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Abstract
The high temperature corrosion of Fe-2.25Cr-0.54Mo steel coated with WC–Co/
NiCrFeSiB using a high-velocity oxy-fuel spraying technique was investigated. 
Coated and uncoated steel samples were tested in air and in a humidified atmos-
phere consisting of  N2-50%,  O2-10%, and  H2O at 750 °C for 120 h. Microstructural 
and phase analyses of the studied samples were performed by scanning electron 
microscopy equipped with energy-dispersive spectroscopy and X-ray diffraction. 
When compared to oxidation in air, the oxidation rate of the uncoated sample in 
the humidified atmosphere was faster. This occurred because there was a thicker 
and denser iron oxide layer at the outer subscale, and the thicker layer of inner iron 
oxide subscale contained chromium (Cr). Moreover, the WC–Co/NiCrFeSiB coating 
greatly suppressed the rates of oxidation in both the air and the humidified oxygen 
atmospheres. This occurred because the formation of magnetite  (Fe3O4) was sup-
pressed, while the protective oxides, especially nickel–chromium (Ni–Cr) spinel 
and chromia  (Cr2O3) were formed during oxidation. Water vapor in the atmosphere 
enhanced the oxidation rate of the coated steel, with higher iron-containing oxide 
forming as a subscale at the outer coating.
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Introduction

Fe–2.25Cr–0.54Mo is a low alloy steel that is widely used in many high tempera-
ture applications such as in power plants [1–3]. Durability of the material is of vital 
importance since failure of the steel structure can result in loss of life or plant shut-
down, leading to reduced economic operation. Material durability strongly depends 
on the operating conditions, particularly the gas composition or the deposits. Water 
vapor is a gaseous atmospheric component [4, 5] which severely increases steel oxi-
dation rates at high temperatures [6–8]. The presence of water vapor in the atmos-
phere increases the alloy oxidation rate [9] and leads to structural failure. In boiler 
tube materials, non-protective oxide scales composed of an outer iron oxide layer 
 (Fe2O3 and  Fe3O4), a middle Fe–Cr oxide layer and Cr-rich oxides formed more 
rapidly in water vapor condition than protective chromia scales in a high percent-
age oxygen environment [10]. The degradation of bare steel can be mitigated by an 
appropriate coating. The high-velocity oxy-fuel (HVOF) spraying technique is an 
effective method that produces a relatively thick coating with good adherence to the 
steel substrate [11–13]. Appropriate powder selection improves the properties of 
the coating, with Ni–Cr alloy powder increasing high temperature oxidation and hot 
corrosion resistance, while WC powder increases wear resistance [14]. Cermet-type 
coatings containing different powders have been designed to combine the beneficial 
effects of each powder type. Mixed powders have been extensively studied including 
WC–Co [15–19],  Cr2C3-NiCr [14, 20, 21],  Cr2C3-WC-NiCr [22], and NiCr [23].
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The effect of water vapor on high temperature corrosion of coated steels such as 
iron [24–26], low carbon steel [27], low alloy steel [24, 28], and HVOF-sprayed coated 
steels [13, 29, 30] is still not well understood. Bertrand et al. [24] conducted an experi-
ment to determine the dominant defects responsible for the growth of each subscale 
formed on iron exposed to water vapor. A schematic sketch of the oxidation mechanism 
of low alloy steel in water vapor has also been presented [28, 31, 32]. However, a com-
prehensive explanation using a set of defect reactions to describe the scale formation 
phenomenon remains elusive. Volatilization of the protective oxide on the steel grade 
by water vapor contributing to accelerated oxidation was also considered [28], but a 
thermodynamic assessment of metal loss from this process has not been documented. 
The HVOF spraying technique is used to produce a thermal barrier coating (TBC) layer 
that promotes the properties of equipment installed in a high temperature environment 
[33], with NiCr-base alloy recommended as a coating to combat high temperature 
oxidation in dry and wet oxygen atmospheres [34, 35]. Several studies reported that 
5–25Cr alloys formed chromia scales that exhibited a higher growth rate in wet than 
dry atmospheres [34, 36]. Due to the high growth rate of chromia scales in wet gases, 
the oxidation rate decreased [37]. By contrast, when NiCr-base alloys were oxidized the 
oxide layers consisted of an internal oxidation zone, inner oxide layer, and outer oxide 
layer with numerous voids [34]. These porous oxide layers promoted coating spallation, 
while the low mixed-oxide growth rate in thermally grown oxide (TGO) with a uniform 
and dense protective oxide layer decreased crack propagation [38].

