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Abstract: Chromium coatings with and without Al2O3 or Y2O3 particles were prepared by chromizing the as-deposited Ni-film with 
and without Al2O3 or Y2O3 particles using a conventional pack-cementation method at 800 °C. The cyclic oxidation at 800 °C and hot 
corrosion in molten 75% Na2SO4+25% NaCl at 800 °C of the three different chromizing coatings were investigated. The effects of 
Al2O3 or Y2O3 on the cyclic oxidation and hot corrosion behavior of the chromizing coatings were discussed. Microstructure results 
show that the codeposited Al2O3 or Y2O3 particles significantly retard the grain growth of the chromizing coating, which increases 
the cyclic oxidation and hot corrosion resistance of the chromizing coatings, due to the more rapid formation of purer and denser 
chromia scale.  
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1 Introduction 
 

Chromizing is one of the widely used surface 
coating technologies to economically improve high 
temperature oxidation, corrosion resistance of 
components [1−6]. Various chromizing processes have 
been developed, such as pack-cementation method, 
molten-salt technique, and vacuum chromizing process. 
Pack-cementation has been one of the easiest and 
cheapest processes to obtain the chromizing coatings 
since the early 1950s. Unfortunately, the pack- 
cementation was normally performed at temperatures 
above 1000 °C, and limited by the diffusion and reaction 
kinetics involved, which has a detrimental effect on the 
mechanical properties of workpieces. Therefore, 
reducing pack-cementation temperature is required for 
widespread application of the chromizing coatings. 
Recently, a novel ultrafine-grained chromizing coating 
with improved oxidation resistance [7] due to “reactive 
element effect (REE)” [8], produced using pack 
cementation method at low temperature, on the 
electrodeposited Ni−CeO2 nanocomposite coatings was 
developed. Oxidation of alloys or coatings with addition 
of RE or RE oxide has been widely reported [9−12]. 
Various theories to elucidate the REE have been put 

forward but still are in dispute [9]. ZHOU et al [13,14] 
also found that the chromizing process was mainly 
controlled by inward chromium diffusion at low 
temperatures. The co-deposited Al2O3 or Y2O3 particles 
significantly retarded the grain growth of the chromizing 
coatings, which enhanced Cr diffusion to the oxidation 
front and consequently accelerated the formation of a 
continuous pure chromia scale in a short transient stage 
of oxidation. In this work, cyclic oxidation at 800 °C and 
hot corrosion in molten 75% Na2SO4+25% NaCl at 800 
°C of the three different chromizing coatings were 
studied in order to reveal the effect of Al2O3 or Y2O3 on 
the formation of thermally formed oxide scales in 
various environments. 
 
2 Experimental 
 
2.1 Preparation of coating 

Samples with dimensions of 15 mm×10 mm×2 mm 
were cut from an electrolytic nickel plate. They were 
ground with a final 800# SiC paper. After ultrasonic 
cleaning in acetone, they were first electrodeposited with 
Ni, Ni−Al2O3 or Ni−Y2O3 composite from a nickel 
sulfate bath containing certain content of Al2O3 or Y2O3 
particles. Chromizing on the samples coated with the 
Ni−Al2O3, Ni−Y2O3 and Ni film was carried out using 
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pack cementation at 800 °C for 5 h in a pure Ar 
atmosphere [13,14]. Surface morphologies shown in Fig. 
1 and transmission electron microscopy (TEM) results 
[13,14] exhibit that the codeposited Y2O3 or Al2O3 
particles retard the grain growth of the chromizing 
coating, which enhances the diffusion of chromium 
during pack cementation and leads to higher Cr content 
in the Al2O3 or Y2O3-dispersed chromium coating than 
the Al2O3 or Y2O3-free chromizing coating at a given 
distance from the coating surface [13,14]. 
 

