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Research on crack propagation in weld seam of spiral coil waterwall based on 

stress superimposed effect 

Zhenrong Yan
1
, Jun Si
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2. Shanghai Institute of Special Equipment Inspection and Technical Research) 

yanzr2010@163.com 

Abstract: The spiral coil waterwall is the core functional components of Ultra Supercritical Boiler. 

Operation practice and research show that the weld cracks on the waterwall are very common. However, 

the strength and metallographic structure nearby or in the weld cracks on waterwall are mostly to meet 

the requirements of the relevant standards.  

In view of stress superimposed effect, this paper research the effect of various stresses on the weld crack 

propagation of waterwall. Firstly, it was used to the residual stress testing method, carried out the stress 

test on T23 spiral coil waterwall welded joint of 1000 MW ultra supercritical tower type boiler during the 

manufacture and installation, the results show that the welding residual stress reached about T23 tubes 

yield strength 70%, which is greater than allowable stress of T23 tube under working temperature 

(showed in Table 1 and Table 2). Secondly, stress numerical simulation method is used to carry out 

numerical simulation of welding residual stress, installation defect stress and working medium stress of 

spiral coil waterwall during operation. It was simulated that the installation and welding process of T23 

waterwall tube in 1000 MW ultra supercritical tower boiler during the installation, and the residual stress 

field of the welding was obtained (showed in Fig.1). On the basis of these, put the load of the working 

medium on the spiral coil waterwall, the superimposed stress distribution of the welding residual stress 

and the stress of the working medium were obtained (showed in Fig.2). Considering the bending moment 

formed by stagger joint which is the commonest installation defects, the stress field distribution of butt 

welds in T23 waterwall tubes was obtained by applying bending moment on the basis of the stress field 

of the welding residual stress and the working medium stress (showed in Fig.3).  

The results shows that the welding residual stress is greater than greater than allowable stress of T23 tube 

under working temperature, therefore, the effect of T23 heat treatment after welding to reduce the crack 

of T23 waterwall crack is obvious; The working medium load plays a great role in the hoop stress of the 

waterwall tubes, and promotes the cracks in the butt welds ;The axial stress on the waterwall tubes 

produced by the installation defect stress is also obvious, the stagger joint, and other installation defects 

are the main reason of crack propagation of spiral coil waterwall.  

Keywords: ultra supercritical boiler, spiral coil waterwall, T23 steel, welding residual stress, installation 

defect stress, working fluid stress  

 

Table 1  The welding residual stress reached about T23 tubes during the manufacture 

No. Test Site 
State of Postweld Heat 

Treatment state 

Residual Stress 

/MPa 

1 Butt weld between Multi pass forging and Tubes Welded 305,310,321,298,295 

2 Butt weld between Multi pass forging and Tubes Heat-treated 32,39,50,65,61 

3 Fillet weld between Multi pass forging and Sealing plate Welded 182,175,188,220,265,245 

4 Fillet weld between Multi pass forging and Sealing plate Heat-treated 22,26,28,39,40 

5 Fillet weld between Spiral waterwall tube and Filling plate Welded 255,260,278,298,304 

6 Fillet weld between Spiral waterwall tube and Filling plate Heat-treated 32,37,45,56,65 
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Table 2  The welding residual stress reached about T23 tubes during the installation 

No. 

Code name 

of Power 

plant 

Test Site 
Transverse residual 

stress/MPa 

Longitudinal residual 

stress/MPa 

1 B 

Angle weld between the rigid 

transition beam and the tubes 

on the 1 horn, 59 m elevation 

84,175,98,202,198 300,325,385,373,390 

2 B 

Angle weld between the rigid 

transition beam and the tubes 

on the 1 horn, 49 m elevation 

28,28,52,109,–129 118,214,234,352 

3 H 

Angle weld between the rigid 

transition beam and the tubes 

on the 1 horn, 59 m elevation  

28,39,55,74,87 45,75,102,117,131 

4 H 

Angle weld between the rigid 

transition beam and the tubes 

on the 1 horn, 49 m elevation 

104,148,184,–83,–121 157,181,245,207,–371 

 

Fig.1  local residual stress field distribution in weld 

  

Fig.2  Stress distribution after superposition of the working medium load and welding residual stress 

