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The research focuses on the high temperature oxidation resistance of martensitic heat-resistant steel. A new type of 
martensitic heat-resistant steel was developed with the addition of Al and Cu, and the oxidation behavior of the new 
martensitic heat-resistant steel at 650 °C and 700 °C was analyzed. The high temperature oxidation kinetics curves of new 
martensitic heat-resistant steel at 650 °C and 700 °C were determined and plotted by cyclic oxidation experiment and 
discontinuous weighing method. XRD technique was applied to qualitatively analyze the surface oxide of the material 
after oxidation. The surface and cross-section morphology of the material were observed by field emission scanning 
electron microscope (SEM) and energy dispersive spectrometer (EDS), and the oxidation mechanism at high temperature 
was analyzed. The results show that the oxide film can be divided into two layers after oxidation at 650 ºC for 200 h. The 
outer oxide film is mainly composed of Fe and Cu oxides, and the inner oxide film is mainly composed of Al2O3, SiO2 
and Cr2O3. After oxidation at 700 ºC for 200 h, the outer layer is mainly composed of Fe, Cu, Mn oxides, and the inner 
layer is mainly composed of Cr, Al and Si oxides. The addition of a small amount of Cu promotes the diffusion of Al and 
Si elements, facilitates the formation of Al2O3 and SiO2, and improves the high-temperature oxidation resistance of 
martensitic heat-resistant steel. 
Keywords: heat-resistant steel, high temperature oxidation, morphology of oxide film, element distribution 

 
1. INTRODUCTION  

For the purpose of saving energy and reducing the 
consumption of thermal power units, unit parameters need 
to be continuously improved [1 – 4]. Superheater and 
resuperheater need to operate under higher temperature and 
higher pressure, and the subsequent oxidation problem is 
more prominent [5 – 9]. Thus, it is more important to study 
the composition, structure, morphology and formation rule 
of the oxide layer so as to effectively control the rapid 
growth and peeling of the oxide layer. Martensitic heat-
resistant steel is often used for manufacturing high-
temperature parts because of its good mechanical properties 
and relatively low cost. Due to the high ambient temperature 
and high stress of high temperature parts, Matrensitic heat-
resistant steel can easily lose effectiveness during the 
pricess. Therefore, improving the performance of 
martensitic heat-resistant steel remains the key to 
improvement on work efficiency and service life [10]. 

At present, optimizing the heat treatment process and 
innovating chemical composition are the common ways to 
improve the service life of heat-resistant steel [11]. 
Martensitic heat-resistant steel uses Cr as the main element 
to improve corrosion resistance and oxidation resistance, 
and forms a variety of strengthening methods by adding 
other elements to improve high-temperature strength and 
structural stability [12]. It is found that at least 12 % Cr 
element [13, 14] should be added in order to form a strong 
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and effective Cr2O3 protective layer for martensitic heat-
resistant steel. When the content of Cr element is more than 
12 %, the electrode potential of the steel will change from 
negative to positive, which will make it harder for iron atom 
to lose electrons, and a layer of smooth Cr-rich oxide will 
be formed on the surface of the steel, which improves the 
corrosion resistance of the steel [15]. However, the Cr 
content of the new martensitic heat-resistant steel used in 
this paper is less than 12 %, the addition of Al element can 
improve the high-temperature oxidation resistance of the 
heat-resistant steel [16]. The formation of Al2O3 oxide film 
under high-temperature conditions has a stronger protective 
effect than Cr2O3 [17]. In martensitic heat-resistant steel, 
with the increase of Cr in the matrix, the diffusion of Al on 
the surface of the oxide film increases [14]. The addition of 
Al element will lead to poor fluidity of alloy liquid and 
increase of hardness and brittleness of steel [18]. In this 
experiment, Cu element was added to further optimize the 
properties of martensitic heat-resistant steel. The addition of 
Cu element can improve the diffusion rate of Al element 
[19, 20], It has been proved that the addition of 3% Cu in 
Super304H [21] steel can produce copper rich phase 
precipitated in austenite during service, the fine Cu 
precipitate in the matrix can improve its high temperature 
strength, high temperature plasticity and high temperature 
oxidation resistance by refining grains [21 – 24]. In this 
paper, a new type of martensitic heat-resistant steel was 
prepared by adding a small amount of Al and Cu elements 
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into Fe-Cr martensitic heat-resistant steel. The oxidation 
kinetics curves and XRD patterns at 650 ºC and 700 ºC were 
measured. By observing and analyzing the oxidation 
morphology and oxidation cross-section, the high 
temperature oxidation resistance of the new martensitic 
heat-resistant steel was evaluated, which provided 
experimental basis for further composition optimization of 
martensitic heat-resistant steel. 

