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Abstract  

The failure analysis in the industrial systems i.e. power plan, oil, and gas companies, 

has been reported by many researchers. One of the most reported has occurred in the 

Boiler system. Among the components of the boiler, problems, and failures often took 

place in the tube. The purposes of the recent study are to describe, classify, and review 

the latest update of the failure behavior of the boiler tube. The failure was formed by 

overheating, creep, stress corrosion, cracking, erosion, oxidation, and post-weld heat 

treatment (PWHT). The current works are listed based on the methods used to identify 

the failures, failure observations, and case studies updated from the boiler tube failure 

condition. The research suggests that to replace the failure tubes, analysis related to the 

stress induced outside and inside the tube, environment conditions, and lifetime 

maintenance works need to be considered. 
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1. INTRODUCTION 

The boiler is a part of the heat exchanger system used by many industries and plays a vital 

role in heating water and producing steam to provide heat and then generate electricity 

through a steam turbine system. Besides industries, boilers also have been used for providing 

a heating system for buildings and producing hot water and steam that are used by customers 

and users in daily commodities such as laundries and kitchens. At present, several sources 

have been used to generate electricity such as geothermal, nuclear energy, gas, oil, and coal-

based system, while the industry has been used for production such us palm oil industry, 

food processing, glue processing, and many more. All these sources can be directly 

connected with the boiler to convert the source-based energy to heat-based energy and then 

convert it to electricity [1]–[7]. 

Due to electricity consumption increasing rapidly year by year, it is an essential way to 

develop and maintain the efficiency of a boiler. It is proved that by a small leak and fraction, 

the efficiency of the boiler will reduce due to the vast amount of energy lost in the electricity 

generation. Moreover, data from the U.S. Energy Information Administration 2019 show 

that the energy consumption of all sectors will increase by more than 30% from 2010 to 2050 

(Fig. 1(a)) and the electricity shows the same tendency where the residential sector may have 

head-to-head with the industrial sector and making both became the most electricity 

consumption compared to other sectors (Figure 1(b)) [8]. 
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Figure 1. (a) World energy consumption by sector, and (b) World electricity consumption by sector 
[8]. 

In the current time with the availability of rapid manufacturing for boiler parts [9], the 

prevention process to stop boiler failure before rupture can be categorized as a prevention 

and efficiency act in the energy generation systems. Although many researchers and 

engineers report several cases of failure in the boiler, they still occur due to some reasons as 

follows: Overheating, hydrothermal, physical aging, Deposit-related problems, Waterside 

corrosion, cracking, pre-and-post-boiler damage, waterside flow-related damage, Fireside 

corrosion and damage, and material defects [10]–[12]. 

Several studies have been conducted by researchers related to the failure of the boiler. 

Ranjbar [13] observed the root cause of the boiler failure and shutdown by using SEM-EDX-

XRD, metallographic examinations, and chemical analysis. The results indicate that the 

boiler exhibited failure because of the bad maintenance and the main cause of failure is the 

feed water chemistry leading to corrosion propagation. Moreover, a study from Zhang et al. 
[14] shows that the waste heat boiler cracked due to stress corrosion, and the results from the 

energy spectrum analysis test show that there are S and CI elements that may trigger 

corrosion of austenitic from stainless steel. The corrosion factor was also investigated by 

Xiong et al. [15] in the circulated fluidized boiler. The results from SEM show that the major 

compositions of the corrosion products are iron oxides like Fe2O3, Fe3O4, and FeCr2O4, 

followed by sulfide. This element (sodium sulfate and sodium chloride) is tracked as the 

major corrosion culprit. The other researcher Triasdian et. al. [16] investigate internal deposits 

by some mineral elements that can lead to overheating that can affect thermal fatigue failure 

by the corrosion and pressure. It was investigated by metallography structure, microhardness 

test, SEM-EDX, visual inspection, spectrophotometry, and thickness.  

Additionally, some failures also happened in superheater tubes. After 20 years of operation, 

fireside corrosion was discovered and caused by a low grade of used fuel, sodium, sulfur, 

and vanadium components on a burst superheater tube in the oil-fueled boiler, according to 

Movahedi-Rad et al. [17]. Moreover, Saha et al. [18]–[20] made three research about failures on 

a secondary superheater tube in a 140 MW thermal power plant. In their initial study, Saha 

et al. [18] (2014) discovered that the presence of a small layer of metal carbide along the weld 

interface, which induced intergranular cracking at austenite grain boundaries, was what 

caused welded joints to fail. The tube had been exposed for a long period to a temperature 

over the safe operating limit when Saha et al. [19] (2015) also discovered a failure that was 

brought on by stress rupture. The tube had lost its strength, undergone creep deformation, 
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and failed to maintain the operating stress. Furthermore, Saha et al. [20] (2017) conducted 

research related to the failure in boiler tube. It is shown that the failure caused by high metal 

temperature which came from the insufficient flow of steam due to partial blockage on the 

tube. 

The study-related failure behavior of the boiler-specific components (boiler tube) have been 

studied by many researchers. According to Ali et al. [21],  failure mechanisms for heat 

exchangers have been studied. According to the study's findings, corrosion, oxidation, creep, 

fatigue, and hydrogen attack account for the majority of observed failures. Other factors that 

contribute to failure include fouling, scaling, salt buildup, weld flaws, and vibration. 

Additionally, Ifezue et al. [22] investigated a corrosion failure at the aluminum tubes on one 

of the heat exchangers, which is associated with the heat distribution on the air inlet location 

of the tube. Increasing chloride concentration from dry out or wetting and drying of the 

protective aluminum oxide was responsible for the failure. Afterwards, a series of failures 

was found by Sanders and Iwand [23], on shell-and-tube heat exchangers that were made by 

316L Stainless Steel Material due to corrosion. The main cause of these failures was the 

increase of sulfur level on the tube and also catalyzed by ethanol inside it. According to Al-

Shahrani et al. [24] investigations at the heat exchanger shell, they discovered that the crack 

on the shell might be caused by the mistake of welding joint processes which use different 

chemical compositions and don’t match the requirement of the electrode metals to be used. 

Furthermore, Shahrani and Al-Subai [25] also analyzed the leak of the exchanger tubes. It’s 

said that the failures’ mechanism is happened due to external thinning that was most likely 

caused by not only corrosion, but also the impact fretting on the tube. It is found that sulfur 

is the main problem and detected on both sides of the tube surface.  