 

Fig.3  Stress distribution after superposition of the working medium load and welding residual stress as 

well as bending moment 
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Experience with Grade 91 DMW failures–features and current understanding 

Gang Zhou 

(ATC-Engineering Services) 

jzhou@atc-tn.com 

Abstract: Welds between engineering alloys of differing composition and thermo-physical properties, 

commonly referred to as dissimilar metal welds (DMWs), are an integral part of the equipment used in 

many advanced industrial processes, such as supercritical power plants and HRSGs. The great majority 

of DMWs are made to join components that operate at low or moderately elevated temperatures relative 

to the melting range of the alloys involved, and these welds routinely operate for long periods of time 

without incident.   However, DMWs also are used in pressure part fabrication to join austenitic tubes or 

pipes to ferritic tubes or pipes or to join austenitic non-pressure part attachments to a ferritic tube or pipe. 

In these cases, the components of which the DMW is a part typically operate under conditions where 

creep damage coupled to the effects of frequent cycling is expected to influence the service life of the 

weld.  Under these conditions, the performance of DMWs has been far less predictable. For example, the 

service history of DMWs made between low alloy ferritic tubing (e.g., Grade 22) and tubing fabricated 

from one of the 300-series austenitic steels (e.g., TP304H) and installed in superheaters (SH) or reheaters 

(RH) of large power boilers has been highly variable, depending critically on the choice of filler metal 

and, in certain cases, on the operating profile of the boiler.  The reasons for the variability in performance 

now are understood to involve differences in the thermo-physical properties of the materials being joined 

as well as differences in local mechanical properties as these are altered by diffusion-driven 

compositional changes along the dissimilar metal interface. For the SH and RH DMWs, the response to 

the spate of early weld failures, where the weld was made using an austenitic stainless filler metal, was to 

switch to a nickel-base filler metal that minimized the incompatibility in the thermo-physical properties 

and reduced the local mismatch in mechanical properties by limiting the amount of carbon diffusion from 

the low alloy tubing into the more highly alloyed filler metal. The resulting two-to-threefold increase in 

the average service life of the DMWs underscored the basic soundness of the approach.  

With this history in mind, when need arose to develop procedures for welding the creep strength 

enhanced steel Grade 91 to other alloys, and particularly to one of the austenitic stainless steels, the 

default choice of filler metal was, again, a nickel-base alloy. Since that decision was made, the frequency 

with which DMWs involving Grade 91 have failed after only relatively short periods of operation has 

drawn attention to the fact that the relative level of incompatibility between Grade 91 and other alloys 

clearly is even greater than was the case when low alloys such as Grade 22 constituted the ferritic 

component of the joint. Recent studies of failed DMW joints involving Grade 91 have confirmed that the 

failures are related not only to the fundamental welding metallurgy, but also to component manufacture, 

unit design, and the nature of the service.  This paper reviews and summarizes what can be considered 

typical macroscopic and microscopic characteristics of the failures, including metallographic and 

fractographic features and compositional features, of the Grade 91 DMW failures and provides a 

hypothesis of the damage mechanism.  

Keywords: Gr 91, dissimilar metal weld, failures  
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Failure analysis of gear on rail transit 

Anxia Pan
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Abstract: In recent years, with the rapid development of rail transit in China, unprecedented 

achievements have been achieved both in mileage and construction scale, which has played a significant 

role in relieving urban traffic congestion and environmental pollution, generating immeasurable social 

and economic benefits. The gear transmission system is the key equipment for power transmission of the 

railway vehicle with regard to safety. Thus the failure analysis of gears is an important part in improving 

system reliability. This research describes four typical failure cases about gears in rail transit gearbox. 

Detailed studies including visual inspection, scanning electron microscope (SEM) and energy dispersive 

spectrum (EDS) analysis were performed on the damaged gears to determine the root causes for failure.  

Case I: A locomotive gear shaft, the material is 20CrMnMo, had been heat treated with carburizing and 

quenching. However, longitudinal cracking occurred when the gear was in the final quenching. 

Conclusions of the failure analysis show that Al2O3 inclusions existed in a depth of about 5 mm beneath 

the surface of the gear shaft, which changed the stress distribution of the sub-surface of the gear shaft 

during the heat treatment, resulting in cracking of the gear shaft. 

