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ABSTRACT 

This work studies the high temperature corrosion behavior of new heat-resistant steel with salt coating meth-

od of 75%Na2SO4+25%NaCl coating on the steel surface at 700℃. The chemical composition of corrosion 

products and surface morphology of the corrosion layer were analyzed using X-ray diffractometer (XRD), 

scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and investigate the effect of Cu 

content on high temperature corrosion behavior of heat resistant steel. The results show that the thermal cor-

rosion kinetics curve of tested steel follows the parabolic law and the surface is composed of Fe2O3 and 

FeCr2O4. The corrosion layer were divided into two layers, the outer layer was loose and porous while the 

inner layer was dense and continuous. The structure of the oxide film consists of various protective oxide 

films; with increasing of Cu content, the high-temperature corrosion resistance of heat-resistant steel was 

improved and the thickness of the corrosion layer was decreased which led to improving the bonding strength 

between the inner layer and the matrix. The results of EDS analysis shows that Cu elements can promote the 

outward diffusion of Cr elements to oxidation of the steel to form a Cr2O3 protective oxide film for prevent-

ing the diffusion of chlorine elements, oxygen elements into the interior toward the steel with slow down the 

process of "activation oxidation", reduce the sensitivity of intergranular corrosion and achieve the function of 

protecting materials. 
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1. INTRODUCTION 

The super supercritical unit with high steam parameters has the advantages of high efficiency, cleanliness, 

economy, safety and so on. It has become the main development direction of the thermal power unit in the 

world [1]. In the future unit parameters will reach temperature of 700℃ and 30 MPa, or even more aggressive 

parameters [2]. Obviously, the existing boiler steel can no longer meet its service requirements, so we must 

develop heat-resistant materials that are suitable for aggressive parameters, and ensure the reliable operation 

of the unit. Ferritic heat-resistant steel for boiler is widely used in supercritical generating units with high 

steam parameters because of its excellent comprehensive performance [3-6] and T91 as the representative of 

this steel, it has been become the most extensive steel grade in the world supercritical power plant at the same 

time, it is also used as a benchmark for developing high steam parameter steel [7, 8]. 

At present, there is still a gap between the ferritic heat-resistant steel and the advanced austenitic heat-

resistant steel in the heat-resistance temperature [9]. At the same time, the fuel of the thermal power unit 

contains sulfur, chlorine and other harmful substances, it forms sulfides, sulfates, chlorides and the like after 

burning, which causes high temperature corrosion on the materials [10], resulting in the frequent occurrence 

of boiler "four tubes" explosion accidents. Relevant studies have shown that [11-16]: corrosion is significant-

ly accelerated above the melting point of the molten salt, and below the melting point, oxidation is accelerat-

ed; under the melting condition, NaCl will destroy the protective oxide film, which is the main reason for 

accelerating the alloy corrosion, especially under the effect of chlorine salt and sulphate, the protective oxide 
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film is more likely to be destroyed, corrosion is more serious. At present, there are a lot of studies on thermal 

corrosion at home and abroad after high temperature water vapor and coating [17-20], and many mechanisms 

are proposed. However, none of them can fully explain the corrosion model of high temperature chlorination 

corrosion, and this high temperature chlorination corrosion experiment lack of experimental data, restricting 

the development of high temperature corrosion mechanism. 

In this paper, T91 steel is taken as the benchmark, and its chemical composition is optimized by 

JMatPro thermodynamic simulation, and developed a new type of ferritic heat-resistant steel, improving 

high-temperature oxidation resistance of heat-resistant steel and the hot corrosion behavior of steel in molten 

salt. Coated salt corrosion method [21,22] was used to study the corrosion behavior of a new type of heat-

resistant steel in a molten salt environment with mass fraction of 75% Na2SO4 + 25% NaCl under tempera-

ture of 700℃ in the atmosphere. Analysis of the corrosion products phase composition, sectional features, and 

elements distribution, the influence of Cu content on the thermal corrosion behavior of heat-resistant steel 

was performed. The hot corrosion mechanism of molten salt of new heat-resistant steel were analyzed and 

discussed, which provides theoretical basis and experimental basis for the development of new boiler steel to 

promote the development of ultra-supercritical power generation technology. 

 

2. MATERIALS AND METHODS 

2.1 Experimental materials 

The samples were obtained using high vacuum arc melting furnace and smelting with different Cu content. 

