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ABSTRACT 

The safety and efficiency of boilers are tightly 

related to the performance of boiler tube. 20G steel is 

widely used in the manufacturing of boiler tube. The 

corrosion behaviors of 20G exposed in precipitated 

sodium sulfate under high temperature/ pressure were 

investigated experimentally. Samples are placed in a 

setup for corrosion and subsequently analyzed by 

scanning electron microscope, energy dispersive 

spectroscopy (SEM / EDS) analysis and X-ray diffraction 

(XRD). The results indicate that the mass fraction of Fe 

elements on the surface decreases with time from 86.50% 

(t = 24 h) to 75.75% (t = 72 h). In the range of experiment 

temperature, higher temperature has positive effect on 

the formation of crystal structures.  
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NONMENCLATURE 

Abbreviations  

h Hour(s) 

Symbols  

T 

t 

Temperature 

Heating time 

 

1. INTRODUCTION 

The performance of boiler tubes is of great 

significance in energy applications as boilers are widely 

used in lots of industry processes. Corrosion behavior of 

boiler tubes has an effect on the tube performance and 

it also plays an important role in boiler operation. Steel 

corrosion results in lots of safety problems every year 

around the world[1]. In boiler, steel corrosion on water 

side is one of the main inducements leading to heat 

transfer deterioration and material failure as the oxide 

films formed on the working medium side could lead to 

major failures and consequently to reduced boiler 

availability. There are many kinds of steels used in boiler 

manufacturing. To figure out the behavior of water side 

corrosion, C. Yuan et al[2] studied the performance of 

15CrMo steel tube in high-temperature steam during the 

service. Effect of pre-oxidation on the steam oxidation of 

T92 heat-resistant steel at 650 °C was investigated by H. 

Xu[3]. The steam corrosion behavior of 9Cr-0.5Mo-1.8W 

steel was investigated at high temperature[4].  

A crucial inducement for steel corrosion is the 

salinity of feed water[5-7]. In some situations, feed water 

is of high quality so that the salinity could be ignored. 

However, in some other cases like steam injection boiler 

in oilfield, feed water contains kinds of salt, as the cost 

of feed water treatment is limited. In the operation of 

steam injection boiler, lots of saline feed water is 

injected into the reservoir to maintain high pressure and 

to enhance the oil extraction efficiency. Sodium sulfate 

(Na2SO4) is the most abundant salt in the feed water of 

steam injection boiler in Shengli Oilfield, Dongying, China. 

The solubility of sodium sulfate in water decreases with 

temperature. Therefore, during the operation of steam 

injection boiler, sodium sulfate tends to dissolve out on 

the inner wall of tubes, which could influence the 

corrosion behavior and lead to heat transfer 

deterioration. 20G steel is widely used in the 

manufacturing of steam injection boiler. In this study, 

the corrosion behavior of 20G steel exposed in 

precipitated Na2SO4 is investigated. The effects of 

heating time and temperature are discussed in detail. 



The purpose of the study is to figure out the 

corrosion behavior of 20G exposed in precipitated 

sodium sulfate. The study has fundamental value to 

boiler steel performance. It is also a precondition of the 

research on heat transfer performance of corroded 

boiler tube, which has a crucial effect on safety and 

efficiency problems of boilers in the field of energy 

application. 

2. EXPERIMENT DETAILS 

The test samples used in experiments are made of 

20G steel. The thickness of each flake is 1.5 mm. The 

surface is polished orderly by 280# and 320# SiC abrasive 

papers. The roughness of samples is the same as that of 

boiler tube. After polish, the test samples are cleaned by 

C2H5OH and C3H6O to remove the organic impurities. The 

chemical composition of 20G is shown in Table 1.

Tabel 1 Chemical composition of studied material 20G steel (wt.%-mass fraction) 

Element C Si Mn S P Fe 

Concentration 0.17-0.24 0.17-0.37 0.50-0.60 0.03 0.03 Balance 

Subsequently, the sample is put into the autoclave, 

in which experiments are implemented. The inner wall 

of the autoclave is made of Hastelloy C276. The chemical 

properties of Hastelloy’s are stable enough under the 

experimental conditions. Its good properties make it 

possible to keep samples from pollution as far as possible 

during the experiments. Deionized water would be 

added into the autoclave to maintain the saturated 

condition, where saturated water and saturated steam 

coexist. The atmosphere around samples consists of 

saturated steam.

 

Fig.1 Experiment System 

3. RESULTS AND DISCUSSION 

3.1 The effect of time on corrosion behavior  

The corroded surfaces are compared with original 

surface. The effect of heating time on corrosion behavior 

is studied in this section. SEM image and corresponding 

EDS analysis result of original sample are presented in 

Fig.2 and Table 2. 

 

Fig.2 SEM analysis of original surface 

The experiment temperature is T = 340 °C. The 

heating time in the experiments is set as t = 24 h, 48 h 

and 72 h. As could be seen in Table 2, the mass fraction 

of Fe element on original surface is 92.57%, which is the 

most abundant element 0on the surface. Besides, O 

element could not be detected. The scratches led by 

polishing could be observed clearly as shown in Fig.2. 

