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Abstract. Backside cracks were found universally in the ultra-low carbon austenitic stainless steel 

(316LMod) inner linings of urea reactors in recent years, and led to urea reactors leakage. Analyses 

on the sample revealed that, the backside cracks were caused by the interaction of wet hydrogen 

sulfide (H2S) and chloride ions (Cl
-
) stress corrosion cracking (SCC), and H2S played a dominant 

role. The source of H2S and chloride ions was the leak detection steam. Furthermore, measures to 

avoid backside cracks in 316LMod inner linings of urea reactors were put forward and verified. 

Introduction 

Pressure vessels containing strong corrosive media usually use corrosion-resistant inner linings 

to guarantee the effect of corrosion resistance and to reduce the manufacturing costs. For example, 

urea reactors used in chemical fertilizer production, the 6-8mm ultra-low carbon austenitic stainless 

steel (316LMod) is used as the inner lining, and multi-layer structure of low-alloy steel is used as 

the intensity layer. Once the instability, cracking, corrosion or other failure mode in the inner lining 

occurs, the intensity layer will be corroded quickly by the leaked media, and fatal accident will be 

caused [1]. In order to discover the leak of the inner lining in time, the 0.6MPa circulated steam is 

filled between the intensity layer and the inner lining during the operation of urea reactors. And the 

composition of steam in the outlets is monitored at any time (refer with: Fig.1). 

 

 
Fig.1 Schematic diagram of the typical leak detection structure 

1-Inner lining, 2-Aeration shim, 3-Closure layer, 4-First layer, 5-Multi-layer structure, 6-Leak 

detection tube, 7-Cover of leak detection hole 
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The current view is that, the leak of the inner lining in urea reactor is caused by the corrosion in 

the internal surface (contact medium side) of the lining which has been penetrated. And the 

common defects in the internal surface of the lining are corrosion pits, holes, grooves and cracks etc 

[2~5]. 

However, more and more leak cases of urea reactors show that, a lot of leak accidents derive 

from the backside (non-contact medium side) cracks of the inner lining. In the past 5 years, 

backside cracks were found in the inner linings in more than 20 sets of urea reactors (refer with: 

Fig.2, Fig.3). Some backside cracks are larger than 1000mm (refer with: Fig.4). 
 

   
 

 
Fig. 2 Backside cracks in the inner lining 

   

Fig.3 (a) Leak source of the internal surface (8mm) and (b) cracks after sanding (100mm) 

   
Fig.4 (a) Backside cracks along the trace of leak detection groove and (b) corresponding corrosion 

form of the intensity layer 

Leak source 

The trace corresponding to 

the leak detection groove 
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Characteristics of backside cracks in urea reactors inner linings are generally as follows: (1) 

Leak areas mainly appear in the base metal zone. In the backside of linings, there are traces 

corresponding to the leak detection groove which cracks mainly expand along (refer with: Fig.4a). 

(2) The cracks expand very quickly. The shortest time of causing a urea reactor putting into 

production to leak was only 14months. (3) The leak source in the internal surface was small 

(pinhole) while in the backside it was large (crack). The closer to the surface of the backside, the 

longer the cracks extended (refer with: Fig.3). (4) In addition to the leak source, more backside 

crack areas in which the inner lining was not penetrated yet were found during the inspection. 

There were several types of cracking in austenitic stainless steel, such as chloride ions (Cl
-
) SCC, 

wet hydrogen sulfide (H2S) and chloride ions SCC, pure wet hydrogen sulfide SCC, and polythionic 

acid SCC [6~9,11~14]. For polythionic acid SCC, cracking was intergranular, and it was 

transgranular for others [6~9,11~14]. In this paper, the cause of backside cracks was analyzed, and 

preventative measures were proposed. 

Experimental Results 

Samples with backside cracks (refer with: Fig.2b, Fig.4a) taken from the inner linings were to 

analyze the cause of the cracks, and the experimental results were given as follows. 

Chemical composition analysis. The chemical composition analyzed by spectrum analyzer in 

the defect-free region of the sample measured up to the standards of 316LMod (refer with: Table 1).  

Table 1 The chemical composition of the sample 

C Si Mn P S Cr Ni Mo 

0.014 0.28 1.59 0.025 0.002 17.35 12.95 2.50 

 

 

   

Fig. 5 Microstructures of (a) vertical section and (b) transverse section in defect-free region (100×) 

   

Fig. 6 Microstructure of the crack tips (100×) 

(a) (b) 

(a) (b) 
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Microstructure analysis. The metallographic analysis on samples showed that, the 

microstructure in the defect-free region of the sample was the mixture of equiaxed austenite and 

twin crystal (refer with: Fig.5). There were significantly stress lines both in vertical section and 

transverse section. 

The microstructure of the crack tip on the transverse section showed that, the cracks were 

transgranular types, dendritic, and intermittent (refer with: Fig.6), some thicker, some thinner with 

split ends. 

Fracture analysis. The fracture was filled with corrosion products presented sandy beige. As 

observed under the SEM, a large number of micro-cracks were found, and the fracture was 

transgranular cleavage one with the characteristics of quasi-cleavage fracture in the local area, and 

presented fan-shaped stripes obviously (refer with: Fig.7). 