This study investigated high temperature oxidation of T22 steel, a standard steel 
grade for boiler tubes [4], coated with Ni-based alloy containing WC–Co in an atmos-
phere containing water vapor using the HVOF spraying technique. In addition, WC–Co/
NiCr alloy was generally coated for application aiming to increase the high tempera-
ture oxidation and erosion resistance [39]. This work aimed to study the HVOF-coated 
WC–Co/NiCrFeSiB alloys on T22 for high temperature oxidation and corrosion occur-
ring in a simulated humidified atmosphere at 750 °C above a superheater steam tem-
perature (about 565 °C) [4] in coal fire power plants. Defect reactions of the oxide scale 
growth during the oxidation process and a thermodynamic assessment of the volatiliza-
tion effect were also investigated.

Experimental Procedures

Material and Coating Preparation

Ferritic steel (SA213-T22) specimens 10 × 15 × 5  mm3 were used, with their chemical 
compositions shown in Table 1. All specimens were polished using 600-grit SiC abra-
sive paper and cleaned with acetone. Some specimens were spray coated with WC–Co/

Table 1  Chemical composition 
of SA213-T22 (wt%) 
(Spectrolab Model: M8)

C Si Mn S P Cr Mo Ni Fe

0.139 0.274 0.469 0.008 0.014 2.040 0.976 0.035 bal
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NiCrFeSiB alloy powder containing 88%WC–12%Co particles and NiCrFeSiB alloy 
particles at a 50:50 ratio by weight. These powder mixtures were magnified by SEM, as 
shown in Fig. 1. The chemical composition from the producer was 44WC–6Co–36Ni
–8Cr–2Fe–2Si–1.7B–0.3C wt%.

The T22 specimens were sprayed using a JP-5000 HVOF thermal spray system 
with coating details reported by [40] as kerosene 5.2 gph*,  O2/fuel ratio 385 scfh**/
gph, spray distance 390 mm, powder feed 120 g  min−1, and carrier gas 23 L  min−1 
(*gph = gallons per hour, **scfh = standard cubic feet per hour).

High Temperature Oxidation Test and Material Characterization

Coated and uncoated specimens were tested in air and in a humidified atmosphere 
 (N2-50%O2-10%H2O) in a quartz tube furnace at 750 °C. Water vapor in the humidi-
fied atmosphere was produced by boiling deionized water (DI water) at 44.5 ○C, 
giving water vapor partial pressure of 0.1 bar, calculated using standard thermody-
namic data [41]. High temperature exposure times were 24, 48, 72, 96, and 120 h.

Following high temperature exposure, the samples were cooled to room tem-
perature by argon. Sample weights were measured before and after exposure using 
a five-digit balance. An X-ray diffractometer (D8 Bruker) was used to identify the 
phases formed using the standard XRD patterns compiled by the International Cen-
tre for Diffraction Data (ICDD). The incident Cu-Kα line, λ = 1.5406 Å, at 40 kV 
and 40  mA was utilized in XRD analysis with scanning speed 0.05  °/sec, range 
angle 2θ = 15–85°, and sampling width 0.02°. Bare specimens after the oxidation 
test were polished to identify phases on the outer and inner oxide layers by XRD. 
The cross-sectional morphology and element intensities of the coating and the oxide 
were analyzed by a scanning electron microscopy (SEM) equipped with energy-dis-
persive spectroscopy (EDS). The oxide scale thickness on the specimens was meas-
ured at five different locations. The mode of high-resolution images of shapes of 
objects (SEI) with EDS analysis was used at 15 keV depending on the microscopic 
resolution of each specimen. Void sizes in the scale layers on both bare and coated 
specimens after oxidation were measured using the ImageJ program to compare the 