The leaked occurred from boiler tube was investigated by Gong et al. [26] at the titanium 

tubes. The study was conducted on the seawater heat exchanger in the water cooling system 

of coastal nuclear power plants. In this case, based on the investigation, the materials, 

environmental media, defects morphologies, and the micro-area compositions are the main 

focus for further identification of the failure causes. They also found a risk of contamination 

in the system which could be avoided by plugging out temporarily after the root of the failure 

had been found. Moreover, the leakage was also found after an examination of a failed 

vertical fixed shell-tube heat exchanger by Wang et al. [27]. The cracks and pits were found 

near the end of the tube, which was welded to the upper sheet. Thus, concluding the types of 

corrosion, they were pitting corrosion and stress corrosion cracking of authentic stainless 

steel. These two types of corrosion were led by the stress condition and also the high-

temperature chloride condition. Another problem that has been identified by Mansoor and 

Tauqir [28] show that the tube also related to the failure of tubes inside bayonet-type high-

pressure heat exchangers. The failures were found near the thick inner scale on the failed 

tubes, which was failed by excessive plastic deformation and also cracks. Another failure 

causes were made by the growth of scale and overheating at the same time which could 

accelerate some undesirable phases of transformation, deteriorated some of the mechanical 

properties of the material, and also subsequently bulging to fail the tubes’ part. In other cases 

of failures, Adnyana [29] examined a shell-tube shaped which had failed just after short-term 

usage. The tube was constructed from low carbon austenitic material with the designation 

SA 249 TP 304L, which is a common specification for welded austenitic stainless steel tubes. 

After using various investigation techniques, including visual and macroscopic examination, 

chemical analysis, metallographic examination, hardness testing, and scanning electron 

microscopy equipped with energy-dispersive spectroscopy analysis, it was discovered that 

the stress-corrosion cracking (SCC) and some corrosion pit formation on the tubes were the 

results of the combined effects of tensile stress and corrosion. Although this rift and leakage 

make the safety of the heat exchanger questioned, Adullah and Ezuber [30] found a method to 
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repair and also maintain the crack’s emersion. Stress corrosion cracking is the primary cause 

of the cracks, which are primarily brought on by poor workshop practices in the tube-to-tube 

sheet welds. Failure analysis is needed to evaluate and pre-emptive condition during 

operational [31] . This issue could be resolved by carrying out a repair method that involves 

removing the damaged tube-to-tube sheet welds and replacing them with welds that were 

properly created and fitted. To analyze and cluster the problems that occurred in the boiler 

tube, the present study listed, compared and evaluated the studies of previous researchers 

related to boiler tube failure analysis. 

2. MATERIAL AND METHOD 

Recently, several methods reported by researchers that have the ability to analyze the failure 

of boiler components. Jovanovic et al. [32] used a non-destructive method for the analysis of 

the boiler tube. In this study, a range of microstructures that generated in the material from 

boiler tube failure were successfully analyzed using optical microscopy as a comprehensive 

microstructural method. Furthermore, the various microstructural flaws were also found at a 

distance of less than 2 cm. 

There are other methods that were used by Wang et al. [27]. The method are applied by 

checking out the specification and verification of the materials, the visual examination, the 

analysis of the chemical composition and using metallographic method, layer composition 

scaling, and simulation of the work fluid examination. For example, when using the first 

method, the design specification was different from what it was supposed to be. Heat 

Exchanger E10408 was the substitute of the Heat Exchanger E10410, which had a small 

difference from the real design specification. Another approach was tried by Sharma [33] in 

his research. Based on the microcultural test that was used to examine the root of the failure, 

The presence of iron bacteria on the pits (Error! Reference source not found. (a) and (b)) b

ecame responsible for the microbial activity in the corrosion process. 

Research conducted by Tutnov and Loskutov [34] used an interesting method to analyze the 

effect of hydraulic parameters and NDT on the strength of the heat exchanger tube of a steam 

generator. He used a method of computational investigation based on computer code 

calculations. The code was called MAVR-1.1 which was able to calculate the probability of 

the formation of a leak and rupture of tubes that were examined. An interesting method called 

X-ray radiography was also used by Saha et al. [35] to investigate a welded-joint failure on an 

economizer tube in a thermal power plant. The welded joint was examined by a radiographic 

300kVp X-Ray unit with moderate exposure conditions, such as 150 kVp, 12mA min, and 

an FFD (a distance between the focal point and the film) of 900 mm. To create 

comprehensive summaries of the methods used to evaluate the failure that occurred in the 

boiler tube system, Table 1 listed the selected paper that showed Boiler failure with different 

methods to characterized.
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Table 1. Boiler failure analysis method 

Ref. System Name Remark Used Method 
[36] Boiler Tube Material: DIN 17175–79 (Steel Grade ST.45.8) 1. Visual inspection (tube diameter measurement) 

2. Chemical composition analysis of material 

3. Hardness test 

4. Microscopic inspection 
[37] Boiler Tube Material: SA-210 Grade C (DL/T991-2006) 1. Macroscopic inspection (tube diameter and thickness 

measurement) 

2. Chemical composition analysis of material 

3. Mechanical properties test (hardness, tensile strength, yield limit, 

elongation after broke) 

4. Microstructure inspection 

5. XRD 

6. EDS 
[38] Boiler Tube Material: seamless steel ASTM SA210 grade A1, hot-finished 1. Visual and microscopic inspection 

2. Chemical composition analysis of material 

3. Corrosion products analysis (EDS) 

4. Microstructure inspection 

5. Hardness test 

6. Residual stress test 
[39] Boiler Tube Material: SA-210C carbon manganese steel  1. Microstructure inspection (SEM) 

2. Chemical composition analysis (XRF, XRD, FE-SEM/EDS) 
[40] Boiler Tube 1. Tube material: stainless steel 347H 

2. Operation time until failure: 3600 hours 

3. Weld type: GTAW 

1. Microstructure inspection 

2. Hardness test 

3. Residual stress simulation 
[41] Boiler Tube Material: SS 304H 1. Macroscopic and microstructure inspection 

2. SEM 

3. Inner tube deposit analysis 

4. EDS of deposit 
[42] Boiler Tube Material tube: steel 2.25Cr-1Mo (ASTM A213) 1. Visual inspection 

2. Chemical composition analysis of material 

3. J-factor 

4. SEM 

5. Finite Element analysis 
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[43] Boiler Tube Material: T91 1. Visual inspection 