 

   

Fig. 7 SEM figures of fracture surface (500×) 

 

Analysis on corrosion products. The energy spectrum analysis (EDS) on corrosion products in 

the crack showed that, there was increasing sulfur in the corrosion products. The contents of Sulfur 

in the three measuring points were 6.82wt%, 2.30wt% and 2.88wt%. Chlorine (Cl) was not 

detected, and chromium (Cr) was relatively small (refer with: Table 2, Fig.8). 

Table 2 Contents of corrosion products 

 C O Si P S Cr Mn Fe Ni Cu 

1 9.85 43.53 1.60 0.23 6.82 10.50 / 16.31 9.79 1.37 

2 22.76 51.30 0.82 / 2.30 5.48 0.27 12.44 4.24 0.40 

3 20.63 44.98 0.82 / 2.88 5.36 0.74 20.38 3.78 0.44 
 

 

   

Fig.8 Location (a) and spectrogram (b) of the measuring point 1. 

 

Analysis on the condensation in the leak detection groove. The X-ray fluorescence analysis 

on the condensation in the leak detection groove showed that, there were chlorine and sulfur in the 

condensation (refer with: Table 3). 

(a) (b) 

(a) (b) 
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Table 3 Contents of the condensation in the leak detection groove 

Fe Mn Cr Al Si S Ca Ni Cl 

28.2 0.5 0.2 0.2 0.05 0.03 0.05 0.05 0.03 

Discussion 

Based on the experimental results above, the microstructure of the crack tip and the fracture 

appearance presented typical characteristics of SCC. The fracture was transgranular cleavage one 

with the characteristics of quasi-cleavage fracture in the local area, and presented fan-shaped stripes 

obviously. These characteristics indicated that, the SCC was caused by the wet hydrogen sulfide 

(H2S) SCC or the chloride ions (Cl
-
) SCC [7,13,14]. The increasing sulfur and no chloride ion in the 

corrosion products of fracture showed that, the SCC was caused by the sulfide, and the sulfur must 

be brought into the backside of the lining in the operating process. 

However, it should be the premise that austenitic stainless steel existed deformation martensite 

and work-harden for pure wet H2S SCC [7], and martensite was not found in the microstructure of 

the sample. Chlorine existed in the condensation indicated that, the cracking must be caused by the 

interaction of wet hydrogen sulfide and chloride ions stress corrosion cracking (SCC), and H2S 

played a dominant role. Firstly, the Cl
-
 destroys the passive film of stainless steel, and initiates the 

cracking of the inner lining. And then, in the crack propagation stage, H2S plays a pivotal role. H2S 

and Cl
-
 promote each other in the cracking of the inner lining. H2S promotes more hydrogen atoms 

to enter into the metal, speeds up pitting corrosion and anodic dissolution of the crack tip caused by 

Cl
-
. The Cl

-
 destroys the passive film and facilitates the penetration of hydrogen which leads to 

hydrogen induced cracking of H2S [7]. 

Chlorine and sulfur existing in the condensation of the leak detection groove showed that, the 

leak detection steam contained chloride and sulfide. On the one hand, it was found that the leak 

detection steam, taken from a plant, was with high chlorine ion content. From the test results, 

concentration of the chloride ion was greater than 5mg/L accounting for 24.31%, and greater than 

6mg/L accounting for 12.52%. On the other hand, synthesis ammonia transformation gas and urea 

material gas contained H2S and other sulfides in chemical fertilizer plants. Unavoidably, the 

desalted water used in chemical fertilizer plants contained higher sulfur. However, plants generally 

did not carry out sulfide detection and treatment. Sulfur ions in the form of compounds can react 

with water (hydrolysis reaction) which can generate H2S (refer with: Eq. 1, Eq. 2). Therefore, it 

contained H2S in the leak detection steam. 

S
2-

 ＋ H2O⇔ HS
-
 ＋ OH

-
                                                    (1) 

HS
-
 ＋ H2O⇔ H2S ＋ OH

-
                                                   (2) 

During the operation of urea reactors, the chloride and sulfide in the leak detection steam 

continued gathering on the metal surface along the leak detection groove, and would increase the 

concentration at every cooling down. The working temperature of the urea reactor inner lining 

generally was 190℃. It was higher than the critical temperature 70℃ of stainless steel chloride ions 

SCC [8]. And the chloride ions SCC tendency of stainless steel increased with the rising 

temperature [9]. At the same time, austenitic stainless steel H2S SCC occurred in the high 

temperature environment and the required partial pressure of H2S decreased with the increasing 

temperature [7]. Therefore, the inner lining backside cracking took place in the condition of 

contacting H2S and Cl
-
 which was in the leak detection steam and working at 190℃. 

Following our suggestion, urea reactors which have cracked in the backside of inner linings have 

no recurrence of the backside cracking after using nitrogen as the leak detection media. This verifies 

the correctness of our conclusions. 
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Conclusion 

Based on the failure analysis of backside cracks in the urea reactors inner lining, it can be 

concluded that the cracks were caused by the interaction of wet H2S and Cl
-
 SCC, and H2S played a 

dominant role. The source of the H2S and Cl
-
 was the leak detection steam. 

It was suggested that, the sulfide and chloride ion detection and treatment should be strengthened 

to the desalted water used in chemical fertilizer plants, or other inert gases should be used (e.g. 

nitrogen) as the leak detection media. 
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