Fig. 1  SEM morphology of 
the mixed powders showing 
a 88%WC–12%Co (50 wt%) 
particles size 87.28 µm, and b 
Ni–Cr–Fe–Si–B–C (50 wt%) 
particles size 42.32 µm



335

1 3

High Temperature Corrosion of Materials (2024) 101:331–350 

cross-sectional morphology with thickness following air void analysis (ASTM C 
457).

Results

Mass gain of uncoated T22 was measured after the oxidation test in air and a humid-
ified atmosphere at 750 °C for 120 h and plotted as a function of time, as shown in 
Fig. 2. Mass gain of the uncoated sample oxidized in air was lower than in humidi-
fied oxygen as 7.5 mg  cm−2 and 75.9 mg  cm−2, respectively. However, the spalla-
tion of scale layer (the debris spalled out from the samples collected in a crucible) 
occurred on the coated sample after the oxidation test under both conditions. Mass 
gain of the coated sample was only from the scale remaining on the sample after the 
oxidation test as shown in a bar chart (Fig. 3). The spallation of the coated sample 
was relatively significant after exposure for 24  h. The mass of coating spallation 
(the mass of the collected spalled scales normalized by the sample surface) in both 

Fig. 2  Mass gain of uncoated T22 after oxidation at 750 °C in a air, and b  N2-50%  O2-10%  H2O

Fig. 3  Mass gains of coated 
T22 after oxidation in different 
atmospheres and time periods
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atmospheres reduced at longer oxidation periods, with the mass of coating spallation 
in a humidified atmosphere greater than in air (Fig. 4).

Uncoated T22 Steels

Cross sections of the uncoated samples after exposure in air and humidified oxygen 
at 750 °C for 120 h are shown in Fig. 5. The scale of the uncoated sample oxidized 
in air was 52 ± 2 µm thick (Fig. 5a) with two main outer and inner subscales. The 
outer subscale consisted of embedded voids and was 30 ± 2 µm thick, while the inner 
denser subscale was 23 ± 1 µm thick. The scale of the uncoated sample oxidized in 
a humidified atmosphere was thicker than the former by 15 µm and consisted of two 
main subscales separated by an explicit internal crack line (Fig. 5b). There were sev-
eral large voids 5 ± 2 μm in size in the outer subscale of the oxidized sample in air, 
as shown in Fig. 6 but only a few voids in the outer subscale of the oxidized sam-
ple in a humidified atmosphere. Notably, there were numerous voids and pores with 
different sizes in the scale of the uncoated sample oxidized in air, leading to large 

Fig. 4  Mass of coating spalla-
tion of coated T22 after oxida-
tion in different atmospheres 
and time periods

Oxidation in air at 750 °C
Oxidation in N2-%50 O2-%10 H2O

at 750 °C

Uncoated

T22 steel

Fig. 5  SEM cross-sectional images of a uncoated sample in air, and b uncoated sample in  N2-50% 
 O2-10%  H2O after oxidation at 750 °C for 120 h
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deviations in void and pore size, as illustrated in the bar chart. EDS results of both 
samples showed the Fe and O peaks in both subscales, with an additional amount 
of Cr in the inner subscale, as shown in Table 2. High atomic percentage of oxygen 
was detected in the outer subscale with high atomic ratio of Fe and O at 0.5–0.7 as 
the hematite  (Fe2O3) structure. The XRD pattern (Fig. 7) confirmed the existence 
of  Fe2O3 in the outer subscale layer and in both layers after oxidation in a humidi-
fied and air atmosphere, respectively. Moreover, the peak of chromite  (FeCr2O4) was 
only present in the inner layer for both testing conditions.