After the smelting completed, the sample was prepared to the small pieces with the size of R≥15mm. The 

chemical composition of the as-cast steels were carried out using the German Spike direct reading 

spectrometer as shown in Table 1. The heat treatment was conducted on a high-temperature box type 

resistance RJX-18-13 resistance furnace. The samples were heat-treated at 1050℃ for 45 minutes, and 

removed sample from furnace for air cooling and then placed in a furnace at 770℃ for 2 hours with 80℃/ h 

speed furnace cooling to 300℃ and then cooled down to room temperature. The test steel was processed into 

a small size of 20mm×10mm×2mm by wire cutting,after grinding, fine grinding, polishing,and then cleaned 

twice with ethanol and acetone, and dried for use. 

Table 1: Chemical compositions of heat-resistant steels (mass fraction %) 

STEEL NUMBER C Si Mn Cr Ni Mo Cu Al V Nb 

#1 0.09 0.24 1.15 9.65 1.43 0.84 0.86 1.01 0.29 0.09 

#2 0.10 0.25 1.17 9.61 1.47 0.85 1.72 1.07 0.28 0.08 

#3 0.11 0.24 1.19 9.64 1.42 0.82 2.54 1.05 0.28 0.09 

2.2 Experiment method 

Measuring the size and weighing of the samples and put the samples on a clean plate and heat preservation 

under 200℃ for 5 min, and then evenly coated with a saturated salt solution of 75% Na2SO4+25% NaCl on 

the samples surface, drying and then make its surface deposition 10 mg/cm
2
 salt membrane. Put sample into 

the alumina crucible which is burned till constant weight and put them into the muffle heating resistance 

furnace SM-28-10 for high temperature corrosion test, the furnace door has 10 mm small holes to ensure that 

the furnace has enough oxygen. 

  The test temperature selected for corrosion experiment was 700°C and the time is 100h. One sample 

was taken at the time points of 1, 4, 7, 10, 30, 50, 70 and 100h respectively. The remaining sample is 

continued to be etched at high temperature, after cooling to room temperature for 25min, the weight gain is 

weighed by the electronic analytical balance with the accuracy of 1×10
-4

g, select three samples for parallel 

experiments, the results averaged. The discontinuous weight gain method was used to draw the corrosion 

kinetic curve according to the corrosion weight gain per unit area and corrosion time, X-ray diffractometer 

(XRD) were analyzed the qualitative of samples after corrosion with Cu Kα radiation (λ=1.5406Å) and 2θ 

scan between 20° to 90°. The surface morphology of the samples for corrosion section were observed using 

FEI Quanta F-type field emission scanning electron microscope (SEM), energy dispersive spectroscopy 

(EDS) analysis was also combined with high temperature molten salt corrosion mechanism. 
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3. RESULTS 

3.1 Corrosion kinetics curve 

The corrosion kinetics of the samples after being eroded for 100h in the deposited salt film of 75% 

Na2SO4+25%NaCl (mass fraction) under the temperature of 700℃ is shown in Fig.1. The composite deposit 

was used in the experiment had a melting point of about 675℃ and the eutectic melting point at 630℃ [23] 

while the deposition salt was liquid at 700 ℃. Fig.1 shows the trend of corrosion weight gain of the three 

types of samples were similar as follows in the parabolic rule. It is shown that the heat-resistant steel had 

certain high temperature corrosion resistance. Meanwhile, the increase of Cu content in the steel is beneficial 

to improve the hot corrosion resistance of molten steel. The corrosion kinetics curve were divided into two 

phases, the first phase was increased rapidly and the second phase was increased slowly. The reasons for this 

are as follows: in the early stage of corrosion, high temperature oxidation plays a leading role, and a dense 

and continuous protective oxide film was rapidly formed on the surface. After the oxide film completely 

covers on the substrate, the high temperature corrosion transition takes a leading role, with the destruction of 

the oxide film by the deposited salt, the samples show a gradual weight gain under the dual action of oxida-

tion and corrosion due to the presence of protective oxide film in the early stage, the weight gain trend was 

slowed down. 
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Figure 1: High temperature corrosion kinetics curve of test steel 

