
elements into the aluminized layer, consistent with the
original design of the double-layer composite coating. It
can also be seen that Ce elements have little effect on the
diffusion of Fe and Cr elements.

According to the calculation, the average diffusion rate
of Al in 0# and 1# samples is 1x10™'% and 1x107"° cm?s,
respectively. And the diffusion rate of aluminum in sample
2# or 3# is between them. This is because Ce can affect the
diffusion of elements inside the coatings during the oxida-
tion process'>\. It is more difficult for Ce to diffuse in Ni’**
due to its higher diffusion activation energy in Ni. However,
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Fig.5 Depth profiles of Al, Cr, Fe and Ni in composite coatings after oxidation at 650 °C for 132 h: (a) 0#, 0 wt% CeCl;, (b) 1#, 2 wt% CeCl;,

(c) 2#, 4 wt% CeCls, and (d) 3#, 6 wt% CeCl;
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the addition of Ce in coatings will affect the diffusion be-
havior of Al. Al diffuses in Ni mainly by the vacancy
mechanism ). The large atomic size of Ce leads to its oc-
cupation in the normal lattice position and production of
some vacancies in the Ni lattice. Thus, Ce dwindles the
vacancy concentration in Ni and hinders Al atom to diffuse
through the vacancy mechanism. As a result, the diffusion
rate of Al decreases, such as sample 1#. However, excess
Ce will seriously exceed the matrix’s ability to dissolve
them and form a large amount of Ce-containing compounds
and mesophase. This will change nearby element concen-
tration distribution, create more local defects, and promote
short-circuit diffusion of Al. Subsequently, the oxidation
resistance of the coating is deteriorated, such as sample 2#
and 3#.
2.5 Phase changes in the coating oxidation process
Fig.6 shows surface X-ray diffraction pattern of sample
1# after oxidation at 650 °C for 132 h. With the sharp
diffraction peak, XRD patterns confirm that the type of
Al,O3 is y-Al,05. During the oxidation process, Al diffuses
outward and the phase in coating surface transforms to
Al-lean phase consequently. Therefore, a small amount of
NiAl phase also appears on the sample surface. An AL,O;
oxide film forms firstly on the surface of the coating during
oxidization in the air atmosphere, and it transfers from me-
tastable 6-Al,0; to metastable y-Al,0O5 during the following

Zhao Yongtao et al. / Rare Metal Materials and Engineering, 2019, 48(11): 3425-3432

only 1# sample is used as an example. Fig.7 shows the EDS
results of the sample 1# at a distance of about 10 um from
the surface of the coating after oxidation for 24, 60, 96 and
132 h. According to Table 2, the Ni-Al phase at 10 um is
Ni,Al; at the beginning of oxidation and it partly trans-
forms to NiAl at 60 h and completely converts to NiAl at
96 h. During the subsequent oxidation, the NiAl phase re-
mains stable until 132 h without any phase change.

It has been reported that®** below 854 °C, the order of
Ni-Al phase formation is NiAl;—Ni,Al;—>NiAl—-Ni;Al In
this paper, due to the short aluminizing time at the tem-
perature of 650 °C and the limited heat accumulation, only
NiAl;—Ni,Al; transformation occurs. When the coating
was oxidized for 60 h, the phase change at a distance of 10
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Fig.7 EDS results of rare earth added Ni-Al composite coatings (sample 1#) at different oxidation time: (a) 24 h, (b) 60 h, (c) 96 h, and (d) 132 h
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Table 2 Al/Ni atomic ratio of Ni-Al intermetallic at 650 °C

Ni-Al intermetallic Al/Ni atomic ratio

NiAl; 1.43~1.71
NiAl 0.67~1.25
NisAlz 0.50~0.53
NizAl 0.33~0.36

pm from the surface is Ni,Al;—>NiAl. What’s more, after a
longer oxidation time (more than 132 h), phase transforma-
tion from NiAl to Ni;Al may occur, which needs further
study.

3 Conclusions

1) The addition of different contents of anhydrous CeCl; (2
wt%, 4 wt%, 6 wt%) to the aluminizing agent can improve the
oxidation resistance of the coatings to varying degrees. After
oxidization at 650 °C for 132 h, their oxidation Kinetics curves
all conform to the parabolic law, and the average oxidation
rate for 2 wt%, 4 wt% and 6 wt% CeCl; contained coatings is
0.2957x10°, 0.3562x10° and 0.3533x10° g/(cm™s), respec-
tively. The coating without rare earth has the fastest average
oxidation rate of 0.4412x10°° g/(cm™s).

2) Addition of a suitable amount of CeCl; (2 wt%) in the
aluminizing agent can effectively retard the diffusion of Al
When the coating is oxidized at 650 °C for 132 h, Al can dif-
fuse to a depth 38~41 pum to the coating surface.

3) The phase at 10 pm depth from the surface of the com-
posite coating (2 wt% CeCl;) begins to transform to NiAl at
650 °C at 60 h, and remains stable even with further extending
the oxidation time to 132 h.
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