Coated T22 Steels

The cross section of coated T22 before the oxidation test was revealed by 
SEM–EDS as a compact lamellar structure (Fig.  8). The compact coat-
ing layer thickness was 451 ± 17  μm and consisted of two different phases as 
WC–Co–Ni–Fe phase (light area) and Ni–Cr–C–Fe-Si–W phase (dark area). 
Globular voids appeared at the outer subscale and the coating/substrate inter-
nal interface at 2.2 ± 1 μm, as depicted in the higher magnification SEM image 
[Fig. 8 (right-hand side)]. After oxidation in both atmospheres, coating thickness 
decreased, as shown in Fig. 9 and Fig. 10, and the outer subscale coating deterio-
rated, particularly for the sample oxidized in a humidified atmosphere. Figure 9b, 
c shows larger voids compared to the voids in the as-coated layer at the outer-
most, middle, and interface of the coating. An internal crack was visible between 

Fig. 6  Oxygen concentration and void and pore sizes of uncoated T22 scale oxidized in air at 750 °C for 
120 h. (Note: T = scale thickness and  T0 = total scale thickness of the outer subscale)
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the outer and inner coating layers after oxidizing in a humidified atmosphere. The 
void percentage in the coating layer was high at 10.1% after oxidation in a humid-
ified atmosphere, and more than ten times higher than after oxidizing in air and 
as-coating. The void percentage in the as-coating layer was not more than 2%, as 
the normal porosity range after HVOF thermal spray coating [42] and slightly 
increased after oxidizing in air, as shown in Fig. 11.

Six EDS analyses were carried out from points 1 to 6, as shown in Figs. 9 and 
10. The atomic ratios of Fe per atomic ratios of cations (Fe, Cr, Co, Ni, W, and Si) 
of the coated samples oxidized in both atmospheres are listed in Table 3. The high 
atomic percentage of Fe at points 1 and 2 indicated the iron interstitial for iron oxide 
formation, which corresponded to the deterioration area of the sample oxidized in 
a humidified atmosphere, while this phenomenon was not observed in the sample 
oxidized in air. The EDS results showed a good agreement with the XRD results 
(Fig. 12), with only  Fe2O3 (ICDD 02-0919) was detected in the scale oxidized in a 
humidified atmosphere. Thus, it can be concluded that the  Fe2O3 presented in the 
outer coating layer after oxidizing in a humidified atmosphere. The peaks of WC 
(ICDD 89-2727) and CrNi (ICDD 65-5559) were observed in the as-coated sam-
ple, while major peaks of Ni-Cr spinel (ICDD 89-4630) and minor peaks of  NiWO4 
(ICDD 72-0480),  Cr2O3 (ICDD 82-1484),  Fe3C (ICDD 76-1877), and WC (ICDD 
89-2727) were presented after oxidation in both conditions. The Ni–Cr spinel and 
 NiWO4 were determined as detrimental mixed oxides by Savisha Mahalingam et al. 
[38] causing disastrous horizontal and compressive cracks in the scale, thereby dete-
riorating the coating layer, as discussed in the next section.

Table 2  Normalized element 
intensities (Fe and Cr) of the 
uncoated sample oxidized 
in a humidified atmosphere 
and measured using a cross-
sectioned sample (Fig. 5b)

*A normalized atomic ratio is defined as the atomic percentage of 
the interested element per atomic percentage of Fe, Cr, and Mn

Position Depth (µm) Normalized atomic 
ratio*

Presence of O

Fe Cr

1 0 1.000 0.000 ✓
2 72.4 0.985 0.015 ✓
3 144.8 0.991 0.009 ✓
4 (i/f) 217.2 0.983 0.017 ✓
5 289.6 0.958 0.042 ✓
6 362 0.968 0.032 ✓
7 434.4 0.962 0.029 ✓
8 506.8 0.958 0.038 ✓
9 579.2 0.954 0.040 ✓
10 651.6 0.971 0.028 ✓
11 724 0.949 0.046 ✓
12 796.4 0.975 0.025 –
13 868.8 0.976 0.024 –
14 941.2 0.976 0.024 –
15 1013.6 0.976 0.024 –
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Discussion