3.2 XRD analysis of corrosion products 

The XRD patterns of the surface corrosion products of the test steel after 100 h corrosion in molten salt are 

shown in Fig.2. It can be seen that the corrosion products of the surface after corrosion are mainly composed 

of Fe2O3 and FeCr2O4, in the process of corrosion, the deposited salt will pass through the oxide film, which 

reacts with the oxide film and the matrix, resulting chloride will be oxidized to the stable phase of the metal 

oxide [24]. The Gibbs free energy of reaction of iron chloride with oxygen was large. Therefore, the iron 

oxide is eventually formed and covered on the surface of other metal oxides and the surface of the sample 

contains some residual deposited salt according to the diffraction peak strength of the deposited salt. It can be 

concluded that there is less deposited salt on the surface of #1 sample, but there is a lot of sedimentary salt on 

the surface of #3 sample, this indicates that the corrosion effect of sedimentary salt on #3 sample was weaker 

than #1 and #2 sample. 
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Figure 2: XRD map of surface products after 100h corrosion in test steel 

3.3 Characteristics of corrosion section morphology 

The corrosion morphology on the surface and elements distribution of the three sample test after 100h and 

corrosion temperature at 700℃ are shown in Fig.3. According to the thickness of the corrosion layer, it is 

found that the #3 test steel had the best condition of high temperature corrosion resistance to molten salt, with 

the increases of Cu content is beneficial to the improvement of the high temperature corrosion resistance of 

the heat-resistant steel. After high temperature corrosion of molten salt, the corrosion layer was divided into 

two layers, the outer layer was porous and the inner layer was dense. The bond between the inner layer and 

the matrix was weak, there are micro cracks, holes, and the bond with the matrix was effectively improved 

with increased of Cu content are shown in Fig.3 (c). It can be seen from the figure that there are intergranular 

corrosion in all three kinds of test steels. With the increase of Cu content, the sensitivity of intergranular 

corrosion was reduced, and the degree of intergranular corrosion is weakened. According to the corrosion 

layer can be seen that the outer layer is mainly iron-rich oxide (Fe2O3), while the inner layer of iron ions are 

largely absent, mainly composed of chromium-rich oxide (Cr2O3) and a small amount of Al2O3 oxide, with 

increase of Cu element promotes the outward diffusion of chromium, a thicker Cr2O3 oxide film was formed. 

FeCl3 was formed during the corrosion of iron, the boiling point is only at 316℃, it volatilizes to the outer 

layer and is oxidized to unprotected Fe2O3, chloride ions will be released again to react with the metal ele-

ments in the alloy. 
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Figure 3: Features of section morphology and distribution of elements after 100h corrosion of test steel (a #1;b #2;c #3) 

  Table 2 shows the results of EDS analysis of different regions in the three samples of corrosion layers. 

Combined with the element distribution in Fig.3 of corrosion layer, it can be seen that the main change ele-

ments in the corrosion layer are Al, Si, Cr, Fe and O. The oxides formed by aluminum, silicon and chromium 

are usually dense, which protect the material. According to the results in Fig.3 and Table 2, it can be con-

cluded that the protective oxide film formed by three elements (Al, Si, Cr) is are mainly concentrated on the 

inner layer of corrosion layer for protecting the matrix. With the mass fraction of Fe element in different 

areas of corrosion layer, the degree of chlorination reaction of #1 sample was the largest and, showing an 

increasing trend from the inner layer to outer layer. The performance of #2 sample was not obvious, which 

indicates that the increase of Cu content can inhibit the reaction of chlorination to a certain extent. However, 

the #3 sample shows a decreasing trend while the outer layer was found to be rich in chromium (15.86%), 

this is because of the protective oxide film formed by the dominant role of high temperature oxidation in the 

early stage of corrosion has not been completely destroyed, still protect the materials, the progress of the 

chlorination reaction is suppressed or delayed. 
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Table 2: EDS analysis of different regions of high temperature corrosion section (mass fraction %) 

FIGURE3 LOCATION O Al Si Cr Fe Ni Cu 

(a) 

1 8.79 2.01 1.31 8.91 53.51 2.23 1.55 

2 18.57 1.11 0.25 5.84 58.16 2.99 1.07 

3 18.14 0 0.29 0.73 68.11 1.17 1.55 

(b) 

4 18.28 0.91 1.00 0.68 61.85 1.05 1.40 

5 17.36 4.21 0.28 5.62 54.58 1.08 0.69 

6 17.76 0.09 0.29 0.67 62.45 1.09 1.08 

(c) 

7 18.81 0.16 2.84 3.20 54.91 0.95 0.98 

8 20.85 0.64 0.27 9.45 50.99 0.90 1.13 

9 20.06 0.23 0.34 15.86 44.10 1.98 0.78 

 

4. DISCUSSION 

The explanation of the mechanism of high temperature chloride corrosion, we more agree with the mecha-

nism of "activated oxidation" [25], which includes complex processes such as chemical reaction, interface 

reaction and dissolution of oxides [26]. Because of the high activity of chlorine, it can be reacted with all the 

sample at high temperatures, chlorides produced after chlorination had a lower melting point and higher 

vapor pressure than metal oxides [27] and lead to a rapid consumption of Al and Cr in the alloy. In addition, 

it will increase the protective oxide film (Al2O3, Cr2O3) cracking and peeling tendency. 