The result indicates that no oxides exist on the original 

surface. 

Table 2 EDS analysis of original sample  

Element Concentration k  ratio wt% 

C 0.73 0.00731 6.72 

Si 0.05 0.00043 0.21 

Mn 0.30 0.00302 0.50 

Fe 57.16 0.57164 92.57 



The SEM images of samples corroded in different 

heating time is listed in Fig.3. The corresponding EDS 

analysis results is summarized in Fig.4. In Fig.3 (a), many 

small units whose surface is smooth and amorphous 

could be observed as pointed by red circles. This is the 

primary microstructure of ferrosoferric oxide Fe3O4 

crystal, among which are many other particles. In Fig.3 

(b), amorphous forms disappear, instead, octahedron-

shaped form is generated as marked by yellow circles. In 

Fig.3 (c), the structure of octahedron-shaped form could 

not be observed obviously although there is still a small 

quantity of octahedron existing. Instead, the surface is 

covered by many small particles, which is distributed 

homogeneously. This is a typical form of hydroxyl oxidize 

iron (FeOOH). FeOOH is one of the most common 

corrosion products of steel[8, 9]. Therefore, it could be 

reasonably assumed that Fe3O4 is form in amorphous 

forms in the beginning. When the heating time t = 48 h, 

amorphous forms of Fe3O4 is fully developed into crystal 

as octahedron-shaped form. As time goes on, FeOOH is 

generated and accumulated gradually.

               
(a) t = 24 h                        (b) t = 48 h                       (c) t = 72 h 

Fig.3 SEM analysis of corroded surface in different heating time

In Fig.4, it could be seen that the mass fraction of Fe 

element increases with time from t =24 h to t= 72 h, 

while that of O elements decreased. The mass fractions 

of Fe element on three corroded surfaces are 86.85%, 

80.80% and 75.74% respectively. The mass fractions of O 

element on three corroded surfaces are 12.35%, 17.72% 

and 22.89%. The mass fraction of Fe element in Fe3O4 is 

72.4% while that in FeOOH is 62.9%. Qualitatively, the 

generation of FeOOH could lead to the decrease of Fe 

mass fraction. To some extent, the results prove the 

assumption that the variation of Fe element comes from 

the generation of FeOOH. 

20 30 40 50 60 70 80
0

10

20

30

40

50

60

70

80

90

 

 

m
as

s 
fr

ac
ti

on
/%

t/ hours

 Fe 

 O

 

Fig.4 EDS analysis results at T = 340 °C in different 

heating time 

3.2 The effect of temperature on corrosion behavior 

In this part, the corrosion characteristic of samples 

exposed in precipitated sodium sulfate under high 

temperature/pressure for 24 hours is investigated. The 

two experiment temperatures are set as 310 °C/9.86 

MPa and 340 °C/14.6 MPa. The SEM images are shown 

in Fig.5. Table 3 is the corresponding EDS analysis result. 

As could be seen in Fig.5, more regular structures could 

be found in Fig.5 (b) compared with Fig.5 (a). The result 

indicates that more crystal substances cover the surface 

in Fig.5 (b). 

                 

(a) T = 310 °C 

 

(b) T = 340 °C 

Fig.5 SEM images of corrosion surface (t = 24 h)



Table 3 EDS analysis of corrosion surface at different temperature (t = 24 h) 

The XRD patterns of corroded surface (t = 24 h, T = 

310 °C and T = 340 °C) are exhibited in Fig.6. The number 

of peaks on spectral line at T = 340 °C is more than that 

at T = 310 °C. It is clear that the crystals of oxides are 

better developed when heating temperature T = 340 °C. 

This phenomenon further demonstrates that the crystal 

structure of iron oxide would be easier to be generated 

under higher temperature.   
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Fig.6 XRD patterns in 24 h at different temperature. 

4. CONCLUSION 

The corrosion behaviors of 20G corroded surface, 

exposed in precipitated sodium sulfate at different 

temperature for different heating time, are studied by a 

setup. The following conclusion could be drawn. 

1. FeOOH and Fe3O4 are included in the main 

corrosion products under experimental conditions. As 

heating time changes from 24 h to 72 h, more FeOOH 

would be formed. Comparatively, the amount of Fe3O4 

decreases.  

2. As time goes on, FeOOH would be generated and 

distributed evenly on the corroded surface.  

3. In the range of experimental temperature, it is 

easier for the crystal structures of iron oxide like FeOOH 

to be generated under higher temperature and higher 

pressure. 
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Element 
Concentration k ratio wt % 

310 °C 340 °C 310 °C 340 °C 310 °C 340 °C 

C 1.45 1.16 0.01447 0.01164 1.09 0.87 

O 93.51 93.26 0.31466 0.31383 14.83 14.68 

S 2.46 4.11 0.02120 0.03544 0.92 1.51 

Fe 192.84 194.33 1.92839 1.94328 83.17 82.93 