Mass gains of uncoated and coated T22 were determined by parabolic oxidation 
kinetics, with results indicating that oxide growth was diffusion-controlled. Fig-
ure 13 presents the parabolic rate constants of the studied samples in an Arrhenius 
form together with data from the literature [3, 14, 43–49]. The rate constants of the 

Fig. 7  XRD patterns of uncoated T22 oxidized at 750 °C for 120 h in a air, and b a humidified atmos-
phere
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Fig. 8  SEM cross-sectional images of coated T22 before oxidation

Fig. 9  SEM cross-sectional images of the coated sample in air after oxidation at 750  °C for 120  h 
(Remark: = ✓ the presence of oxygen)
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Fig. 10  SEM cross-sectional images of the coated sample in  N2-50%  O2-10%  H2O after oxidation at 
750 °C for 120 h (Remark: =  ✓the presence of oxygen)

Fig. 11  Void percentages of the 
coating layers oxidized in air 
and a humidified atmosphere at 
750 °C for 120 h
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uncoated steel were lower than for T22 reported in the literature and above the rate 
constants for the formation of chromia on stainless steels. The lower rate constant of 
uncoated T22 was observed by Singh et al. [14] at a lower temperature of 700 °C, as 
listed in Table 4. Likewise, the very low-rate constants were reported in the research 
studies carried out on high chromium and nickel substrates such as SS304 and Ni-
5Cr [34, 39]. This occurred possibly due to the chromia formation and excellent cor-
rosion resistance properties of nickel when compared to the studied steel substrate in 
this work.

Table 3  Atomic ratios of Fe per 
total atomic ratios of cations 
(Fe, Cr, Co, Ni, W, and Si) of 
coated samples oxidized in air 
and a humidified atmosphere 
(Figs. 9 and 10)

Position Normalized atomic ratio 
of Fe

Presence of O

Air N2-50%  O2-10% 
 H2O

Air N2-50% 
 O2-10% 
 H2O

1 0.06 0.97 ✓ ✓
2 0.03 0.96 – ✓
3 0.06 0.70 ✓ ✓
4 0.11 0.03 ✓ ✓
5 0.07 0.05 ✓ ✓
6 1.0 0.08 ✓ –
7 0.99 0.27 – –
8 – 0.98 – –
9 – 0.92 – –

Fig. 12  XRD patterns of coated T22 before and after oxidation at 750 °C for 120 h in air and  N2-50% 
 O2-10%  H2O
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The rate constants of uncoated and coated steel oxidized in water vapor were sig-
nificantly higher than for oxidation in air. When the uncoated steel was oxidized in the 
humidified atmosphere, the oxidation rate was enhanced. The outer subscale was also 
nearly free from voids, while they were significantly observed in the scale formed in 
the air. This part of the scale thickened from 52 μm for the uncoated sample oxidized 
in air to 78 μm for the uncoated sample oxidized in the humidified atmosphere. Hav-
ing the same trend, the inner subscale also drastically increased, i.e., from 23 μm for 
the uncoated sample oxidized in air to 47 μm for the uncoated sample oxidized in the 
humidified atmosphere. The accelerated oxidation rate should be from the more rapid 
oxygen diffusion through the oxide scale, which can be the molecular or ionic diffusion 

Fig. 13  Arrhenius plots of the parabolic rate constants for oxidation of the studied steels and those from 
other literature [3, 14, 43–49]



344 High Temperature Corrosion of Materials (2024) 101:331–350

1 3

of oxygen-containing species. The acceleration can promote the oxide thickness and 
density, concurred with the mechanism of the rapid growth rate of wustite thermally 
grown on iron oxidized in water vapor by the void movement due to molecular water 
vapor proposed by Rahmel and Tobolski [26]. The growth of the outer subscale relat-
ing to its thickness and density reasonably results from the inward oxygen diffusion to 
form hematite at the scale/gas interface, while the growth of the inner subscale was 
mainly from the cation vacancy diffusion to form  FeCr2O4 spinel [50] followed by the 
XRD results in Fig. 7.