2. Microscopic inspection 

3. SEM 

4. XRD 
[44] Boiler Tube Material: steel ASTM A106 Gr. A 1. Visual inspection 

2. Chemical composition analysis of material 

3. Metallography 

4. SEM 
[45] Boiler Tube Material: (not mentioned) 1. Visual inspection 

2. Optical microscope and stereoscopic inspection 

3. SEM 

4. XRD 
[15] Boiler Tube Material: ASME T91 1. Morphological inspection 

2. SEM 

3. XRF 

4. XRD 
[46] Boiler Tube Material: 0Cr18Ni10Ti austenitic stainless steel (standard: GB 

13296-2007) 
1. Visual inspection 

2. Penetrant test 

3. Electron Probe Micro Analyser 

4. Optical microscope inspection 

5. Finite Element analysis simulation 
[47] Boiler Tube Material: Low Carbon Steel SA-210 Grade A-1 1. Visual inspection 

2. Hardness test 

3. Microstructure inspection 

4. XRD 

5. Fractography 
[48] Boiler Tube Material: Steel DIN-16CrMO4 1. Visual inspection 

2. Chemical composition analysis 

3. Microstructure inspection 

4. Hardness test 
[49] Boiler Tube Material: ASTM A210 GrA1 1. Metallography 

2. ESEM/EDS 

3. XRD 
[50] Boiler Tube Material: Steel SA 210 Gr. A1 1. Visual inspection 

2. Hardness and ductile test of material 

3. Magnetic Barkhausen emission 

4. Microstructure inspection 

5. XRD 
[26] Heat Exchanger 

Tube 

Material tube: Titanium 1. Visual inspection 

2. Optical microscope inspection 

3. SEM 
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4. EDS 

5. XRF 

6. XRD 
[51] Boiler Tube Material: TP91, VM12- 

SHC, TP347-HFG, DMV304HCu, dan DMV310N 

 

Experimental condition: 

1. 1000 hours on discontinued isothermal with 650 oC of 

metal surface temperature  

2. Thermal Cyclic with 650 oC of metal surface temperature 

3. Corrosion medium: synthetic gas contain CO2, O2, N2, 

SO2, H2O 

1. Light Optical Microscopy inspection 

2. SEM 

3. EDS 

[52] Boiler Tube 1. Tube material: T91 and HR3C 

2. Weld type: GTAW 

3. Weld filler: INCONEL 82 

1. Macroscopic inspection 

2. Microstructure inspection 

3. Hardness and impact test 
[53] Boiler Tube Material: Steel 1.25Cr-0.5 Mo (ASTM A213-T12) 1. XRF 

2. XRD 

3. SEM-EDS 

4. Hardness test 

5. Finite Volume simulation 
[54] Boiler Tube Material: AISI 321 stainless steel (spot weld + laser 

beam/metal inert gas weld) 
1. Visual inspection 

2. Dye Penetrant test 

3. Optical microscope inspection 

4. FESEM 

5. EDS 

6. XRD 

7. ASTM G 36 boiling magnesium chloride environment at 155 ± 1 

°C for 5 h and 10 h duration 
[55] Boiler Tube Tube material: AISI 304L austenitic stainless steel. 

Weld Type: GTAW 

Interpass temperature: 150 oC 

No preheating and/or PWHT 

Electrode: AISI 308L 

1. XRD 

2. Electrochemical testing 

3. Hardness test 

[56] Boiler Tube Material: stainless steel 304 dan duplex stainless steel 2205 1. Metallography 

2. SEM 

3. EDS 

4. Four-Points-bending Corrosion test 
[57] Boiler Tube Experimental Material: SS304 1. Slow strain rate tension 

2. Field Emission Gunning-SEM 
[58] Pipe Line Material: Steel X80 1. Tensile test with slow strain rate 

2. Potentiodynamic polarization 

3. Amount of hydrogen calculation 

4. Surface fractography 
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[59] Boiler Tube Material: ASME SA-213 Gr T-22 grade steel 1. Visual inspection 

2. Chemical analysis 

3. Metallography 

4. Hardness test 
[60] Boiler Tube Material: 1Cr–0.5Mo steel (SA213-T12) 1. Visual inspection 

2. Chemical analysis 

3. Tube dimensional measurement 

4. Hardness test 

5. The mathematical method of overheating 

6. Creep analysis 
[61] Boiler Tube Material: ASTM A213 Grade-TP347H 1. Visual inspection 

2. Chemical composition and microscopic examination (SEM, EDS) 

3. Microhardness test (ASTM E10-12) 
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3. FAILURE OBSERVATIONS 

Boiler tube failures may have some indications that can guide towards the understanding of 

the causes of failures. Ardy et al. [62] investigated a leak was observed on the cap of a boiler 

tube. It is shown from the morphology of the leak point that the boiler cap has thinned from 

the inside of the boiler. A presence of a thick coating of deposits is also found on the boiler 

cap, reducing the inner diameter of the boiler tube. The root cause of the thinning of the 

boiler cap is determined by observing the inner surface of the leaking cap. From the 

observation, there are traces of horseshoe or scallops patterns which indicates a failure 

induced by flow accelerated corrosion (FAC) [62], [63]. In addition, study conducted by Pal et 

al. [64] showed that the tube failure caused by the perforation from welding areas (HAZ areas). 

The perforation was caused by the tube's sulfuric acid dew point degradation. This condition 

was caused by boiler systems operating at low temperatures below 150°C, when sulphur in 

flue gas in the economizer tube triggered with the suitable moisture point to generate diluted 

sulfuric acid, resulting in sulfuric dew point corrosion. Moreover, Himarosa et al. 

investigated the boiler wall tube using different methods as shown in [65]. The visual 

observation are capable tobe used to detect the leakage of the tube. 

An analysis conducted by Hosseini  shows a crack, varying thickness between cross-sections 

with the thinnest part being adjacent to the failure opening, and a black deposit on the internal 

surface of the tube. The tube has experienced a water shortage which caused the failure. 

From optical and electron microscopy, this analysis found that the area adjacent to the failure 

opening experiences phase change and consists of martensite, ferrite, and some carbide. This 

martensite formation requires the tube to reach intercritical temperatures (around 740-760°C) 

and cooled rapidly [10], [66], [67]. There are even more examples of boiler tube failures that was 

caused by thermal shock. A study conducted by Pástor et al. [68], shows cracks and weld 

failure due to malfunctioning control systems, which led to an uncontrolled drop of the water 

level in the piping system. The malfunction also caused the water intake valve to open shortly 

after the water level drop. According to the manual, under these conditions, the pipes should 

not be filled with water immediately. Water should be added only after two minutes after the 

malfunction to avoid damage. The sudden rush of water filling the pipes results in uneven 

temperature and stress distribution, which generates residual stresses on the pipes. The 

material properties of the boiler tube are determined according to BS EN 10002–1:2002–11 

tensile test standard [69] and ISO 6507–1 Vickers hardness test standard [70]. Metallographic 

analysis is also conducted with a light microscope, where finite element analysis conducted 

to verify the effects of temperature on the stress levels [37], [71], [72]. Residual stresses are 

determined by the optical method in combination with the drilling method [73]–[76]. The 

drilling process was performed according to ASTM E-837-13a Standard [77]. The results 

show that the residual stress is tensile, close to the material's yield. As the maximum tensile 

stress occurs in the circumferential direction, resulting stress from pressure must also be 

accounted for. Hence the resulting stress at the time of the malfunction is considered critical. 