2. MATERIALS AND METHODS 

2.1. Materials 
The new martensitic heat-resistant steel was melted in 

VIM500 vacuum non-consumable tungsten electrode 
melting furnace made by Shenyang Scientific Instrument Co, 
Ltd, Chinese Academy of Sciences. After melting, the 
material was processed into small pieces with a = 15 mm. 
The chemical composition of as cast new martensitic heat-
resistant steel was determined by Spectro Maxx direct 
reading spectrometer. The results are shown in Table 1. 

The new martensitic heat-resistant steel as cast was put 
into RJX-8-13 high-temperature box type resistance furnace 
for heat treatment. The heat treatment process is under 
1050 °C for 0.75 h air cooling + 770 °C × 2 h with furnace 
cooling to 300 °C and then air cooling to room temperature. 
The heat treatment process diagram is shown in Fig. 1. 

 
Fig. 1. Heat treatment process of new martensitic heat resistant 

steel 

After heat treatment, the new martensitic heat-resistant 
steel was processed into small pieces of 
20 mm × 10 mm × 2 mm by DK7745 wire cutting machine. 
The abrasive paper was used for rough grinding and fine 
grinding, and the polishing machine was used to polish the 
sample. The corrosion solution was 4 g picric acid + 5 ml 
hydrochloric acid + 100 ml alcohol mixture solution. The 
microstructure of the new martensitic heat-resistant steel 
after corrosion is shown in Fig. 2. 

2.2. Methods 
In the high temperature oxidation experiment, the Mao 

Fu type resistance furnace SM-28-10 was used for heating, 
and the alumina crucible was used to load the samples. The 
experimental temperature was 650 °C and 700 °C, and the 
oxidation time was 200 h. Samples were taken out for 
weighing measurement at regular intervals. An electronic 
analytical balance with an accuracy of 1 × 10-4 g was used 
to weigh the sample mass. 

 
Fig. 2. Microstructure of new martensitic heat resistant steel 

The oxidation kinetics curve was drawn according to 
the oxidation weight gained and oxidation time per unit area 
by discontinuous weight gain method, and the phase 
qualitative analysis of the oxidation products was carried 
out by X'Pert Pro multi-functional X-ray diffractometer 
(XRD),with Cu Kα radiation (λ = 1.5406 Å) and 2 θ scan 
between 20° to 90°. FEI Quanta F-type field emission 
scanning electron microscopy (SEM) and energy dispersive 
spectrometer (EDS) were used to observe the oxidized 
surface and cross-sectional morphology of the material. 

3. RESULTS AND DISCUSSION 

3.1. Oxidation kinetic analysis 
Fig. 3 shows the high temperature oxidation kinetics 

curves of the new martensitic heat-resistant steel at 650 °C 
and 700 °C. As can be seen from the figure that the high-
temperature oxidation kinetics curves of the new martensitic 
heat-resistant steel at two different temperatures are 
obviously divided into two stages. The first stage is the rapid 
oxidation stage, and the oxidation weight gain shows an 
upward trend; the second stage is called stable oxidation 
stage, where the oxidation rate significantly decreases and 
the oxidation weight gain trend slows down. The average 
oxidation rate of the steel is 0.0239 g·(m2·h)-1 after 
oxidation at 650 °C for 200 h and the average oxidation rate 
of the sample after oxidation in air at 700 °C for 200 h is 
0.0418 g·(m2·h)-1.Compared with the evaluation standard of 
oxidation resistance level of superalloy [26], the oxidation 
resistance classification of the new martensitic heat-
resistant steel belongs to the complete oxidation resistance 
category. 

The oxidation kinetics curve is divided into two stages 
due to the different oxidation mechanism in the high 
temperature oxidation process. The sample is oxidized in 
atmospheric environment where there is sufficient oxygen. 
The transmission number of electrons or electron holes in 
the oxide film is much greater than that of ions. Therefore, 
the transmission speed and number of metal cations and 
oxygen negative ions through the oxide film become the 
main control factors of the oxidation process [27]. In the 
early stage of oxidation, the surface of the steel is smooth 
and exposed to the air, which is in the stage of rapid 
oxidation. The place where oxide nucleation is caused by 
defects such as grain boundary on alloy surface [28]. 