When the steel was coated, the rate constant reduced toward chromia growth val-
ues and suppressed the oxidation rate of the steel. For example, the mass gain of the 
uncoated sample oxidized in air for 120 h was 7.1 ×  10–3 g  cm–2. The coating reduced 
the mass gain by about 2.7 times to 2.6 ×  10–3  g   cm–2 after oxidation for the same 
period. For the oxidation in a humidified atmosphere, the mass gain of the uncoated 
sample after 120 h exposure was 84 ×  10–3 g/cm2. The coating reduced the mass gain to 
a greater extent, i.e., by about 22 times to 3.8 ×  10–3 g  cm–2 after oxidation for the same 
period. Figure 14 shows the lines presenting the equilibrium oxygen partial pressure of 
the formation of oxides using standard thermodynamic data [33] in a furnace in air and 
in  N2-50%O2-10%H2O plotted as a function of the reciprocal temperature. The forma-
tion mechanisms of oxides are represented in Eqs. 1–5, as shown below.

(1)
4

3
Fe + O2 =

2

3
Fe2O3

(2)
4

3
Cr + O2 =

2

3
Cr2O3

(3)Ni + 2Cr + 2O2 = NiCr2O4

Table 4  Calculated parabolic 
rate constants (kp) in different 
environments at 750 °C

Description and environment kp 
 (10–5  mg2  cm−4  s−1)

(Uncoated T22: This study)
in air 10.95
in 10%H2O containing 1180.56
(WCCo-NiCrFeSiBC coated on T22: This study)
in air 8.33
in 10%H2O containing 16.67
Uncoated T22 in air at 700 °C [14] 1.56
(Uncoated Ni-5Cr at 650 °C)
in Ar-20%O2-20%H2O [34] 0.13
in Ar-20%H2O [34] 0.003
(NiCrSiB/WCCo coated on SS304)
in air [39] 0.04
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The partial pressures of oxygen in both studied atmospheres were higher than 
those required to form  Fe2O3,  Cr2O3,  NiCr2O4, and  NiWO4. This analysis indicated 
the thermodynamic stability at the standard state of the oxides formed in the studied 
atmospheres, i.e.,  Fe2O3 and  Fe3O4 for the uncoated samples, and  NiCr2O4,  Cr2O3, 
 NiWO4 and  Fe2O3 for the coated samples, as analyzed by XRD.

When HVOF thermal spraying was applied on the uncoated sample, WC–Co coat-
ings were obtained, as shown in Fig. 8. A compact coating layer of two phases as rich 
W–C and Ni–Cr was formed and confirmed as WC and CrNi by XRD analysis. The 
formation of these two phases was also observed after HVOF spraying of the WC–Co 
powders mixed with NiCr–Cr3C2 powders on the same steel grade, as reported by 
Singh et  al. [12]. When the coated steel was oxidized in air and humidified atmos-
pheres, oxidation considerably reduced. Formation of  NiCr2O4 and  Cr2O3 contributed 
to this beneficial effect as protective oxides. It is well known that formation of  Cr2O3 
helps to protect steel from high temperature corrosion of Cr-containing steel [44–48]. 
When the coated steel was oxidized in a humidified atmosphere, the oxidation rate was 
lower than the uncoated sample but oxidized faster and suffered from spallation more 
than in air. This behavior related to the formation of non-protective iron-rich oxide, 
i.e., hematite in the coating layer after oxidation in a humidified atmosphere, as shown 
in Fig. 10. Hematite in the scale was formed by inward diffusion of oxygen, where the 
iron site (Fe) reacted with oxygen in the atmosphere, according to Eq. 6. This formation 
was also observed by F. Liu et al. who developed a non-protective thick scale on X20 
stainless steel samples after exposure in  O2 containing 40%H2O at 600 °C for 336 h 
[51]. However, the formation of magnetite  (Fe3O4) grown by the cation vacancy [24] 