Another study conducted by Ahmad et al. [78] shows a case of rear water wall tube boiler 

failure due to fly ash erosion and creep due to increased temperatures. In this study, the creep 

damage is calculated by computing the amount of life expended by using time fraction as a 

measure of damage. Failure is postulated to occur when the fractional damages add up to 
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unity. The prominent rule is given as (1) equation where tri is the time to rupture and tsi is the 

service time [79]. 

Σ
𝑡𝑠𝑖

𝑡𝑟𝑖

= 1                   (1) 

The diagram of the Larsen-Miller parameter with stress variation to rupture of carbon steel 

is used to compute the rupture time in this study (ASTM) [80]. The failure behavior of the 

boiler tube summarized in Table 2. Several remark and the failure reported with the 

representative images. In addition, Roy et al. [49] show that the failure Fish mouth shape 

failure on two experimental sample using result of magnetic barkhausen emission (MBE). 

Rodríguez et al. [60] reported that the deposit was presumed to be related to the root cause of 

tube failure because it can inhibit heat transfer between system and tube. This evidence is 

demonstrated by the superheater tube's ruptured area and the presence of white deposits on 

the exterior surface. SEM can be used to view the micrographs of a transverse cross-section 

at the mid-wall location. The results showed that the foreign particle on the microstructure 

was deposited, and there are reported that thickening occurred on the grain boundary. 

Additionally, it is shown that the middle-side of the tube has the lowest hardness compared 

to the outer or inner surface of the tube (microhardness variation). 
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Table 2. Failure behavior of boiler tube 

Ref. Remark Personal Opinion 

[36] Corrosion products on the inner side of the tube. There is a kind of borderline that separates the picture into two different areas. 

A bulge on the outer of the tube. Bulging can happen when something hit the inner side of the tube, or internal pressure 

exceeds material strength. 

[39] Crack on the welded area on the inner side of the tube. The analysis 

also embedded with residual stress simulation. 

X-ray inspection is used to confirm whether crack occurred before or after welding. It is 

shown that high residual stress can initiate a crack. 

[41] Non-alignment on the tube before welding. Inspection on the cause of non-alignment is a must before welding. 

[41] 

 

Stress simulation on the welded area of the tube. High stress is considered high and evenly distributes along the tube. 

[42] 

 

Voids on the inner side of the tube's oxide layer. The void can make a crack when it joins with other ones. A void can also be a stress 

concentrator. 

[44] The inner side of the tube. Groove and rupture indicate that erosion occurred. 

[45] Crack on tube-tube sheet joint Checking needed on tube expansion parameter and method used 

[46] (a) Bulge and a hole on the outer of the tube. 

Failure process scheme of the tube 

Bulging can happen when something hit the inner side of the tube, or internal pressure 

exceeds material strength. In addition, the creep was formed due to continuous usage.  

[48] Thinned tube with the shape of the corrosion product on the outer 

side of the tube 

Erosion occurred on the outer side of the tube. Also the sharp-shaped of the corrosion 

product can erode the tube 

[51] Crack on HAZ The process and method of welding need to be checked 

[55] Metallography of the inner side of the tube after being cleaned from 

deposits 

The crack occurred in the transgranular and intergranular form 

[57] Surface fractography of material after being strained on air (I & II), 

on 3,5%wt NaCl solution after being hydrogen-charged for 24 hours 

Various condition of experimental that has influenced on the failure characteristic of 

materials. 
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(III – IV), ), on 3,5%wt NaCl solution after being hydrogen-charged 

for 24 hours then being electropolished for 24 hours 
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4. CASE STUDY 

A case study analysis was conducted on every case of boiler failure to determine the causes 

of failure in each case. Table 3 summarizes the selected paper in the present study related to 

the failure of the boiler tube. The causes can be investigated by conducting experiments on 

the failed boilers. A case study from Purbolaksono et.al. [81] on SA213-T22 steel tubes shows 

a boiler tube failure caused by the growth of oxide scales due to increased temperature. This 

particular case study was conducted using finite element analysis software (ANSYS) [82] to 

analyze steady-state heat transfer through the tubes. For the analysis, the data of steam 

properties are referred from Incopera & Dewitt [83], while the water wall properties and 

magnetite (FE3O4)’s properties are referred from French [84]. The convection coefficient, 

Prandtl number, and other equations for the heat transfer inside the boiler tube (forced 

convection, turbulent flow) are given by Incopera & Dewitt [85] and Ganapathy [86]. The oxide 

scale thickness is correlated with the Larsen-Miller parameter as reported by Rehn et. al. [87], 

approximated as: log(X/0,0254) = 0,00022P - 7,25, where x is in mm. The correlation 

between hardness and the Larsen–Miller parameter for 2¼Cr–1Mo steel in the as-quenched 

condition is expressed as Hardness(HV) = 961.713 - 0,020669P where P is the Larsen-Miller 

parameter according to Hpsseini [9]. In this case study, the increasing scale thickness can be 

obtained by the equations above, so the scale thickness is calculated in steps according to the 

operating hours. The case study related to the failure of the water wall tube from boiler 

system where the corrosion take part can be seen in Figure . The fracture are clearly observed 

using SEM and it was slight indication of dimple on the surface. 