Table 1. Chemical composition of new martensitic heat-resistant steel (mass fraction %) 

Element Al Cr Mn Ni Mo Cu Si V Nb C P S Fe 
Content 0.543 9.07 1.427 1.523 0.913 2.602 0.570 0.274 0.098 0.086 0.019 0.012 Bal. 
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Combined with the Fig. 7 a, b and Fig. 8 a, b below, it 
is observed that the density of oxide layer of new martensitic 
heat-resistant steel at 650 °C is lower than that at 700 °C 
when the oxidation time is 30 h and 80 h, which leads to 
more air entering into the oxide layer through small gaps, 
which promotes further oxidation of the sample and further 
acceleration of oxidation weight gain rate. In the stable 
oxidation stage, a layer of oxide film is formed on the 
surface of the test steel. The continuous growth of the oxide 
film depends on the diffusion and mass transfer of metal and 
oxygen atoms through the oxide layer. The oxidation 
process is controlled by the element diffusion mechanism, 
and the oxidation rate is significantly reduced [29]. During 
the oxidation process at 650 °C, the oxidation rate of the 
new martensitic heat-resistant steel is slow and a dense 
continuous oxide film cannot be formed rapidly. The weight 
gain rate per unit area is larger within 20 hours, and then 
tends to increase slowly, and the weight gain rate is 
significantly lower than that of 20 hours before oxidation. 
During the oxidation process at 700 °C, the oxidation rate 
accelerated in the first 20 hours, forming a protective oxide 
film, and then the weight gain rate per unit area tended to be 
stable. The main reason was that the increase of temperature 
accelerated the migration speed of positive and negative 
ions through the oxide film at the initial stage of oxidation. 

 
Fig. 3. High temperature oxidation kinetics curve of new 

martensitic heat resistant-steel 

3.2. Phase analysis of oxide film 
The XRD phase analysis was performed on the surface 

oxide film of the new martensitic heat-resistant steel after 
oxidation at 650 °C and 700 °C for 200 h, and the results are 
shown in Fig. 4. It can be seen from the figure that the main 
oxide on the surface of the test steel is Fe2O3. It also be seen 
that CuFe2O4 oxide exists at 700 °C, combined with the 
EDS in Fig. 8 d, it can be shown that the addition of Cu 
element to the martensitic heat-resistant steel is helpful to 
form CuFe2O4 oxide protective layer. According to the 
different intensity of diffraction peaks in XRD patterns, it 

was found that the oxidation of the materials was 
accelerated with the increase of experimental temperature. 

 
Fig. 4. XRD analysis of oxide film of new martensitic heat-

resistant steel 

3.3. Analysis of surface morphology of oxide film 
The surface morphology characteristics of the new 

martensitic heat-resistant steel after oxidation at 650 °C in 
air for different times are shown in Fig. 5 a – d and the 
results of EDS composition analysis in micro region are 
shown in Table 2. As can be seen from the figure that during 
the high temperature oxidation at 650 °C, the surface 
morphology changes from complex rhombic shape, needle 
shape and granular shape to spherical shape, and then from 
spherical shape to more uniform irregular block shape. After 
oxidation for 200 h, the oxide film of new martensitic heat-
resistant steel presents irregular block distribution, with 
large grain size and uniform distribution. The surface oxide 
film of new martensitic heat-resistant steel was analyzed by 
EDS at 650 °C in air. The oxidation of 30 h is in the primary 
stage of oxidation. The protective oxide of Al, Si and Cr 
elements is formed in the surface film, but less content is not 
enough to form a continuous and compact oxide film. EDS 
analysis of the oxide film after 80 h and 140 h oxidation 
showed that the content of Mo in the oxide film was as high 
as 20 %, MoO3 appears on the oxide surface in a globular 
state as show in Fig. 5 c. Different from the morphology 
after high temperature oxidation for 30 h and 200 h, only 
2.42 % of the oxide film was oxidized for 30 h, while no Mo 
element was found in the oxide film after 200 h oxidation. 
Mo element will form a dense adhesive oxide film above 
475 °C, and the oxidation rate depends on the diffusion 
speed of metal ions and oxygen through the oxide film. 
Generally, the oxidation rate is slow at this stage. When the 
oxide film is formed a 600 °C, MoO3 will evaporate. With 
the increase of temperature, the evaporation speed will be 
accelerated, and no oxide film will be formed above 700 °C, 
but it will volatilize directly [30]. 