Case II: A driving gear was suffered fatigue cracking during operation about two months after the it had 

been loaded. Conclusions of the failure analysis show that the atmosphere was not properly controlled 

during the carburizing process of the gear, alloy oxides formed in the grain boundaries, thereby excessive 

troostite and grain boundary oxidation occurred on the surface, causing decreased surface hardness, 

significant decline in the fatigue strength and premature fatigue fracture influenced jointly by the service 

stress and the interference stress.  

Case III: A driven gear of a high-speed train had been heat treated with induction hardening, an arcuate 

crack was found on the tooth surface after two years of service. Conclusions of the failure analysis show 

that the surface of gear has crescent-shaped “black spots” due to the improper grinding process, and that, 

the lower the hardness of the “black spot” is, the lower the surface stress state is, which is the main cause 

of fatigue peeling cracks on the tooth surface.  

Case IV: The mating surfaces of the driving and driven gears of a locomotive are damaged, leading to a 

belt-shaped rough portion. Conclusions of failure analysis show that the damage morphology of the 

mating surfaces of the driving and driven gears conforms to the characteristics of hot scuffing. They are 

caused by the insufficient supply of lubricating oil, which leads to overheating of the gear meshing and 

rupturing of the oil film, causing adhesion and the resulting failure. 

Based on the analyses of different causes of several gear failure cases on rail transit, the common factors 

leading to gear failure are discussed. It is concluded that the main factors causing premature failures of 

gears include substandard raw materials, improper heat treatment, flawed manufacturing process and 

irrational use. The relationships between each of the above factors and the gear failure are analyzed and 

discussed respectively, providing a theoretical basis for improving the gear life and reliability. 

Keywords: rail transit, gear, failure, slag, grinding, cracking 
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Co-occurrence analysis of thermal power plant failure cases 

Jiahui Lv, Weize Wang, Shaowu Liu 

(East China University of Science and Technology) 

wangwz@ecust.edu.cn 

Abstract: Thermal power plant is the main power supply of our country, accounting for 70% of the total 

power generation. Demands on the thermal efficiency increase in power plants have led to an increase in 

pressure and temperature of steam, which causes component failures to grow. The safety and economy of 

thermal power plant have been influenced by the failure, so it is necessary to find out the cause of the 

failure and propose the corresponding measures to prevent the recurrence of similar failures.  

This study focuses on surveying the failure cases in thermal power plant, which were extracted from 

journal papers on thermal power plant failure cases issued in China Academic Journal Network 

Publishing Database, and summarizes some failure rules on the basis of failed components, failed 

materials, as well as failure modes. First, a professional dictionary including keywordss related to these 

three items was made to identify the keywordss in each failure case. After extracting the keywordss, co-

occurrence analysis has been an effective method to discover interesting knowledge patterns from the 

association of keywordss. Co-occurrence matrix needed to be built in the first place, and the edited 

programs were used to count the keywords frequency. It also visualized the results at every process of the 

research. Co-occurrence network set up by Ucinet and Netdraw, co-occurrence clustering analysis by 

SPSS, internal relations among high frequency keywordss were studied. From the co-occurrence network, 

the larger the node in the network, and the higher the centrality is, which means the keywords is more 

important. And the thickness of the connection between nodes indicates the frequency of occurrence of 

the two groups of keywordss. The higher the frequency, the more closely the keywords are. In the co-

occurrence network, boiler tubes and rotating machinery are two of the biggest nodes. Boiler four tubular 

damage and leakage impacting on safe operation of the unit is the most common accident of the thermal 

power plant. And the rotating machinery is the second highest failure components, including the steam 

turbine, the generator, as well as the pump. According to the failures by material, carbon steel tubes lead 

as the most frequent materials causing failures. In the co-occurrence network, the thickness of the 

connection represents the correlation between the keywordss. And the result shows that among boiler 

tubes, superheater tubes are the first highest failed components. In terms of failure modes, superheater 

tubes and reheater tubes are greatly related with high temperature creep, short-term overheating and 

dissimilar weld joints. As for water wall tubes, short-term overheating, hydrogen damage and thermal 

fatigue are the most common failure modes. Low- temperature corrosion and wear are greatly related 

with economizer failures. What’s more, the elbow and welds are the typical failure location. The most 

related failure mode to rotating machinery is fatigue. As for the steam turbine, the dezincification 

corrosion of the condenser is remarkable other than the rotating parts. Since the failure of boiler pipe and 

rotating machinery can strongly influence the safety and economy of the thermal power plant, these 

weaken parts should be paid more attention during the operation, inspection and maintenance. 