 
Figure 2. Water wall tube areas of the fracture surfaces. (a) covered by oxides due to corrosion, (b) 

dimple indication with magnification 1000X, and (c) 2000X magnification [65].
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Table 3. Case analysis of the effect that caused boiler tube failure 

Ref. Experiment Result Important Discussion Main Conclusion 
[35] 1. There is martensite on the microstructure 

2. Thinning happened in the damaged area 

1. Martensite formed on steel above 723 oC with a rapid cooling rate 

2. Thinning makes higher stress compared to the normal area 

The tube underwent short-term 

overheating 
[36] 1. There is a change in the microstructure of the 

corroded area 

2. Thinning happened in the corroded area 

3. The water pH is more than 9 and contains 

Na+, which means that water is alkaline 

1. Corrosion products have worse heat transfer coefficient (lead to 

overheat) 

2. Corrosion cause thinning and reduce mechanical properties of the tube 

3. A bulge on the tube happened due to the inability of the tube to 

withstand the temperature and pressure of steam  

Corrosion cause material 

degradation that leads to bulging 

and then leakage 

[37] 1. There is an intergranular crack started from 

the pit 

2. Due to O, Si, Mn, and Fe on corrosion 

products, also magnetite and hematite, 

oxygen pitting occurred 

3. Residual stress plus stress on the damaged 

area is reaching 221 MPa; it leads to 

corrosion cracking 

1. The amount of solved oxygen on the water for the first 3-years is more 

than 7 ppb; it exceeds the amount recommended by B31.1 ASME 

2. Based on the ANSYS simulation result, stress on the damaged area of 

the tube after the bending process is reaching 300 MPa. Based on 

XRD, the residual stress on the tube is 123 MPa 

3. 9,9% of yield strength of residual stress plus stress concentrator, such 

as pit, leads to stress corrosion cracking 

The tube underwent stress 

corrosion cracking 

[38] 1. FeS found dominantly on the corrosion 

products of the outer side of the tube 

2. Corrosion products formed on 3 layer 

structures 

3. The amount of S is increasing while Fe is 

decreasing from base metal to the outer layer 

of corrosion 

1. 3 corrosion layers: 

Inner: iron oxide + hydrogen sulfide 

Middle: fly ash deposition 

Outer: ferrous sulfide gas condensation and deposition on the tube  

2. H2S is the main reason causing high-temperature corrosion 

The tube underwent sulfide 

corrosion 

[39] 1. There are coarse Cr-carbides formation on 

HAZ 

2. The inner side of the HAZ is dominated by 

martensite, and the grain boundary is where 

plastic deformation is concentrated. 

3. After a fracture was formed on the inner side 

of the HAZ, high tensile residual stress and 

plastic deformation dramatically increased 

throughout the subsequent welding step 

procedure. 

1. Instead of NbC carbides, Cr carbides are formed on the grain 

boundary of the fusion zone and HAZ 

2. High operating time and temperature (600 oC) causing Nb carbides 

formation which is increasing the grain hardness of HAZ and formed 

coarse Cr23C6 carbides on the grain boundary. Plastic deformation 

then leads to intergranular crack. 

Intergranular crack on the welded 

joint of 347H is caused by 

hardened precipitate with strain 
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4. During the second weld’s solidifying process, 

there is a rapid volume contraction along an 

axial direction. Tensile residual stress and 

plastic deformation are a bit remained and 

concentrated on the inner side of HAZ 
[40] 1. Crack initiated from the inner then 

propagated to the outer side of the tube 

2. Intergranular crack 

3. Deposit on the inner side of the tube contain 

hematite, chromate, trevorite 

4. Sensitization of Cr on grain boundary 

1. Sensitization of Cr makes material prone to intergranular and stress 

corrosion 

2. Ultimate and yield strength decrease along with increasing time and 

temperature of sensitization 

The tube underwent stress 

corrosion cracking 

[41] 5. The hardness of HAZ exceed API 934-A 

6. High residual stress on weld joint caused by 

non-alignment of the tube before welding 

7. Crack initiated from oxygen corrosion pit and 

propagated along the grain boundary 

1. The high hardness makes material prone to stress corrosion, cracking 

2. By standard, the material supposedly can withstand temper 

embrittlement. On the contrary, J-factor shows that material is prone 

to temper embrittlement 

The tube underwent stress 

corrosion cracking 

[42] 1. The inner side of the tube's oxide layer has 

voids in it. 

1. Void appeared and multiplied on 600 – 650 oC 

2. A void that joins with each other can make a crack 

3. Due to weak ties of the oxide layer by void, the oxide layers are 

exfoliated 

4. Material exposed to local overheating caused by loss of the oxide 

layer, which then led to a creeping rupture 

The material underwent creep 

rupture 

[43] 1. Corrosion and deposit on the outer side of the 

tube 

2. Thinning on the outer side of the tube 

3. Sulfur is detected deposit sample 

1. Operating temperature is above nitric acid dew point (60 oC) 

2. Sulfur content on the exhaust gas is between 3 to 11 mg/m3 and still 

within the standard 

3. Waste liquid has a 1062 mg/kg sulfur concentration. 

4. The reaction of corrosion as followed: 

5. S + O2→SO2 

SO2 + ½ O2→SO3 

6. SO3 + H2O→H2SO4 

7. H2SO4 + Fe→FeSO4 + H2 

8. 4 FeSO4 + O2 + 4 H2O→ 4 Fe(OH)SO42H2O 

9. Deposit decrease efficiency of heat transfer and outer surface 

temperature of the tube 

10. The deposit had weak ties so that it could be easily loose, led to 

penetration of sulfur into the tube was penetrated by sulfur and 

thinning of the tube  

The tube underwent sulfuric acid 

corrosion 

[44] 1. Corrosion has the shiny-black color 

2. There are P and Na on the deposit 

3. There are no changes in microstructure 

caused by overheating 

4. The boiler was operated on the low water 

level 

1. The Shiny-black color of the corrosion is a characteristic of phosphate 

corrosion 

2. Insufficient water circulation on the tube led to the formation of a 

deposit 

3. Precipitated deposits are porous 

The tube underwent phosphate 

corrosion 
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4. A porous deposit caused the material to degrade and an increase in the 

concentration of NaOH at high pH. 
[14] 1. Corrosion contain Fe2O3, Fe3O4, FeCr2O4 

2. Na2SO4 and NaCl salt are found 

3. Line scan show that Cr is much founded on 

the inner layer 

4. The oxide layer that covered the material 

contain ferrous oxide and chromium oxide 

1. Cr2O3 can inhibit oxygen going into the base metal 

2. The range of inlet and outlet flue gas temperature made primary 

superheater corroded faster by NaCl-Na2SO4 

The tube underwent sulfate 

corrosion 

[45] 1. Crack on tube-tube sheet joint 

2. There are sulfur, chlorine, oxygen, calcium, 

and base metal on corrosion products founded 

in the gap between the tube and tube sheet 

3. The minimum expansion pressure needed is 

206 MPa, which before was only 142 MPa 

1. Tube expansion and welding made residual stress, which could be 

supportive of SCC 

2. After the welded joint being removed, the tube can be easily pulled 

out. It indicates that there is a gap between the tube and tube sheet 

3. The value of expansion pressure stated by the manufacturer was 

insufficient, remained the gap between the tube and tube sheet 

The tube underwent stress 

corrosion cracking 

[46] 1. The damaged area has a lower hardness value 

than the surrounding one. 