 
Fig. 1 SEM images showing surface morphologies of various 
chromizing coatings on Ni film (a), Ni−Y2O3 (b) and Ni−Al2O3 
(c) composite coatings 
 
2.2 Experimental method 

Cyclic oxidation at 900 °C up to 100 h in air was 
performed by automatically lifting samples from the hot 
zone of a vertical furnace after 1 h exposure period 
followed with 10 min cooling to room temperature. 
During the exposure, the specimens were taken out after 
fixed time intervals, cooled in air, and weighed. 

The hot corrosion test was carried out in 75% 
Na2SO4 + 25% NaCl in a muffle furnace in an ambient 
atmosphere at 800 °C, which is over the liquidus 
temperature of ~620 °C for the mixed salt. Before 
exposure, specimens were preheated, followed by 
deposition with 1.6 mg/cm2 salt film using hand-brushed 
techniques as provided elsewhere [7,8]. Then the 
specimens were placed in a crucible for hot corrosion test. 
The specimens were taken out, cleaned, weighed and 
recoated with salt after several hours, and the whole time 
for the hot corrosion test was 30 h. 

The mass changes of the specimens were measured 
using an electrobalance with a detection limit of 0.01 mg. 
After oxidation/corrosion, the phase, surface and cross- 
sectional morphologies of scale formed were examined 
using scanning electron microscopy (SEM) with energy 
dispersive X-ray analysis (EDAX) and X-ray diffraction 
(XRD). 
 
3 Results 
 
3.1 Cyclic oxidation 

The mass change vs time curves of cyclic oxidation 
of the three chromizing coatings during 100 h cyclic 
oxidation in air at 800 °C are shown in Fig. 2. No scale 
spallation occurred for three samples during the entire 
thermal cycling. The results demonstrate that the 
oxidation rate of Y2O3 or Al2O3-dispersed chromium 
coatings is profoundly slower than that of the chromizing 
coating on the Ni film. 
 

 

Fig. 2 Cyclic oxidation curves of various chromizing coatings 
after oxidation at 800 °C for 100 h 
 

The XRD analysis indicates that the oxide scales on 
the three coatings are single phase Cr2O3. However, for 
oxidation of the Y2O3 or Al2O3-dispersed chromium 
coating a peak from the coating substrate noticeably 
appears, indicating that the chromia scale formed is 
thinner in this case, which is also visually confirmed by 
SEM/EDAX. 
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Figure 3 shows the SEM top-views of the chromia 
scales formed on various coatings after 100 h cyclic 
oxidation. Compared with the chromia feature on the 
chromized Ni (Fig. 3(a)), the chromia grains on the Y2O3 
or Al2O3-dispersed chromium coating have a noticeably 
finer-grain structure (Figs. 3(b) and (c)), especially the 
latter. 
 

 
Fig. 3 SEM images showing surface morphologies of various 
chromizing coatings on Ni film (a), Ni−Y2O3 (b) and Ni−Al2O3 
(c) composite coatings after cyclic oxidation at 800 °C for  
100 h 
 

By comparing the cross-sectional morphologies of 
the chromia scale on the different coatings after cyclic 
oxidation in Fig. 4, it can be seen that the oxide scale 
thickness formed is reduced due to the addition of Al2O3 
or Y2O3 particles, which is consistent with the oxidation 
kinetics in Fig. 2. 
 
3.2 Hot corrosion 

Figure 5 shows the mass change vs time curves for 
the three chromizing coatings at 800 °C under the molten 
Na2SO4−NaCl mixture. The mass change is the net  
result of the combination of mass gain by oxide scale  

 

 
Fig. 4 SEM images showing cross-sectional morphologies of 
various chromizing coatings on Ni film (a), Ni−Y2O3 (b) and 
Ni−Al2O3 (c) composite coatings after cyclic oxidation at 800 
°C for 100 h 
 

 

Fig. 5 Mass change vs time curves of various chromizing 
coatings in molten 75% Na2SO4 + 25% NaCl at 800 °C for 30 h 
 
formation during exposure and mass loss due to scale 
exfoliation during cooling (the mass loss as a result of 
salt evaporation was not considered because its value 
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was almost the same for all samples). Clearly, the Y2O3 
or Al2O3-dispersed chromium coatings exhibited an 
apparently low scaling rate during a short transient stage 
of oxidation. 

