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Abstract: Three different chromizing coatings were produced on Ni substrate using a conventional pack-cementation method with 
Al2O3, Al2O3+CeO2 and CeO2 acting as filler, respectively, at a greatly decreased temperature (700 °C). Effects of different fillers on 
the isothermal and cyclic oxidation resistance of chromizing coating in air at 850 °C were comparably investigated. Microstructure 
results show that the addition of CeO2 into the filler significantly retards the grain growth of the chromizing coating. Oxidation 
results indicate that the chromizing coating using CeO2 as filler exhibits somewhat increased oxidation resistance than the normal 
chromizing coating, while the chromizing coating using Al2O3+CeO2 as filler exhibits much better oxidation resistance. The effects 
of different fillers on the oxidation behaviors were discussed in detail. 
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1 Introduction 
 

Chromium coatings, which were traditionally 
manufactured using a conventional pack cementation at 
temperatures above 1000 °C for duration of 6−10 h and 
limited by the diffusion and reaction kinetics involved, 
have been widespread to economically improve high 
temperature oxidation and corrosion resistance of metals 
[1−5]. Recently, a novel ultrafine-grained chromizing 
coating produced at low temperatures on the 
nanostructure materials was developed [6−8]. After some 
RE or RE oxides were added into the chromizing 
coatings through various techniques before chromizing, 
the oxidation resistance could be effectively improved 
[1−5,9,10]. The phenomenon was first reported in 1937 
[11] and was referred to as “reactive element effect 
(REE)”. Various theories to elucidate the REE had been 
put forward but still were in dispute [12]. However, these 
methods not only added their technological step, but also 
improved the difficulty in preparation for the chromizing 
coatings. It was reported that the filler Al2O3 or Y2O3 
particles could be entrapped into the outer layer of 

aluminide coating [13−15] due to the outer growth of the 
aluminide coating. ZHOU et al [10] found that the outer 
growth also contributed to the formation of chromizing 
coating at low temperature. By using CeO2 particles 
instead of part of Al2O3 acting as filler, the CeO2 was 
successfully entrapped into the low-temperature 
chromizing coatings [16]. Compared with other methods 
adding the REO into the chromizing coating, this method 
was relatively simple and only common chromizing 
equipment rather than any other special equipment was 
needed. Based on these works, the objective of the 
present work was to analyze the effect of different fillers 
on the isothermal and cyclic oxidation behavior of the 
low-temperature chromizing coatings. 
 
2 Experimental 
 

Samples with dimensions of 15 mm × 10 mm ×   
2 mm were cut from an electrolytic nickel plate. After 
being ultrasonically cleaned in acetone, the samples were 
aluminized using a conventional pack cementation in a 
homogeneous mixture of 75% Cr (mass fraction) powder 
with size of 75 μm as master alloy source, 20% inert 
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fillers (namely 100% Al2O3; 50% CeO2 + 50% Al2O3; 
and 100% CeO2, respectively) and 5% NH4Cl as 
activator in a pure Ar atmosphere at 700 °C for 10 h, as 
listed in Table 1. Afterwards, the samples were brushed, 
cleaned in bubbling distilled water for 30 min and then 
ultrasonically cleaned in acetone to remove any loosely 
embedded pack particles. 
 
Table 1 Sample of various chromizing coatings using different 
fillers 

Sample Filler 

S1 20% Al2O3 

S2 10% Al2O3 + 10% CeO2 

S3 20% CeO2 

 
The isothermal oxidation experiments were carried 

out at 850 °C and cyclic oxidation at 850 °C was 
performed by automatically lifting samples from the hot 
zone of a vertical furnace after exposure period of 1 h 
followed with a 10 min cooling to room temperature. 
Mass changes of the oxidized specimens were measured 
after fixed time intervals using a balance with 0.01 mg 
sensitivity. The composition and phases of the various 
coatings before and after oxidation were investigated 
using Camscan MX2600FE type scanning electron 
microscope (SEM) equipped with energy dispersive 
spectroscopy (EDS) and D/Max-2500 pc type X-ray 
diffraction (XRD). The average chromium 
concentrations were analyzed using spot analysis at 1000 
magnification. Ten replicate tests at different locations 
were carried out so as to minimize data scattering, and 
every value reported 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 

Figure 1 shows the surface morphologies of 
different chromizing coatings. It is clear that the addition 
of CeO2 into the filler retards the grain growth of the 
chromizing coating. The grain refinement enhances the 
diffusion of chromium during pack cementation, leading 
to higher Cr content at a given distance from the coating 
surface, as shown in Fig. 2. 
 