2. Na2FeO2 found on deposit 

3. Ductile dimple founded on surface 

fractography 

4. The molar ratio on water treatment is 3,0 

1. The lower hardness value indicates material degradation 

2. Na2FeO2 is proven to be the main reason for caustic corrosion 

3. Ductile dimple indicates plastic deformation 

4. The molar ratio should be below 2.6 when phosphate treatment 

implemented 

The tube underwent caustic 

corrosion 

[47] 1. Fish mouth-shape of failure 

2. Scale found on the inner side of the tube 

3. Carbides on grain boundary, perlite 

dissolution, carbide periodization, 

decarburization, 

4. Voids on microstructure 

5. Oxidation-induced tube thinning 

6. Strength loss resulting from material 

degradation 

1. Fish mouth-shape failure often founded because of creep 

2. Scale increases the service temperature of the tube 

3. Ferrite steel warmed below 600 oC for a long time can’t change it into 

austenite. It leads to perlite dissolution and carbide spheroidization 

4. Void join with each other to form a crack 

The tube underwent creep 

[48] 1. Thinning of the tube 

2. The inner side of the tube has pitting 

corrosion 

3. The outer side of the tube underwent 

corrosion-erosion 

4. Fly ash contains SiO2 and CaO 

1. SiO2 is partly solved by calcium compound 

2. SiO2 is abrasive 

The tube underwent corrosion and 

erosion 

[49] 1. There are different values of r.m.s for both 

tube samples  

2. Sulfate particles and quartz on fly ash deposit 

3. Thinning of the tube 

4. Hoop stress value is twice bigger from the 

design strength of the material 

1. A voltage difference of r.m.s for both samples caused by differences 

in its microstructure 

2. Sulfate leads to corrosion, and quartz eroded tube 

3. Hoop stress increase caused by tube thinning 

4. High hoop stress leads to fish mouth-shape failure 

The tube underwent sulfate 

corrosion and eroded by quartz 

[25] 1. No titanium founded on the sediment from 

the tube 

1. No titanium founded on the sediment from the tube indicates no 

corrosion occurred on the tube 

Tube failure is caused by 

inappropriate drawing of the head 
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2. Defect shape on the tube samples are too 

various 

3. Corrosion on the plug caused by lack of Cr 

2. Various on defect shape is not caused by erosion because no thinning 

occurred on the tube and no uniform scratch on fractography 

3. A defect caused by erosion vortex, leaving a disordered scratch 

4. Tube failure is also caused by inappropriate drawing of the head 
[50] 1. TP91 and VM12-SHC have bad corrosion 

resistance even though no sulfidation 

occurred on them 

2. Better corrosion resistance is provided by 

TP347-HFG, DMV304 HCu, and DMV310 

N 

3. TP347-HFG and DMV310 N gained a little 

mass addition and oxide scale formation 

4. DMV304 HCu gained pretty much of mass 

addition and oxide scale formation 

5. Grain boundary attack and internal 

sulfidation occurred on TP347-HFG and 

DMV304 HCu 

6. The rank of material based on corrosion 

resistance with a little mass addition and 

oxide scale formation, from the best to the 

worst, is DMV310N > TP347 HFG > 

DMV304 HCu > VM12-SHC > TP91 

1. The oxide scale layer on TP91 and VM12-SHC protects the material 

from sulfidation 

2. TP347-HFG and DMV304 HCu had Cr depleted 

Material DMV310N is considered 

the best corrosion resistance with 

a little mass addition and oxide 

scale formation compared to other 

samples 

[51] 1. Crack founded on HAZ in T91 

2. Crack propagated from the inner to the outer 

side of the tube 

3. Crack initiated on coarse grain and ended on 

the fine grain of HAZ 

4. High hardness on HAZ 

5. The unstable microstructure on HAZ 

1. High hardness and unstable microstructure make material prone to 

crack, especially intergranular crack 

2. There is an indication that PWHT was performed poorly 

The tube failure caused by poor 

PWHT 

[52] 1. Severe thinning on the damaged area of the 

tube 

2. The inner wall of the tube developed an oxide 

layer. 

3. Carbon is rarely founded on the damaged 

area of the tube 

1. The oxide layer inhibits heat transfer from the system to the tube and 

increases the oxidation rate 

2. Oxidation and oxide layer contributes to the thinning of the tube, 

which then caused a failure of the tube 

3. Lack of carbon is a characteristic of decarburization 

The tube failure caused by 

excessive oxide layer formation 

[53] 1. Crack founded around the spot weld area 

2. Transgranular crack 

3. The crack begins at 5 hours and propagated 

until 10 hours on ASTM G 36 test 

4. Slip between the base metal and fusion zone 

on LBW sample 

5. σ and delta ferrite (δ) on the grain boundary 

of the tube (MIG sample) 

1. Transgranular and branched-crack are characteristic of SCC chlorine-

induced on austenitic steel in a chlorine environment 

2. Austenitic steel is prone to SCC chlorine-induced due to residual 

stress on the material and ion Cl- 

3. Slip-on LBW sample indicates plastic strain on the material 

4. Slip formed due to the rapid cooling rate on the welding process 

5. σ and delta ferrite (δ) on the grain boundary of the MIG sample 

inhibits tube and weld fusion 

The tube underwent SCC 
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[54] 1. Delta ferrite (δ) and carbides on HAZ grain 

boundary 

2. Delta ferrite (δ) mostly founded on the fusion 

zone, then decrease as it got further from the 

fusion zone 

3. The Fusion zone has the best polar resistance 

compared to the base metal and HAZ 

4. There is a potential difference between base 

metal, fusion zone, and HAZ 

5. The fusion zone has a harder surface than the 

HAZ. 

