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Abstract. Corrosion behaviour of SS 316, Ni-based alloy 600, and Titanium alloy TA10 in four environments 

under 450 ºC and 26 MPa for 60 h was studied in this work by corrosion rate, surface morphologies and EDS 

analysis. SS 316 suffered the most serious corrosion with many oxides and cracks formation when corrosive ions 

exist. Co-existence of Cl- and PO4
3- helps inhibit corrosion of alloy 600. TA10 had the lowest corrosion rate and 

smallest oxide thickness, suggesting its excellent stability when exposed to harsh environments.  
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1. Introduction 

As a unique medium, supercritical water (T > 374 ºC, P > 22.1 MPa) has been widely studied and 

utilized in recent years. Its phase and physical properties are between the gas and liquid phase. The 

density is usually closer to liquid and the transport property is similar to gas [1]. The loss of hydrogen 

bond leads to the decrease of density, which makes supercritical water behave more like a non-polar 

substance with more polarity than polar substances. Most ionic substances (e.g., inorganic salts) are 

almost insoluble in supercritical water [2]. On the contrary, most nonpolar organic compounds, such as 

alkanes and aromatics, are completely dissolved in supercritical water. 

Due to the harsh reaction conditions (high-concentration oxidant, extreme pH value, high reaction 

temperature and pressure) and intermediate/final products (high-concentration ions, free radicals, acids 

and inorganic salts) in supercritical water oxidation process, reactor materials tend to exhibit severe 

corrosion [3-5]. It was reported that typical reactor materials such as SS 316, SS 316L, Inconel 625 and 

Hastelloy C276 all showed accelerated corrosion in Cl- and PO4
3--containing SCW more than that in 

pure SCW [6]. Hou et al. found a single Cr2O3 oxide layer with pits formed on the alloy 690 TT surface 

after exposed to SCW with 500 ppm Cl- at 320 ºC and 10 MPa [7]. Similar pits on oxides for alloy 

corroded in Cl- were also discovered by Tang et al. [8] and Kimmel et al. [9]. Most existing reports focus 

on the corrosion behaviour of alloys in chlorinated SCW [10], while paying less attention to salts-

induced corrosion. As typical inorganic salts, sulphate tends to increase the alloy corrosion by locally 

destroying and dissolving the oxide film [11]. The local corrosion is exacerbated in some cases with 

chloride exposure [12; 13]. Li et al. [14] attributed the alloy corrosion in the sulphate-containing SCW 

system to a competitive process of alloying elements under the joint control of sulphur and oxygen 

partial pressures. In comparison, phosphate participates in the formation of a dense oxide film to isolate 

the matrix from the medium [15-17]. The potential of phosphate serving as the corrosion inhibitor has 

been proved [18]. 

Corrosion is a key problem when it comes to the large-scale commercial application of supercritical 

water oxidation technology. Corrosion of reactor materials not only shortens the reactor life, but also 

negatively influences the treatment of feedstock owing to the formation of corrosion products. 

Regarding as a typical industrial application of supercritical water technology, supercritical water 

oxidation (SCWO) of municipal sludge is frequently studied worldwide. Municipal sludge contains 

corrosive ions such as chloride ions and phosphate ions, thus making corrosion of materials very 

prominent. However, previous research fails to provide a direct comparison of reaction materials in 

SCWO of municipal sludge with pure ion-containing environment to better reveal the oxidation 

performance of candidate metal systems. 

Therefore, this work intends to screen the reactor materials for SCWO of municipal sludge by 

investigating the corrosion characteristics of candidate reactor materials in different supercritical water 

environments. The information is valuable for solving material corrosion in supercritical water 

technology and industrial application of supercritical water oxidation. 
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2. Materials and methods 

SS 316, Ni-based alloy 600, and Titanium alloy TA10 were used in this study. Their chemical 

compositions are summarized in Table 1. Oxidation of municipal sludge (84.7 wt.% of moisture content, 

0.13 wt.% of Cl and 0.32 wt.% of P as well as other organic and inorganic components) with H2O2 

(30%) serving as the oxidant was adopted as corrosive environment. NaCl (2%) + H2O2 (30%) + H2O 

(68%), H3PO4 (2%) + H2O2 (30%) + H2O (68%) and NaCl (2%) + H3PO4 (2%) + H2O2 (30%) + H2O 

(66%) were selected as comparative experiments. These four environments were hereinafter abbreviated 

as municipal sludge, Cl-, PO4
3- and Cl- + PO4

3-, respectively. 