In this experiment, at the high temperature oxidation plays a leading role in the initial stage of corrosion, 

oxygen selectively oxidize with test steel by depositing salt film [28] which results in dense of Cr2O3, Al2O3 

and SiO2 protective oxide films. At the same time, MoO3, V2O5 and other refractory metal oxide are also 

generated [29]. Subsequently, the NaCl in the molten state will pass through the oxide film and react with the 

initial Cr2O3 and Al2O3, as well as the Cr and Al in the alloy as follows [30]: 

  

Cl
-
+Cr2O3/Al2O3+O2→CrO4

-
/AlO4

-
+Cl2             (1) 

Cr/Al+Cl
-
+O2→CrO4

-
/AlO4

-
+Cl2                   (2) 

 

And the reaction ability of the refractory metal oxide to the oxygen ion in the molten Na2SO4 is stronger, 

and the following reaction will take place [31]: 

 

MoO3+O
2-

→MoO4
2-

                             (3) 

V2O5+O
2-

→VO
3-

                                (4) 

 

The form metal chlorine produced by reactions on Eqs. (1) and (2) diffuses inwardly through the oxide 

film gaps and holes and forms chlorides with iron and chromium in the alloy, while FeCl3 is volatile and 

oxidized to non-protective oxide in the outward diffusion, chlorine ions are released again, and they continue 

to react with metal elements in the alloy. As shown in reactions Eqs. (5) and (6): 

 

Fe+Cl2→FeCl3                                                   (5) 

FeCl3+O2→Fe2O3+Cl2                                           (6) 

 

     During this process of corrosion, the elemental chlorine in the deposited salt plays an autocatalytic role 

[32, 33]. This catalytic action can be maintained with very little chlorine content, and the outward transport 

of metal chlorides because of many defects and voids in the protective film, providing many channels for the 

inward transport of chlorine and the outward diffusion of chloride, accelerating the movement of gaseous 

species, making the oxide film becomes a very loose oxide film, thus losing the original protective effect. 

Since reactions Eqs. (3) and (4) consume oxygen ions at the molten salt and the alloy interface, the mol-

ten Na2SO4 is acidic near the interface, and the oxide film decomposes in an acidic mode and loses its protec-

tive property [31].Sulfate ions in molten Na2SO4 decompose at high temperature and react with the alloy to 

form sulfides [34,35], As shown in the results of the elemental analysis in Fig.3, there is a certain amount of 
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S element in the oxide film and the surface has undergone a sulfurization reaction while sulfides have higher 

defects, larger volumetric ratios (PBR), and are prone to cracking and spalling, accelerating the failure of 

materials. 

  With the increasing of Cu content in the steel, the high temperature corrosion resistance of the molten 

salt was improved and the bond between the inner layer and the matrix is also effectively improved. The 

reason for this is that the Cu element promotes the outward diffusion of the Cr element to form Cr2O3 protec-

tive oxide film, hinders the inward diffusion of chloride ions, slowing the process of "activated oxidation".at 

the same time, the increase of Cu element reduces the intergranular corrosion sensitivity of the test steel, 

improves the bond between the oxide film and the matrix, and improves the bonding strength of them. 

 

5. CONCLUSIONS 

The hot corrosion kinetics curves of the new heat-resistant steel at temperature of 700 ℃ with 75% Na2SO4 + 

25%NaCl deposition salt environment follows the parabolic law and show certain high temperature corrosion 

resistance. After corrosion, the surface of the samples are mainly composed of Fe2O3 phase, the corrosion 

layer were divided into two layers, the outer layer is loose and porous which mainly composed of Fe2O3 

"non-protective" oxide film while the inner layer is more dense and continuous, mostly Al2O3, Cr2O3, SiO2 

protective oxide film. With the increase of Cu content in steel, the diffusion of Cr elements was promoted, 

and Cr2O3 oxide film with protective effect was formed, the increase of Cu element effectively reduces the 

intergranular corrosion sensitivity of the test steel, which improves the corrosion resistance of materials and 

enhances the bonding strength between inner oxide film and matrix. 
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