6. The higher the weld current, the lower the 

residual stress, also widen peak width 

7. Higher weld pass reduce residual stress 

8. Higher gas flow rate increases ferrite content 

on HAZ and fusion zone  

1. Carbide on grain boundary can initiate a crack 

2. The high temperature of welding can stimulate delta ferrite (δ) 

formation 

3. The potential difference between base metal, fusion zone, and HAZ 

indicates galvanic coupling on the three zones mentioned before 

4. Corrosion resistance increase with more ferrite on the fusion zone 

5. The hardness of the fusion zone caused by carbide formation and 

intermetallic compound, which leads to no-slip formed on the grain 

boundary 

6. Higher weld current causing plastic deformation 

7. Compressive stress increase corrosion resistance while residual stress 

reduces corrosion resistance 

8. Higher content of ferrite on HAZ reduce galvanic coupling and 

increase corrosion resistance 

 

[55] 1. Delta ferrite (δ) not founded on 

microstructure 

2. Corrosion product contains copper, Fe, Cr, 

Ni, Mn, and negative ion 

3. Crack formed on transgranular and 

intergranular  

4. Material DSS 2205 has better corrosion 

resistance than SS304 

1. The protective layer of SS304 weakened on high temperature 

2. Ion Cu corroded the tube and formed pit corrosion 

3. Pit corrosion becomes a stress concentrator and can initiate a crack 

4. Austinite and ferrite phase on DSS 2205 makes the material more 

resistant to corrosion 

The tube underwent stress 

corrosion cracking 

[56] 1. Most of the cracks occurred on non-carbon 

coated area 

1. Carbon can minimize intergranular crack by inhibiting the movement 

of grain boundary 

2. Uniform and rapid corrosion prevent localized strain, which can 

initiate a crack 

The carbon layer can minimize 

the possibility of crack formation 

[57] 1. Fractography shows one sign of tensile 

fracture 

2. There is secondary cracking on 24 hours 

hydrogen charged and strained-sample 

3. Secondary crack reduce on 24 hours 

hydrogen charged and strained plus 24 hours 

electro pulsed-sample 

4. Electropulsing reduce the amount of 

hydrogen in material 

1. Secondary crack indicates that material become more prone to stress 

corrosion cracking 

Electropulsing can reduce 

proneness of material to hydrogen 

induced-stress corrosion cracking 

[58] 1. The failure mode was a typical narrow open 

burst with longitudinal cracking, and the 

failure zone appeared to be expanding the 

circle of the tube. 

2. Ferrite, martensite, and linked creep cavities 

are present in the microstructures, resulting in 

microcracks. 

1. This shows the tube had experienced observable creep deformation. 

2. Austenite transformed into martensite 

3.  This tube sample's high hardness of more than 300 Hv results from 

the transformation of hard phase martensite. 

The tube had failed because of 

substantial creep damage 

produced on by operating at high 

metal temperature. 
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3. The hardness was 319 HV on the failure 

position, 315 HV across from the failure, and 

312 HV away from the failure area, 

respectively. 
[59] 1. Detecting oxide scale both internally and 

externally (0.5 mm) 

2. The tube's bulging (increasing diameter) is 

obviously 

3. Observing no signs of active corrosion on the 

tube's internal and external surfaces. 

4. Recognizing window rupture as a form of 

tube rupture 

5. The hardness of the ruptured tube is 260 HV 

1. The hardness value is higher than what is advised for this grade of 

steel. 

2. Hardness measurements showed that the ruptured tube's phase 

transformation was inevitable. 

3. The failure caused by creep was not possible because there were no 

indications or reports of the unit operating above normal temperature 

and pressure for an extended period of time. 

4. Short-term overheating occurred at the time of shutdown due to a 

blockage in the steam flow through the superheater tubes. This caused 

the products to change into bainite, martensite, or a combination of the 

two, which was followed by the tube's hardness increasing and its 

thermal resistance noticeably decreasing. Another indication of the 

relatively high hardness of the ruptured bending area was the unique 

form of rupture (window rupture). 

Failures of the superheater tubes 

were caused by momentary 

overheating after rapid tube 

cooling. 

[60] 1. A thin-lipped ruptured at a failed region 

2. The wall of the tube has been thinning and 

the tube's thickness has decreased unevenly at 

its fireside. 

3. Niobium carbide and chromium-rich particles 

are found to be dispersed. 

4. According to the EDS results, these particles 

have a chemical make-up that is similar to 

that of sigma-phase particles, which is FeCr. 

5. Vanadium, sulfur, and sodium have all been 

collected during the procedure. 

6. Carbides coagulated and grew continuously 

at the grain boundaries on both the inside and 

outside of the tube. 

7. After a short distance from both surfaces, the 

hardness decreases and stabilizes at mid-wall 

locations. 

1. Scale continuously Low-grade used fuel contributes to wall thickness 

formation and reduction. 

2. Poor and incomplete fuel combustion conditions were linked to 

sodium, sulfur, and vanadium, which started hot corrosion. 

3. The buildup of scales with a lower thermal conductivity raises the 

temperature of the metal and quickens the process of corrosion and 

oxidation. 

4. The occurrence of grain boundary carbides during operation may 

indicate high operating temperatures and instances of overheating. 

5. The decrease in hardness values indicates carburization on both 

surfaces of a tube. 

Fireside corrosion of the tube 

during the service was the 

primary contributing factor to 

failure. 

[88] 1. Boiler was built in 2011 and has boiler tube 

failure under 5 years of operating. 

2. Measured crack by corrossion up to 290 mm. 

3. The crack was decarburized in the form of 

ferritic and damage area type of intergranular 

cracking. 

4. Corrossion occured at the grain boundary 

cracks. 

1. Below standard quality materials and triggered by poor quality feed 

water worsened corrosion. 

2. Methane gas was found on the inner tube by high content of sodium 

and silica. 

3. The damage from poor feed water corrossion drastically decreased the 

HRV value from 179 HRV to 112 HRV. 

4. The reaction corrossion followed: 

Fe + 2HCl = FeCl2 + 2H 

Below standard quality and the 

use of poor quality feed water 

lower the lifetime of the tube 

faster. This can affected the 

economy of the boiler. 
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Iron raeacted with hydroxyl and form sodium ferrate and hydrogen 

become: 

Fe + 2NaOH = Na2FeO3 + 2H 

Then, the small hydrogen atom diffuses into the metal, reacted with 

iron carbide and form methane: 

4H +Fe3C = CH4 + 3Fe 

 



 
ISSN  2477-6041  articles xxxxx, pp.xx – xx,2023  

 

https://rekayasamesin.ub.ac.id/  

DOI: xxxxxxxxxx 

 

Copyright: © 2023 by the authors.   

639 

 

 

 

Vol. 15. No.2 

The creep damage on the boiler tube is measured by calculating the fraction of time between 

service time and time to rupture accumulated from previous reports [3]. Data sources for 

rupture time in this study include reports on the failed reheater [10] and superheater [4] tubes 

at Kapar Power Station Malaysia. In this work, the rupture time is also determined using a 

diagram of the Larsen-Miller parameter for annealed material 2.25Cr-1Mo steel with stress 

variation to rupture (ASTM) [5]. The collected data and microscopic examination of the 

cases confirmed that the failed tube had experienced elevated temperatures or overheating 

due to scale buildup. They also agree with the estimations obtained by the simulations. 