Figure 6 shows the XRD patterns of the samples 
after 30 h hot corrosion. The scales on the three 
chromizing coatings have single phase. However, for 
oxidation of the Y2O3 or Al2O3-dispersed chromizing 
coating a preferential growth in the [110] direction and a 
peak from the coating substrate noticeably appear, 
suggesting that the chromia scale formed is thinner, 
which is also visually confirmed by SEM. 
 

 
Fig. 6 XRD patterns of various chromizing coatings on Ni film 
(a), Ni−Y2O3 (b) and Ni−Al2O3 (c) composite coatings after hot 
corrosion at 800 °C 
 

Figure 7 shows the SEM top-views of the scales 
formed on the three chromizing coatings after hot 
corrosion at 800 °C for 30 h in the molten Na2SO4−NaCl 
mixture. Clearly, fine equiaxed-grain oxides shown in 
Fig. 7(a) formed on the surface of the scale formed on 
the chromium coating on Ni film. While, with the 
addition of Y2O3 particles, some flake-like oxides 
particles occurred, as shown in Fig. 7(b). However, large 
flake-like oxide particles formed on the Al2O3-dispersed 
chromium coatings, as shown in Fig. 7(c). The formation 
of flake-like oxides may be the result of the preferred 
growth of the oxide on the {110} orient planes as 
mentioned above. 

Figure 8 presents the cross-sectional morphologies 
of various samples after hot corrosion. Clearly, a thicker 
porous chromia scale with significant internal corrosion 
forms on the Y2O3 or Al2O3-free chromizing coating. The 
internal corrosion products are sulfides. In contrast, the 
chromia scale formed on the Y2O3 or Al2O3-dispersed 
chromizing coating is very thin and significant internal 
corrosion does not occur, which agree well with the XRD 
results in Fig. 6. From Figs. 8(b) and (c), it can be also 
found that a more significant growth of flake-       
like chromia scale on the Al2O3-dispersed chromium 

 

 
Fig. 7 SEM images showing surface morphologies of various 
chromizing coatings on Ni film (a), Ni−Y2O3 (b) and Ni−Al2O3 
(c) composite coatings after hot corrosion at 800 °C 
 
coatings is visible, which is consistent with the surface 
morphologies in Fig. 7(c). 
 
4 Discussion 
 

In this work, all chromized coatings on various 
samples are chromia former. However, cyclic oxidation 
and hot corrosion tests show that the scaling rate of the 
Y2O3 or Al2O3-dispersed chromizing coating is slower 
than that of the chromizing coating developed on Ni  
film, particularly in the first 5−10 h. The difference of 
scaling rate at the early stage demonstrates that the 
codeposited Y2O3 or Al2O3 particles have an important 
influence on the growth of chromia. Surface 
morphologies shown in Fig. 1 and transmission electron 
microscopy (TEM) results [13,14] exhibit that the 
codeposited Y2O3 or Al2O3 particles retard the grain 
growth of the chromizing coating. The increased grain 
boundaries are available sites for chromia nucleation  
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Fig. 8 SEM images showing cross-sectional morphologies of 
various chromizing coatings on Ni film (a), Ni−Y2O3 (b) and 
Ni−Al2O3 (c) composite coatings after hot corrosion at 800 °C 
 