3.2 Isothermal oxidation 

Figure 3 shows the isothermal-oxidation curves of 
various chromizing coatings in air at 850 °C for 40 h. 
During oxidation and cooling, no spallation occurs for 
the three chromizing coatings. All chromizing coatings 
obey the parabolic rate law to a good approximation. The 

 

 
Fig. 1 SEM images of surface morphologies of various 
chromizing coatings: (a) Sample S1; (b) Sample S3; (c) Sample 
S2 
 

  
Fig. 2 Chromium content profiles for various chromizing 
coatings 
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Fig. 3 Isothermal-oxidation kinetics of various chromizing 
coatings at 850 °C for 40 h 
 
parabolic rate constant is 6.4×10−12 g2·cm−4·s−1 for sample 
S1, 3.5×10−12 g2·cm−4·s−1 for sample S3, and 2.2×10−12 

g2·cm−4·s−1 for sample S2, respectively. The results 
suggest that the addition of CeO2 into the fillers (samples 
S2 and S3) decreases the oxidation rate of the 
chromizing coatings, and sample S2 exhibits the best 
oxidation resistance. 

XRD characterization shows that a mixture of NiO, 
NiCr2O4 and Cr2O3 is formed on sample S1 but only a 
mixture of Cr2O3 and Cr2O4 is formed on sample S3 and 
sample S2, as shown in Fig. 4. For oxidations of sample 
S3 and sample S2, a higher intensity peak from the 
coating substrate appears (Figs. 4(b) and (c)), suggesting 
that the chromia scale formed is thinner in this case. The 
above results suggest that the CeO2 addition suppresses 
the growth of NiO, and a purer and denser chromia scale 
is formed on samples S3 and S2, especially on sample S2. 
This is consistent with the SEM investigation, as shown 
in Figs. 5 and 6. 
 

 

Fig. 4 XRD patterns of various chromizing coatings after 
isothermal oxidation at 850 °C for 40 h: (a) Sample S1;      
(b) Sample S2; (c) Sample S3 

Figure 5 shows the SEM top-views of the scales 
formed on various chromizing coatings after 40 h 
exposure at 850 °C. As compared to the chromia feature 
on sample S1 (Fig. 5(a)), the chromia grains on samples 
S3 and S2 have a noticeably finer-grain structure (Figs. 
5(b) and (c)), especially on sample S2. 
 

 
Fig. 5 Surface images of different specimens after isothermal 
oxidation at 850 °C for 40 h: (a) Sample S1; (b) Sample S3;   
(c) Sample S2 
 

By comparing the cross-sectional images of the 
chromia scale on the different coatings after isothermal 
oxidation in Fig. 6, it can be seen that thicker scales with 
significant voids are formed on sample S1 (Fig. 6(a)). 
However, thinner scales with less voids can be observed 
on sample S3 (Fig. 6(b)) and sample S2 (Fig. 6(c)), 
especially on sample S2. 
 
3.3 Cyclic oxidation 

Figure 7 shows the mass change versus time curves 
of the three chromizing coatings during 40 h cyclic  
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Fig. 6 Cross-sectional images of different specimens after 40 h 
isothermal-oxidation at 850 °C: (a) Sample S1; (b) Sample S3; 
(c) Sample S2 
 

 
Fig. 7 Cyclic-oxidation kinetics of various chromizing coatings 
at 850 °C for 40 h 

oxidation in air at 850 °C. For sample S1, significant 
mass loss occurs at 25 cycles. However, minor mass loss 
occurs at 35 cycles for sample S3. In contrast, the 
oxidation rate of sample S2 steadily decreases, and the 
scale spallation dose not occur. Above results can also be 
seen from its top view of the oxidized samples shown in 
Fig. 8. Clearly, heavy spallation and the formation of 
nodules on the spallation area appear on sample S1. 
However, minor spallation with few cracks occurs on 
sample S3. In contrast, no spallation and cracks occurs 
on sample S2. At the same time, they are all somewhat 
convoluted. As compared to the chromia feature on the 
other two chromizing coatings (Figs. 8(a) and (b)), the 
chromia grains on sample S2 have a noticeably finer- 
grain structure, which is similar as isothermal oxidation 
results, as shown in Fig. 5. 
 

 
Fig. 8 Surface images of different specimens after cyclic- 
oxidation at 850 °C for 40 h: (a) Sample S1; (b) Sample S3; (c) 
Sample S2 
 

Figure 9 shows the cross sections of various 
samples after cyclic oxidation. Clearly, nodule oxides are 
observed on sample S1, which agree well with the 
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top-surface SEM results in Fig. 8(a). From Figs. 9(b) and 
(c), it can be also found that a chromia scale formed on 
sample S2 is thinner than that on the other two 
chromizing coatings. 
 