Another study from Kalu et. al. [89] also used finite element analysis to assess existing boiler 

failures due to localized thinning from erosion on the tube exterior. In this study, several 

heat-resistant seamless steel boiler tubes obtained from industries that failed owing to 

localized erosion are used in good faith [89], [90]. The four main classes of tube materials are 

carbon steel, medium carbon steel, carbon-molybdenum alloy steel (C-1/4Mo and C-1/2Mo), 

and chromium-molybdenum alloy steel (1Cr-1/2Mo), which are categorized according to 

their chemical composition. Tensile strengths are calculated using design standards [91]–[98]. 

The dependence of tensile strength on temperature is quantified with two methods, both are 

based on the API-ASME fitness-for-service (FFS) standard [99], using analytical equations 

and API STD 530 approach. From BS 3059: Part 2, Appendix C, we can determine the 

Young's modulus and the coefficient of thermal expansion with respect to temperature 

change [100]. The study also uses the Material Properties Council (MPC) stress-strain curve 

model from API-ASME FFS for a realistic workhardening curve utilizing only information 

from the material datasheets. The engineering data for the multilinear isotropic hardening 

toolbox of the static structural analysis in ANSYS® is input using the coded curve from 

MATLAB®. In order to accurately model the real localized thinned tubes and conduct 

nonlinear finite element analysis (NLFEA) and parametric analyses, geometry functions 

from the modeled tubes were used [101]–[103]. An offset eclipse is swept to generate the flaws 

on the boiler tube model. There are 3 models of flaw used in this study: u-shaped (scoop), n-

shaped (saddle), and flat. Results from finite element analysis show that the maximum Von 

Mises stress and equivalent plastic strain are found at the minimum wall thickness on the 

flaw of each boiler tubes. The plastic strain on the flawed tubes remains close to zero in the 

interval of tr (remaining thickness) = 0.7 tmin up to tmin(minimum thickness based on 

allowable stress). Results obtained from Fitness for Service assessment also show that most 

of the tubes are fit for service for tr = 0,7 tmin to tmin. This is concluded by plotting the load 

factor, which is the ratio of the plastic collapse pressure, Ppc to the operating pressure, P 

against normalized tube thickness (tr/tmin). The highest load factor required by the 

requirements for the majority of tubes is 2.7 for tr = 0,7 tmin to tmin.  

The failure of C-Mn steel water wall tubes in a radiant natural circulation drum boiler is the 

subject of another case study by Assefinejad, et al. [104]. An investigation is carried out by 

visual inspections, identification of oxide/deposit layer, and microstructural imaging. results 

indicate caustic gouging accelerated creep which is caused by concentrated sodium 

hydroxide dissolving (fluxes) the protective magnetite layer [105] and acid phosphate 

corrosion [106]. 

A prior study [107] that looked at the boiler tube failure in more detail came to the conclusion 

that the failure was brought on by corrosion and fatigue damage on the upper side surface of 

the water tank and boiler intake. Water and saturated vapor immediately evaporate in the 
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event that a boiler fractures due to internal pressure and a manufacturing error [108], [109]. Due 

to the possibility of aberrant grain growth and hardness softening from the high temperature 

during extended usage in boiler operating conditions, the material deterioration must be 

monitored more frequently for failure  [110]. Pitting and brittle fatigue cracks were present 

with the corrosion, which caused the tank's thickness to decrease and eventually burst. From 

the experiment the product of corrosion mainly in the form of silica deposit that can be used 

as material fillers[111]. 

In a study by Haghighat-Shishavan et al. [112], an examination of an ASTM A213-T12 

superheater tube structure is conducted on the microscopic and macroscopic levels, and the 

workpiece's hardness is measured along its rupture line. Visual checks revealed that the metal 

deformation was most severe in the thinnest region. The presence of creep at the workpiece 

can also be demonstrated by longitude grains and voids at high-energy locations like grain 

borders [113], [114]. It has been determined that a few elements related to the external 

circumstances of the superheater pipe caused the destruction. 

It was noted once more that the heat-affected areas had lower hardness values. 

Metallographic analyses revealed that the heat-affected section of the tube had more voids 

and cavities. The Larson-Miller parameter and hardness have a relationship of hardness 

(HV)= 595.453-0.012603 [115]. By combining creep voids and their huge expansion, creep 

mechanisms can produce rupture by creating cracks  [116]. Additionally, the loop stress (H), 

produced by creep, causes stress concentration at specific spots and speeds up rupture, which 

is denoted by the equation = P (r h/2)/h [32]. The creep mechanism becomes activated with 

the increase in temperature, leading to the rupture of the superheater tube [113], [117].  

The corrosion products at the sample's inner and exterior surfaces from the ruptured location 

were examined using XRD analysis. It has been noted that the pattern shows that the causes 

of failure are external to the tube and not internal. A protective layer of chromium on the 

exterior surface can be destroyed by corrosion products like SO4 and VO4, which can also 

generate sediments containing chromium. High chromium concentration proved to increase 

the material durability to the corrosion under carbon burning[118]. The alloy's durability may 

suffer as a result [119]. The formation of chromium compounds and the tube's corrosion is 

caused by reduction-induced corrosion [119], [120], which happens in an oxygen-poor 

environment. Burning carbon and sulfur releases SO2 and CO into the air, which, at high 

enough temperatures, dissolve chromium oxide into sediments Cr2(S04)3, reducing the 

tube's structural integrity. Additionally, molybdenum in the tube alloy can generate 

CaMoO4, which reduces the stability of structures at high temperatures by decomposing 

molybdenum [121].  

5. CONCLUSIONS 

The boiler is an essential mechanical system that is used in a wide range of applications from 

a chemical company, oil-gas company, nuclear and electric power plants, sewage, and waste-

recycle plants. As the primary heat system that supplies energy resources, the failure and 

degradation of the efficiency of the boiler components focusing on boiler tubes may result 

in a huge loss of productivity and company power. The failure can be catastrophic and lead 

to human injury and fatalities. The failure is formed as overheat, creep, stress corrosion, 

cracking, erosion, oxidation, and post-weld heat treatment (PWHT). These may be caused 

by weld defects, uncontrollable vibrations, salt deposition that lead to corrosion, scaling, 

fouling, and natural disaster. To prevent failure resources, several solutions were suggested 

for designers and engineers to build structures, such as good safety factors design, have 

proper lifetime maintenance, and strictness to increase cost-efficiency and cost-

effectiveness. Moreover, on the human side, continuous improvement applied to all 
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employees, enough substantial work training, follow the rule of operation procedures are 

non-negotiable. For all these factors, we present a review that summarized the previous 

works into a compact and one-pot study. This may help engineers, researchers, and stake-

holder to build a boiler system that has good standards.   
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