Table 1 

Chemical compositions of tested materials (wt.%) 

Material C Si Mn Cr Al Ni Ti Fe P Mo S Cu N 

316 0.04 0.35 1.28 17.5 -- 12.00 0.12 Bal. 0.021 2.19  ≤ 0.02 1.05 0.01 

600 0.15 0.3 0.50 16.00 0.23 Bal. 0.30 8.00 0.007 2 0.001 -- -- 

TA10 0.05 -- -- -- -- 0.80 Bal. 0.25 -- 0.3 -- -- 0.03 

Before the experiment, the tested materials were cut into cubic samples with sizes of 25 × 15 × 4 

mm, ground by SiC sandpaper and polished by a poshing agent. Then, these sample were placed in the 

acetone solution and cleaned in ultrasonic water. After dried with an electric hair dryer, their weights 

were measured and recorded. The supercritical water corrosion test was carried out in an autoclave 

which was reported in our previous research [19]. The temperature and pressure were set to be 450 ºC 

and 26 MPa respectively. The duration was 60 h. When the exposure was finished, the corroded samples 

were taken out and subject to natural cooling. 

An analytical balance with an accuracy of 0.01 mg was employed to measure weights of the tested 

materials before and after corrosion. Then corrosion rate can be calculated based on Eqs. (1)-(2), where 

v (g·m-2·h-1) represents the corrosion rate in second, ρ (g/cm3) is the density of the metal, W1 and W0 

are respectively material weights before and after corrosion, A is the surface area (m2) and t is the 

duration (h). Surface morphologies of the corroded samples were observed by a JSM-6390A scanning 

electron microscope. The microscope was equipped with energy dispersive X-ray spectroscopy for EDS 

analysis to obtain elemental distributions and contents on the material surfaces. 
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3. Results and discussion 

3.1. Corrosion rates and surface morphologies  

TA10 

Fig. 1 shows the corrosion rate of TA10 after exposure to four environments for 60 h. TA10 had 

the slowest corrosion rate in the SCWO environment of municipal sludge. It displayed stronger 

resistance to chloride ions than phosphate ions. Chloride and phosphate ions shared a synergistic effect 

on corrosion of TA10.  

Fig. 2 illustrates the surface morphologies of TA10 exposed to four environments for 60 h. 

Obviously, TA10 suffered less corrosion in the SCWO environment of municipal sludge and formed a 

uniform oxide layer on the surface. The oxide layer was closely attached to the matrix without apparent 

exfoliation, leading to low corrosion rate. When high-concentration PO4
3- existed, the oxide layer on the 

surface of TA10 was uneven and displayed tight bonding with the matrix. In the environment containing 

both chloride and phosphate ions, TA10 had the biggest corrosion rate, which reached up to  

0.576 mm·a-1. 
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Fig. 1. Corrosion rate of TA10 in four environments under 450 ºC and 26 MPa for 60 h 

 

Fig. 2. Plan-view morphologies of TA10 exposed to four environments under 450 ºC and 26 MPa 

for 60 h. (a) SCWO of municipal sludge, (b) Cl-, (c) PO4
3- and (d) Cl- + PO4

3- 

Ni-based alloy 600 

Fig. 3 lists the corrosion rate of alloy 600 after 60 h exposure to four environments. The corrosion 

rate of alloy 600 in the SCWO of municipal sludge was 0.398 mm·a-1, and the largest corrosion rate 

occurred in the existence of individual Cl-. In terms of corrosion in ion-containing environment, 

600 exhibited better resistance to phosphate ions and poor resistance to chloride ions. Co-existence of 

chloride and phosphate ions can inhibit the corrosion of alloy 600.  

Fig. 4 elucidates the surface morphologies of corroded alloy 600 in four environments. It had the 

lightest corrosion in the SCWO environment of municipal sludge. After corrosion in SCWO with high-

concentration chloride ions many oxides were formed. In high-concentration phosphate, the oxide layer 

on the surface of alloy 600 was uneven, but it was relatively close to the matrix, and no obvious shedding 

was observed. In the environment with chloride and phosphate ions, the oxides produced on the surface 

were less than those in the environments that respectively contain chloride ions and phosphate ions, and 

the phenomenon of the oxide layer falling off was not remarkable. This is consistent with the result 

where oxides on the alloy 600 surface were less exfoliated in the case of Cl- and PO4
3- co-existence [8]. 

 



ENGINEERING FOR RURAL DEVELOPMENT Jelgava, 25.-27.05.2022. 