Table 2. EDS table of new martensitic heat-resistant steel oxidized at 650 °C for different time 

Time, h Element O Al Si Nb Mo V Cr Mn Fe Ni Cu 
30 wt.% 22.32 0.92 1.08 0.61 2.42 0.68 24.37 6.74 31.82 1.09 7.96 
80 wt.% 19.30 0.94 0.46 2.28 22.63 0.60 12.09 9.15 25.66 1.00 5.88 

140 wt.% 22.51 0.27 0.23 1.82 20.88 0.87 3.96 5.50 34.58 0.89 8.50 
200 wt.% 22.15 0.73 0.44 0.51 0.00 0.52 22.90 6.74 34.59 0.46 10.95 
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Table 3. EDS table of new martensitic heat-resistant steel oxidized at 700 °C for different time 

Time, h Element O Al Si Nb Mo V Cr Mn Fe Ni Cu 
30 wt.% 22.06 0.86 0.73 0.12 0.34 0.68 16.91 6.06 42.28 0.69 9.26 
80 wt.% 21.58 0.43 0.56 0.40 0.32 0.93 17.79 6.00 40.46 1.45 10.08 
140 wt.% 21.19 0.66 0.50 0.00 0.00 0.55 14.84 5.52 42.94 1.11 12.71 
200 wt.% 24.04 3.16 0.84 0.41 0.36 0.45 32.30 9.85 12.84 0.20 15.56 

 
Therefor, the surface morphology is spherical when the 

oxidation time is 80 h and 140 h. When the oxidation time 
reaches 200 h, MoO3 volatilizes directly and the surface 
morphology is irregular and massive. 

 
Fig. 5. Surface morphology characteristics of new martensitic 

heat-resistant steel after high temperature oxidation in air 
at 650 °C for different time: a – 30 h; b – 80 h; c – 140 h, 
d – 200 h 

 
Fig. 6. Surface morphology characteristics of new martensitic 

heat-resistant steel after high temperature oxidation in air 
at 700 °C for different time: a – 30 h; b – 80 h; c – 140 h; 
d – 200 h 

The surface morphology characteristics of the new 
martensitic heat-resistant steel after oxidation at 700 °C in 

air for different times are shown in Fig. 6 a – d and the 
results of EDS composition analysis in micro region are 
shown in Table 3.  

Under 700 °C air environment, the surface oxidation 
morphology of the new martensitic heat-resistant steel 
presents uneven size and irregular distribution of blocky. 
With the increase of oxidation time, the oxide grains of the 
surface oxide film gradually grow, and the shape remains 
massive, and the distribution is more dense. Selective 
oxidation exists in the oxidation process at 700 °C and 
protective oxides formed by Al, Si and Cr elements still 
exist on the surface oxide film after oxidation at 700 °C for 
30 h. The oxidation rate between 30 h and 80 h is higher 
than that at 650 °C, and the time of stable oxidation is 
earlier than that at 650 °C. From the EDS results, it can be 
seen that the content of Cu element on the surface of the 
oxide film increases gradually. CuO or CuO2 is formed by 
copper oxidation, which makes the volume increase. The 
compressive stress causes local damage of the oxide layer, 
and the non oxidized area is exposed to the air again to 
oxidize [31], which also leads to the oxide size larger than 
that oxidized at 650 °C for 200 h. 