at onset of oxidation. The increased chromia nuclei 
formed on grain boundaries and dispersed Y2O3 or Al2O3 
particles on the coating surface shorten the time for their 
linkage through the oxide lateral growth. After the 
establishment of the continuous chromia scale, the scale 
growth rate should be faster on the Y2O3 or 
Al2O3-dispersed chromizing coating because the chromia 
scale is finer, especially on the Y2O3-dispersed 
chromizing coating. The case, however, is not seen from 
the scaling kinetics, suggesting that grain-boundary 
diffusion of Cr cations is hindered to a great extent. The 
reason may be that the chromia scale is incorporated by 
Y ions released from the dispersed Y2O3 particles when 
they are incorporated into the growing scale [15]. Once 
being incorporated into the growing scale, they would 
potentially improve the oxidation resistance through 
blocking the dominant grain boundary outward diffusion 
of chromium [15], leading to a decrease of oxidation and 
more rapid formation of a purer and denser chromia scale 

at a short transient oxidation stage. ZHANG et al [7] 
reported that the more rapid formation of a continuous 
chromia scale leads to better protection of the metal 
against attack by aggressive species in molten salts. 
Although all chromizing coatings are chromia former in 
this work, the Y2O3 or Al2O3-free chromizing took a long 
time to form a continuous chromia layer, during which 
the molten salt attacked the coatings through the 
following route [16−20]: the molten salt first penetrated 
the growing oxide scale through defects such as pores 
and microcracks and arrived at the scale/alloy interface; 

−2
4SO  was then reduced by the following chemical 

equilibrium: 
 

−2
42SO = 2O2−+3O2+2S 

 
The inward penetration of sulfur caused the 

formation of the internal sulfides, as seen from Fig. 8(a). 
In contrast, significant internal sulfides did not appear in 
the Y2O3 or Al2O3-dispersed chromizing coating due to 
the more rapid formation of a continuous chromia scale 
with fine grain structure. The oxide layer with fine grain 
size can then easily release the thermal stress, therefore 
preventing crack propagation. Besides, the Y2O3 particles 
could play a role in retarding the outward diffusion of Ni 
[20]. Thus, the effect of synergistic dissolution could be 
minimised. In addition, the inward diffusion of sulphur 
could be retarded by the trapping effect [21] contributed 
by Y2O3 particles in the chromizing coating. 
 
5 Conclusions 
 

1) The codeposited Y2O3 or Al2O3 particles 
significantly retard the grain growth of the chromizing 
coatings by anchoring the movement of grain 
boundaries; 

2) The refinement of the grain significantly 
improves the cyclic oxidation and hot corrosion 
resistance of the chromizing coatings through enhancing 
Cr diffusion to the oxidation front and consequently 
accelerating the formation of a continuous pure chromia 
scale at a short transient stage of oxidation. 
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Al2O3 和 Y2O3改性的低温渗铬涂层的 
循环氧化和热腐蚀性能 

 
张海军，孙俭峰，周月波 
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摘  要：采用在Ni 基上复合电镀Ni−Al2O3 和Ni−Y2O3复合涂层后在 800 °C下扩散渗铬的方法，分别制备了Al2O3 

和 Y2O3改性渗铬涂层。采用相同的工艺在单 Ni 镀层上直接渗铬，获得一种不含氧化物粒子的渗铬涂层。分析了

Al2O3 和 Y2O3 影响渗铬涂层的氧化和腐蚀性能的机理。组织结构分析表明，Al2O3 和 Y2O3能明显抑制在渗铬过

程中涂层晶粒的长大。800 °C 循环和 75% Na2SO4+25% NaCl 混合盐腐蚀试验结果表明：与在单 Ni 镀层上直接渗

铬相比，Al2O3 和 Y2O3改性的渗铬涂层所具有的细晶结构促进了保护性氧化物形成元素 Cr 沿晶界向氧化前沿的

快速扩散，从而有利于致密保护性 Cr2O3 氧化膜的快速形成，使得改性的渗铬涂层表现出更优异的抗循环氧化和

混合盐热腐蚀性能。 

关键词：电镀；渗铬涂层；循环氧化；热腐蚀 
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