 

510 

0.398

1.719

0.723

0.576

0.0

0.5

1.0

1.5

2.0

Cl-+PO4
3-PO4

3-
Cl-

C
o

rr
o

si
o

n
 r

a
te

 (
m

m
/a

)

Municipal 

  Sludge  

Fig. 3. Corrosion rate of alloy 600 in four environments under 450 ºC and 26 MPa for 60 h 

 

Fig. 4. Plan-view morphologies of alloy 600 exposed to four environments under 450 ºC and 26 

MPa for 60 h. (a) SCWO of municipal sludge, (b) Cl-, (c) PO4
3- and (d) Cl- + PO4

3- 

SS 316 

Fig. 5 calculates the corrosion rate of SS 316 calculated after exposure to four environments for 60 

h. The corrosion rate of SS 316 in the SCWO of municipal sludge was1.593 mm·a-1, which was 

significantly higher than that of TA10 and alloy 600. Among chloride and phosphate ions, SS 316 had 

poor resistance. When Cl- and PO4
3- both appeared, the corrosion rate of SS 316 was just slightly higher 

than that of municipal sludge SCWO. 

1.593

2.899

4.659

2.578

0

1

2

3

4

5

Cl-+PO4
3-PO4

3-
Cl-

C
o
rr

o
si

o
n

 r
a
te

 (
m

m
/a

)

Municipal 

  Sludge  

Fig. 5. Corrosion rate of SS 316 in four environments under 450 ºC and 26 MPa for 60 h 
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Fig. 6 provides the morphologies of SS 316 after 60 h duration in four environments. Few oxides 

were formed on the surface of SS 316, and the polishing scratches were clearly visible. By comparison, 

more oxides can be observed when Cl- existed in the environment. Oxide formation with the appearance 

of cracks occurred when SS 316 was immersed in PO4
3-. Guo et al. [17] reported these oxides to be 

Cr2O3, Fe2O3, CrPO4, FePO4, and Ni3(PO4)2. In the medium with both chloride ions and phosphate ions, 

less oxides can be found, but the pitting phenomenon was obvious. 

 

Fig. 6. Plan-view morphologies of SS 316 exposed to four environments under 450 ºC and 26 

MPa for 60 h. (a) SCWO of municipal sludge, (b) Cl-, (c) PO4
3- and (d) Cl- + PO4

3- 

3.2. EDS analysis 

EDS line analysis on the corroded samples in four environments was conducted to obtain the 

thickness of the oxide layers, and the result is given in Table 2. It can be seen that the oxide layers 

formed on the three samples surface in the SCWO of municipal sludge were the thinnest. The oxide 

layer thickness of TA10 in chloride environment was larger than that in phosphate environment, and the 

oxide layer indicated the best protective effect in the environment where phosphate and chloride ions 

co-exist. The oxide layer of alloy 600 in chloride ion environment was thicker than in the other three 

environments, suggesting that Ni-based alloy 600 cannot be resistant to Cl- corrosion. The oxide film 

on the SS 316 surface in the presence of phosphate and chloride ion was thinner than individual existence 

of Cl- and/or PO4
3-, which is consistent with the results of relevant discussion in the section Corrosion 

rates and surface morphologies. In general, SS 316 has the worst corrosion resistance in any 

environment, while TA10 has the best stability. 

Table 2 

Thickness (μm) of the oxide layer formed on the tested material surface  

after exposed to four environments under 450 ºC and 26 MPa for 60 h 

Tested materials  Municipal sludge Cl- PO4
3- Cl- + PO4

3- 

316 3.7 4.8 5.8 6.1 

600 4.7 8.1 6.3 5.6 

TA10 7.8 13.2 12.6 9.1 

Conclusions 

Among the three tested materials, SS 316 had the worst corrosion resistance to four harsh 

environments under 450 ºC and 26 MPa for 60 h. The existence of Cl- in the environment promoted the 

oxide formation, and PO4
3- induced the cracks on the surface of SS 316. Cl- and PO4

3- seemed to have a 

synergistic effect on the corrosion inhibition of Alloy 600. Considering the high cost of Ni-based alloy, 

alloy 600 was preferred to be used in the environment with high-concentration phosphate or complex 

ions. TA10 exhibited the lowest corrosion rate and smallest oxide thickness, indicating its excellent 
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stability when suffering corrosive environments. However, due to its poor machinability and reduced 

strength at high temperature, TA10 is not suitable to be used as the substrate of the reactor, but can serve 

as a liner and coating on the cheap SS 316 substrate. 
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