3.4. Analysis of oxidation cross-section 
Fig. 7 shows the cross-section morphology and EDS 

line scanning element distribution of the oxide film of the 
new martensitic heat-resistant steel after oxidation in air at 
650 °C for different time. The average thickness of 
oxidation film of new martensitic heat-resistant steel is 
22 um, 25 um, 29 um and 49 um after 30 h, 80 h, 140 h and 
200 h respectively. With the increase of oxidation time, the 
thickness of oxide film increases gradually. The increasing 
trend of thickness is obvious at 30 h, and slows down from 
30 h to 140 h. The increasing trend is obvious from 140 h 
to 200 h, which is consistent with the oxidation kinetics 
curve at 650 °C. It can be seen from the figure that with the 
increase of oxidation time, a large number of holes and 
cracks appear in the oxide film, and the density also 
decreases. After oxidation for 200 h, the structure of the 
oxide film is obviously divided into two layers, the outer 
layer is loose and porous, and the protection is weak, while 
the inner layer is dense and tightly combined with the 
matrix, which plays a good protective role. The outer oxide 
film is mainly composed of Fe and Cu oxides, while the 
inner oxide film contains Al2O3, SiO2 and Cr2O3 protective 
oxides formed by Al, Si and Cr elements. The diffusion rate 
of Cr is much slower than that of Fe [32]. In the oxidation 
process, the element distribution in the inner oxidation 
layer and the inner oxide layer can be seen. The content of 
Cr in the oxidation layer is obviously higher than that in the 
middle layer. It cannot form a continuous nodal Cr rich area 
in time, which hinders the internal diffusion of O or the 
outward diffusion channel and speed of Fe, and slows down 
the growth of new oxides [33, 34]. 
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A large amount of Fe element is missing in the inner 
oxide film, which is mainly caused by the continuous 
outward diffusion of iron ions in the high temperature 
oxidation process to form FeO unprotected oxide film [35]. 
Cr is oxidized to form continuous and complete Cr2O3 
protective oxide film [36]. The Cr2O3 in the inner oxide 
film effectively prevents further oxidation of the metal 
matrix. At the same time, SiO2 has excellent microstructure 
stability at high temperature, which can increase the 
compactness of Cr2O3 oxide film and inhibit the exfoliation 
of Cr2O3 oxide film [37]. 

 

 

 

 
Fig. 7. Cross-section morphology and EDS analysis of new 

martensitic heat-resistant steel after high temperature 
oxidation in air at 650 °C for different time: a – 30 h; 
b – 80 h; c – 140 h; d – 200 h 

Fig. 8 shows the cross-sectional morphology and 
element distribution of the oxide film of the new 
martensitic heat-resistant steel after oxidation at 700 °C in 
air for different time. The results show that the thickness of 
oxidation film increases with the increase of oxidation time, 
which is consistent with the weight increasing trend of 
oxidation kinetics curve. Compared with the morphology 
of oxide film oxidized at 650 °C, the thickness of oxide 
film increases and the density is better. At 700 °C, the 
selective oxidation is obvious at the initial stage of 

oxidation. After 30 h oxidation at 700 °C in air, the oxide 
film is very dense, and the protective oxide film is 
composed of Cr2O3 protective oxide. As the oxidation 
process continues, the protective oxide film was damaged, 
and voids and cracks began to appear.  

 

 

 

 
Fig. 8. Cross-section morphology and EDS analysis of new 

martensitic heat resistant-steel after high temperature 
oxidation in air at 700 °C for different time: a – 30 h; 
b – 80 h; c – 140 h; d – 200 h 

Combined with Fig. 6 b, it can be seen that there are 
voids and pits in the oxide layer, With the increase of 
oxidation time, the oxide film transformed into a double-
layer oxide film with loose and porous outer layer and 
dense inner layer with strong protection. According to the 
element distribution of the oxide film cross section of the 
test steel, after oxidation at 700 °C for 200 h, the outer layer 
of the oxide film is mainly composed of Cu, Fe and Mn 
elements, while the inner layer is mainly composed of Cr, 
Al and Si oxides. The Cr2O3 oxide film is usually 
continuous and dense, which has protective effect on the 
material. However, when Cr2O3 exists with CuO, they will 
interlace with each other and form discontinuous structure 
easily, leading to the damage of the original protective 
Cr2O3 oxide film and then promoting further oxidation. 
After oxidation at 700 °C for 200 h, the outer oxide film of 
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the test steel is sparse and porous, which is caused by the 
interlacing of Cr2O3 and CuO [38]. The outer oxide film is 
loose and porous, which leads to oxygen entering into the 
inner layer and further oxidizes the internal oxide layer. 
The element of Cr is mainly concentrated near the inner 
layer, which makes the inner oxide layer compact and 
achieves good antioxidant effect. 

4. CONCLUSIONS 
The new martensitic heat-resistant steel with a small 

amount of Al and Cu elements shows excellent high-
temperature oxidation resistance after oxidation at 650 °C 
and 700 °C for 200 h in air environment, and its oxidation 
resistance level belongs to complete oxidation resistance 
level. In the process of high temperature oxidation, the 
oxide film of the new martensitic heat-resistant steel 
changes from one-layer structure to two-layer structure 
with loose outer layer and dense inner layer. In the process 
of oxidation, aluminum, silicon, chromium and manganese 
are preferentially oxidized compared with iron, forming a 
protective oxide film to reduce the oxidation of iron and 
protect the matrix. 
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