Keywords: thermal power plant, failure cases, co-occurrence, boiler tubes, high-temperature creep  
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Abstract: In the high temperature and ultra-deep sour gas well, super 13Cr is the most crucial 

component of wellbore configuration. This paper focus on super 13Cr tubing stress corrosion cracking 

(SSC) failure in the northwest area oilfield of China. The high temperature and ultra-deep sour gas well 

was produced about 2 years, and the tubing was failed approximately at 5000 m. In the annular pressure 

test, the pressure of annulus A was rapidly increased to 40 MPa, the pressure of annulus B and C were 

also boosted to 24 MPa and 20 MPa, respectively. In this case, the well was permanently abandoned 

because the failed tubing causes sustained casing pressure.  

In this study, the failed tubing was investigated by the following procedures to assess corrosive attack: 

1) Examination of outer surface by FMPI test. 2) Corrosion environment analysis by XRD test. 3) 

Mechanical properties test. 4) Morphological analysis of the tensile fracture surface. 5) EDS and XRD 

analysis of corrosion product. 6) OP and SEM analysis of tubing cracking. 

First of all, the outer surfaces of tubing were examined by fluorescent magnetic particle inspection (FMPI) 

test, a large number of microcracks was taken using the camera. Furthermore, the sample pieces were cut 

from the failed tubing according to the requirements of different tests. 

The chemical composition of format annulus protective solution was investigated by X-ray diffraction 

(XRD) test. The mechanical properties of the failed specimens were analyzed by tensile fracture test. The 

inclusion and metallographic structure were observed using optical microscopy, scanning electron 

microscopy (SEM) was also utilized to investigate the morphology of the tensile fracture surface, energy 

dispersive spectrometer (EDS) was used to analyze the relative content of chemical elements in the 

corroded surfaces, and X-ray diffraction (XRD) was used to analyze the composition of corrosion 

products. 

Because the corrosion medium is CO2 in the wellbore, the possible corrosion mechanism is as followed. 

The anode reaction is: Fe→Fe
2+

+2e
-
; Fe+HCO

3-
→FeCO3(S)+H

+
.  

The cathode reactions include the reduction of H2O and HCO
3-

: 2H2O+2e
-
→2OH

-
+H2; 2HCO

3-
+2e

-

→H2+2CO3
2-

.  

The hydrogen carbonate, HCO
3-

, has a greater influence for the cathodic reactions. When the pH of the 

solution is less than 4, the main cathode reaction is the reduction of H+, and the reaction rate is controlled 

by diffusion. When the pH of the solution is between 4 and 6, the main cathode reactions are the 

reduction of HCO
3-

 and carbonic acid, H2CO3, and the reaction rate is controlled by activity. When the 

cathode overpotential is high, the reduction of H2O is the main cathode reaction.  

Through investigation the fracture of super 13Cr tubing, the reason of the tubing failure is stress 

corrosion cracking which corrosion product film is breaking. Stress corrosion cracking will occur due to 

the cycle of corrosion product film rupture, metal matrix dissolution, and corrosion product film 

rebuilding. The concentrations of the element O and P are increased on the crack surface, which indicates 

these two elements play an important role in the crack growth.  

Keywords: super 13Cr, stress corrosion crack, failure mechanisms  
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Abstract: As an important equipment for maintaining the circulation of boric acid solution, boric acid 

recycle pumps (hereinafter referred to as boric acid pumps) plays an important role in keeping the safety 

of nuclear power plant. However, with the continuous progress of nuclear technology, the boric acid 

pumps is exposed to relatively complicated circumstances, such as corrosive media, high-speed rotation, 

atmospheric salt fog and so on. Under such conditions, the boric acid pumps may encounter unexpected 

failures, causing potential nuclear safety problem. Therefore, its operation safety and stability are facing 

severe challenges.  