(4)Fe +
1

2
O2 + Cr2O3 = FeCr2O4

(5)Ni + W + 2O2 = NiWO4

Fig. 14  Equilibrium partial 
pressures for the formation of 
oxides relevant to this study at 
different temperatures calculated 
using thermodynamic reference 
data [55]
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was suppressed probably due to the formation of  NiCr2O4 spinel from the relatively 
high diffusion coefficient of cation through NiO (non-stoichiometric NiO), as reported 
by Chatterjee et al. [11]. The formation of the Ni–Cr spinel as well as  Cr2O3, primarily 
resulting from high chromium content in the inner subscale, also helped to protect the 
studied steel against corrosion. Thus, the protective oxides at the inner subscale can 
provide corrosion resistance for steel substrates to prevent oxidation in air and humidi-
fied atmospheres.

where the subscripts h and o indicate that the interested entity is in the hematite as 
the outer scale layer.

As well as hematite formation, the detrimental mixed oxides of thermally grown 
oxides (TGOs) such as  NiCr2O4,  Cr2O3, and  NiWO4 also promoted cracks and led to 
spallation. Our results concurred with Savisha Mahalingam et al. who found that micro-
cracks were caused by mixed clusters of ((Cr,Al)2O3), spinel (Ni(Cr,Al)2O4), and nickel 
oxide (NiO), while the many pores at the coating/substrate interface induced compres-
sive stresses, and hence, horizontal and compressive cracks. Mixed oxides caused high 
stress in the surrounding area that initialized the cracking formation [38, 52, 53].

The high severity of the deterioration of the coating layer after exposure in a humidi-
fied atmosphere can be explained by the oxidation and chromia volatilization in water 
vapor. Rapid oxidation of coated steel oxidized in humidified oxygen results from the 
ionic transport of oxygen. Water vapor is incorporated into the oxide in a hydroxyl OH− 
form. When hydrogen bonds with oxygen to form hydroxyl ions, the ionic radius is 
reduced from 140 to 95 pm for OH− [43]. As a result, the hydroxyl species can rap-
idly diffuse through the oxide or along the grain boundaries to the inner subscale and 
accelerate oxidation in the subscale. Formation of  NiCr2O4 and  NiWO4 was detected 
after exposure of the coated steel in a humidified atmosphere. It is then possible that 
the volatilization of the Ni–Cr spinel, giving Cr-containing volatile species and  NiWO4, 
may also occur according to Eqs. 7–9.

Another volatile phase that can occur in dry oxygen is  CrO3 [49], shown in Eq. 10. 
The Ni–Cr spinel may also be volatilized giving  CrO3 by Eqs. 11 and 12.