 

Fig. 9 Cross-sectional images of different specimens after 40 h 
cyclic-oxidation at 850 °C: (a) Sample S1; (b) Sample S3; (c) 
Sample S2 
 
 
4 Discussion 
 

Previous results [10] 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 
coatings prepared on sample S1 have a coarse structure 
and low Cr concentration (low than 40%). In this case, 
they cannot exclusively develop a continuous chromia 
scale. For samples S2 and S3, with a finer grain structure 
and high Cr concentration, they can quickly and 
exclusively develop a continuous chromia scale in a 
short transient oxidation stage due to increased sites for 
chromia nucleating on the finer-grain boundaries and 

enhanced grain boundary diffusion of Cr to the oxidation 
front. Thus, a finer and compact chromia scale is formed 
on the samples S2 and S3, especially on sample S2. After 
the establishment of the continuous chromia scale, the 
scale growth rate should be faster on samples S2 and S3 
than that on sample S1, because the chromia scale on 
samples S2 and S3 is finer grained, especially on sample 
S3. However, the case is not seen from the oxidation 
kinetics, suggesting that grain-boundary diffusion of Cr 
is hindered to a great extent. The reason may be that the 
chromia scale is incorporated by Ce ions released from 
the dispersed CeO2 when they are incorporated into the 
growing scale. Then, they will segregate to the scale 
grain-boundaries and then transport outwards, which are 
driven by the oxygen potential gradient between the 
interfaces of the metal/scale and the scale/gas [17]. Once 
incorporated into the growing scale, they would 
potentially improve the oxidation resistance by blocking 
the dominant grain boundary outward diffusion of 
chromium [17], leading to a decrease of oxidation and 
more rapid formation of a purer, denser chromia scale in 
a short transient oxidation stage. The comparison of the 
oxidations of samples S3 and S2 also exhibits that the 
higher CeO2 content in the filler causes worse isothermal 
oxidation resistance. The reason may be due to higher 
CeO2 particles content entrapped in the chromizing 
coating, which needs further investigations. However, 
the addition of CeO2 into the filler still improves the 
isothermal oxidation resistance of the chromizing 
coatings. 

The higher oxidation rate will cause fast 
degradation of the chromizing coatings (Fig. 4) and 
formation of large interface cavities due to condensation 
of cation vacancies injected from the growing chromia 
scale for counterbalancing the outward Cr diffusion. The 
interface cavities greatly decrease the critical stress for 
scale decohesion. The spallation mainly occurs during 
cooling, due to the large thermal stress generated during 
cooling as a consequence of mismatching coefficients of 
thermal expansion between the alumina scale and the 
coating. The scale cracking and spallation expose the 
underlying coating directly to the air during the 
subsequent oxidation, which causes a high mass loss and 
the formation of oxides nodule on the spallation area, as 
shown in Fig. 8(a). However, with the addition of CeO2 

particles into the filler, the scale formed is adherent due 
to the addressed reasons: 1) a low consumption rate of 
chromium by oxidation reduces the flux of the cation 
vacancies toward the interface, leading to a reduction of 
the interface voiding kinetics [1−5,9,10]; 2) CeO2 
particles act as sinks for vacancies condensation to 
prevent the large interface cavity formation [18,19];    
3) CeO2 particles eliminate the unbeneficial sulfur effect 
[20]; and 4) fine-grained scale on samples S3 and S2 will 
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be more adherent, because of easier operation of plastic 
deformation in the thermal cycling [21]. 
 
5 Conclusions 
 

1) The addition of CeO2 into filler retards the grain 
growth of the chromizing coating. 

2) The chromizing coating using CeO2 as filler 
exhibits somewhat increased oxidation resistance than 
the normal chromizing coating, while the chromizing 
coating using Al2O3+CeO2 as filler exhibits much better 
oxidation resistance. 
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摘  要：分别采用 Al2O3、Al2O3+CeO2和 CeO2作为填充剂，于 700 °C 在 Ni 基体上进行低温渗铬，制备 3 种渗铬

涂层，并在 850 °C 对其进行恒温和循环氧化性能对比研究，研究填充剂对渗铬涂层氧化性能的影响。结果表明：

填充剂中 CeO2颗粒的加入有利于得到晶粒细小的渗铬涂层。以纯 CeO2 作为填充剂制备的渗铬涂层，其抗氧化性

能明显优于普通的以 Al2O3作为填充剂制备的渗铬涂层，而以 Al2O3+CeO2作为填充剂制备的渗铬涂层表现出最佳

的抗氧化性能。详细分析不同填充剂对渗铬涂层氧化性能的影响。 

关键词：渗铬涂层；填充剂；CeO2；氧化；活性元素效应 
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