The case studied in this paper was about an unexpected failure of the boric acid pump, which happened 

in a 1000 MW nuclear power plant. The boric acid pump made by a Japanese company is a canned motor 

pump, and was officially put into service in 2014 with designed service life of 40 years. However, the 

pump could not work during the start-up process after serving for only one year. After dissembling 

inspection, the pump shaft was found to be broken at the front end of the shoulder. Since the failure of the 

boric acid recycle pump shaft has not been reported, the root reason for the premature fracture of the 

pump shaft should be definitively identified to ensure nuclear safety.  

In order to ascertain the root reason of the failure, material identification, metallographic inspection, 

mechanical property test, fractographic observation, micro-zone analysis and mechanism analysis were 

carried out. Specifically speaking, the results of material identification, metallographic inspection and 

mechanical property test showed that the shaft are qualified 316L stainless steel. Fractographic 

observation and micro-zone analysis found that micro-cracks nucleated and coalesced around the 

inclusions. Mechanism analysis showed that the torsional shear stresses and bending stresses was not 

sufficient to cause the fracture of the pump. Given the fact that small transition arc radius, surface defect 

and inclusions aggregation were found at the fracture location, the root cause was proved to be the triple 

stress concentration. 

Under the effect of the triple stress concentration, micro cracks nucleated and coalesced at the positive 

side near the front end of the shoulder, resulting in the initiation of cracks. Then cracks propagated 

clockwise along the circumferential direction under the joint effect of tensile stresses and torsional shear 

stresses. After that, when the residual cross section could not withstand external load with the propagation 

of the cracks, cracks got into transient fracture zone, leading to the premature fracture of the pump. 

Based on the above analysis and conclusion, several useful countermeasures are came up with to solve 

relevant problems. 

1) To achieve the aim of reducing the triple stress concentration, transition arc radius between the shaft 

and shoulder should be enlarged. At the same time, the surface after machining is supposed to be polished. 

In addition, the material quality of the shaft needs to be improved. 

2) For the propose of reducing bending stresses, spline should be replaced by flat key. 

3) To improve stiffness of the pump, the outer diameter of the shaft could be increased properly. 

Keywords: failure analysis, boric recycle acid pump, triple stress concentration, special defects  
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Abstract: The memory devices are necessary in electronic systems of aircraft in aerospace applications. 

With the requirements of higher performance, the capacity of memory is expanded by stacked multiple 

devices into one package. Owing to increase of device weight, the pins and solder joints of the stacked 

memory device will sustain larger stresses under a mechanical shock that takes place frequently in the 

transportation, launching or flying of aircrafts. The soldering pins could be damaged under a large stress, 

which leads to malfunction of the system due to the open circuit of pins. The issues will endanger the 

security of flight. In this study, we tested the pins and solder joints of a stacked memory device on board-

level by different conditions of mechanical shock and performed the failure analysis for the failed joints 

of devices. 

In order to evaluate the integration of pins and solder joints of a stacked memory device under a 

mechanical shock, the device was assembled on a printed circuit board (PCB) by a surface mount 

technology. The board-level test was followed the standards of GJB548B2005 and JESD22-B111. A 

daisy chain was designed and implemented on the PCB, which linked all pins. The electrical connections 

of pins were evaluated by monitoring the transient and static resistance changes of the daisy chain both. 

The loading of a mechanical shock was applied by the tester dropped from a height. Two different 

conditions of mechanical shock, i.e. peak accelerations of 1500 g and 600 g, were used in this 

investigation. The applied acceleration curves are adjusted to meet the demand of the standards. The 

sketches of a mechanical shock test are demonstrated in Fig.1(a) and the assembled device is illustrated 

in Fig.1(b). The test results show that the device completely failed after four mechanical shocks at a peak 

acceleration of 1500 g. When the peak acceleration is decreased to 600 g, the device failed after 478 

mechanical shocks. The mechanical shock gave rise to a large stress in the solder, which even made the 

device fall off from the PCB due to fractures of pins or solder joints. The failure analysis was carried out 

for the failed devices. Most failures occurred at the solder joints, especially the outmost ones. The failure 

modes of pins and solder joints caused by a mechanical shock were summarized. The morphologies of 

fracture for the two conditions with peak accelerations of 1500 g and 600 g are distinct from each other. 