(6)2Fe +
3

2
O2 → 2(Fe

Fe
)
h
+ 3(O

O
)
h

(7)
1

2
Cr2O3 +

3

4
O2 + H2O → CrO2(OH)2

(8)
1

2
NiCr2O4 +

3

4
O2 + H2O → CrO2(OH)2 +

1

2
NiO

(9)
1

2
NiCr2O4+

3

2
O2 +

1

2
W+H2O = CrO2(OH)2 +

1

2
NiWO4

(10)
1

2
Cr2O3 +

3

4
O2 → CrO3
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Partial pressures of the  CrO2(OH)2 volatile species were calculated using ther-
modynamic data from Opila et al. [54] and Kubaschewski et al. [55], with results 
presented in Fig.  15. At 700  °C, partial pressures of the  CrO2(OH)2 volatile spe-
cies were 8.08 ×  10–7 and 3.98 ×  10–7 bar for the volatilisation in a humidified atmos-
phere, following Eqs. 7 and 8, respectively. At the same temperature, partial pres-
sures of the  CrO3 volatile species from volatilization in air according to Eqs.  10 
and 11 were 8.84 ×  10–10 and 4.41 ×  10–10 bar, respectively. For both volatilizations 
from  Cr2O3 and  NiCr2O4, the partial pressure of the volatile Cr-species formed in a 
humidified atmosphere  (CrO2(OH)2) was enhanced by about 1000 times that formed 
in oxygen  (CrO3). This contributed to void generation following the mechanism of 
Rahmel Tobolski mechanism [26] and formation of iron oxide to a greater extent in 
the outer subscale coating, as confirmed by the EDS result in Fig. 10. This supported 
 Fe2O3 formation in the outer coating layer and the existence of microcracks at the 
outer/inner coating interface, resulting in more severe deterioration of the coating, 
as seen in Fig. 10. It is noteworthy that the volatilizations of  Cr2O3 and Ni–Cr spinel 
in a humidified atmosphere are a specific interaction which can accelerate the Cr 
diffusion and enhance oxidation in coating layers and could potentially lead to the 
breakaway oxidation as presented in a previous study on oxidation and volatilization 
damage behavior of NiCr coatings in air-H2O environment at 650 °C [56].

(11)
1

2
NiCr2O4 +

3

4
O2 → CrO3 +

1

2
NiO

(12)
1

2
NiCr2O4 +

3

2
O2 +

1

2
W = CrO3 +

1

2
NiWO4

Fig. 15  Equilibrium partial pressures of volatile Cr-species formed in a air, and b  N2-50%  O2-10%  H2O, 
calculated using thermodynamic data from Refs. [33, 55]
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Conclusions

High temperature oxidation of T22 in air and humidified atmospheres reduced after 
applying Ni-based HVOF thermal spray coating. The humidified atmosphere of 
 N2-50%  O2-10%  H2O resulted in an aggressive oxidation and promoted high oxida-
tion rate on both uncoated and coated steels. The oxide scale consisted of a highly 
porous  Fe2O3 outer layer and an inner  FeCr2O4 layer after oxidizing in air, with 
denser and thicker scale after oxidizing in a humified atmosphere. Deterioration of 
the coated steel occurred due to the oxidation dominated by the inward diffusion 
of oxidants from the water vapor and chromia volatilization, with the deterioration 
mechanism summarized as follows:

• The WC–Co/NiCrFeSiB coating layer oxidized and volatized in air and humidi-
fied atmospheres to  Cr2O3,  NiWO4, and Ni–Cr spinel and spalled greatly after 
exposure for 24 h.

• Fe2O3 formed at the outer coating layer due to the high partial pressures of the 
volatile chromium species in a humidified atmosphere, following the thermody-
namics data.

• The percentages of voids and pores were high inside the coating layer, especially 
at the coating/substrate internal interface, caused by molecular diffusion of oxy-
gen-containing species and molecular water vapor.

• Fe2O3 formation at the outer layer, pore generation, and the detrimental mixed 
oxides of  NiCr2O4,  Cr2O3, and  NiWO4 caused microcrack propagation at the 
outer/inner coating interface, leading to deterioration and spallation of the coat-
ing layer.

In all, the deterioration of HVOF-sprayed WC–Co/NiCrFeSiB coatings on T22 
steel in water vapor examined by high temperature oxidation test and material char-
acterization in the present work will contribute to preventing high temperature cor-
rosion of HVOF spray coatings on common steel grades used in superheated steam 
environments of coal-fired power plants and their related industries. However, the 
observations of the coated T22 exposed to humidified atmospheres containing a 
higher percentage of water vapor are limited. Therefore, future investigation should 
be conducted to study the effect of water vapor on the high temperature corrosion 
behavior of the coated T22 at different water vapor percentages and the optimization 
of coating parameters such as feedstock powder size and coating speeds in order to 
achieve high coating quality and increase corrosion resistance of coating layers.
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