The images of SEM in Fig.1 show the fracture surface of the damage solder joints. The surface is rough 

with many dimples for the case of 1500 g in Fig.1(c), which means a brittle fracture occurs. For the case 

of 600 g, the fracture surface is more smooth and contains some steps in Fig.1(d), which indicates 

fracture propagates gradually. The elements distributed information by a composition analysis on the 

fracture surface helps to identify the fracture locations. For example, the crack occurred at the middle of 

solder when the major elements are Pb and Sn. Some areas contain elements of AU and Ni, which are 

plated on the surface of the pad. It means the crack occurred near the intermetallic compound (IMC) layer. 

Following the rules, the typical fracture propagation path is delineated.  

Keywords: failure analysis, mechanical shock, fracture, solder joint, stacked memory device 

  



25
th

 Congress of International Federation for Heat Treatment and Surface Engineering 

540 

 

Investigation on tensile failure of heat-treated rigid polyurethane foam by 

experiment and numerical simulation 

Yannan He, Zhiqiang Yu 

(Fudan University) 

yuzhiqiang@fudan.edu.cn 

Abstract: The heat treatments of rigid polyurethane foams (RPUFs) were performed at different 

temperatures, and tensile properties of treated RPUFs were both studied by the experiments as shown in 

Fig.1 as well as numerical simulation.  

The tensile stress-strain curves of RPUFs before and after treatment obtained from experiment were 

shown in Fig.2. It can be seen that after treatment with high temperature, the RPUFs were aged and the 

tensile strength and modulus of them decreased with the increase of treatment temperature. In 

comparison, the untreated RPUF had the highest tensile properties, and the tensile strength and modulus 

of it can reach 2.205 MPa and 14.00 MPa, respectively. The main reason which led to the aging of 

RPUFs is the expansion of cell size which caused by the degradation of polyurethane matrix according to 

the results of thermal gravimetric analysis (TGA) of untreated RPUFs which shown in Fig.3. According 

to the TG and DTG curves in Fig.3, the preliminary degradation of RPUFs such as random broken of 

macromolecules occurred at the range from 150 ℃ to 200 ℃. It made the wall of cellular structure in the 

RPUFs decompose and cannot bear more external load, which resulted in the decrease of tensile 

properties of RPUFs. 

Finite element analysis (FEA) of tensile properties of RPUFs were carried out by Cellular Structure 

Model (CSM) constructed according to the Kerner-Rusch relation shown in Eq.1 and Entire Bulk Model 

(EBM) constructed according to the Polynomial Relation of strain potential energy shown in Eq.2, 

respectively. 
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Where the Ef and E0 are the Young’s modulus of foams and matrix materials, respectively, and ű is the 

volume ratio of matrix materials. 

                       
       

 

  
          

                 (2) 

Where the U is strain potential energy, and Jel is the elastic volume ratio.     and     are the deformation 

measurement of materials. N, Cij and Di are the materials parameters related to temperature. 

In the CSM, the porosity of RPUFs can be calculated by the Young’s modulus of RPUFs and 

polyurethane matrix according to Eq.1. And the cell with a certain size and quantity was constructed in 

CSM according to the porosity. However, in the EBM the data of RPUFs tensile properties obtained from 

experiment were directly fitted by Eq.2. 

Fig.4 showed the stress distribution diagram of RPUFs simulated by CSM. It can be seen that the internal 

stress concentrated on the cellular structure which was perpendicular to the direction of tensile stress. 

However, the cellular structure region where the stress concentrated decomposed during heat treatment 

according to the results of TGA. It made the decomposed cellular structure break down more easily and 

finally accelerated the failure of RPUFs.  

Fig.5 showed the stress-strain curves of untreated RPUFs and treated at 200 ℃ obtained from experiment, 

CSM and EBM. It can be seen the data obtained from CSM and EBM were agreement with the 

experimental data. Besides, the acceleration failure effect of stress concentration on cellular structure also 

can be confirmed by FEA. It can be seen that the tensile strength and modulus obtained from CSM and 

EBM also decreased after heat treatment. In addition, the tensile strength and modulus obtained from 




