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Abstract— There are many problems associated with the boiler tubes such as formation of cracks, deposition of oxide 

layers on the inner side of boiler tube and formation of stresses such as residual stress, transient thermal stress. These 

problems should be investigated in order to maintain the boiler performance in an efficient way. The fracture analysis of 

weld overlay coating on the fireside of boiler tube is done in order to investigate the cracks in the tube by using the 

parameter stress intensity factor. During the welding process residual stresses are developed in the material which leads to 

distortion of structure that result in the failure of the boiler tube so the experimental study is done in which AACHD 

technique is used to measure the residual stresses and Global PWHT is used to reduce these residual stresses. In the case 

study of failed boiler tubes result shows that, due to the formation of oxide layers overheating of tube increases which 

leads to decrease in hardness of boiler tube and then failure occurs. 
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I. INTRODUCTION 
 

Boiler tubes are generally used in power generation plants often work under high pressure and temperature which can 

cause them to become weakened by fireside corrosion and erosion and then failed. Therefore the weld over lay coating is 

applied on the fireside of boiler tube in order to provide the resistance to corrosion and erosion. The soot blowing 

operation is carried out to improve the efficiency of coal fired boiler tubes which produces transient thermal stresses on 

boiler tubes. During welding, residual stresses are developed, then it becomes essential to understand and investigate the 

welding residual stresses in order to accurately characterize the fracture behaviour of circumferentially cracked weld 

overlay coating. The photograph of small section of boiler tube water wall panel with overlay cladding [2] is shown in 

Figure 1. 

 
Figure 1. Cross-section of boiler tube water wall panel with weld overlay cladding [2] 

 

Overlay coating metals used for corrosion protection are austenitic stainless steel to form protective cladding. During 

welding, a moving heat source not only melts the coating metal but also gives additional heating to the base metal structure 

and mixing of alloy with filler metal takes place. Thermal gradient causes by the moving heat source, causes the distortion 

of the boiler tube structure. As the weld metal solidifies, large residual stresses develop due to the thermal gradient and 

mismatch in the material properties between the cladding and the base alloy. e.g. the yield stress of 309S, austenitic 

stainless steel cladding alloy has room temperature yield stress =  160 MPa, while yield stress for boiler tubes = 200 MPa. 

Stress intensity factor is one of the parameter that is calculated in fracture mechanics to accurately predict the stress state 

near tip of crack caused by an applied loading. ANSYS is used as a pre-processor to generate FEA models and FRAC3D 

software is used to compute stress intensity factor. 
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 The fracture analysis of boiler tubes is performed in three steps. The first step is determination of stress intensity factor 

due to residual stresses by welding. The second step is determination of stress intensity factor due to steady state thermal 

stresses and the last step is determination of stress intensity factor due to transient thermal stresses. The addition of these 

three stress intensity factors could be used to find the maximum stress intensity factor which boiler tube experiences. 

 

In an Experimental study [3], investigation of residual stresses in boiler tube to tube sheet welds is carried out and post 

weld heat treatment is carried out to relieve these stresses. The tests were carried out in the centre of the weld. The limited 

number of residual stress measurement tests were carried out before and after PWHT using air abrasive centre whole 

drilling (AACHD) technique. The investigation showed that fabrication induced residual stresses of order of 295 MPa 

existed in tube to tube sheet weld, in the circumferential weld direction is significantly reduced to 81 MPa by PWHT 

technique. 

 

Estimation of temperature, hardness, oxide scale may be used to find out the remnant life of the component which gives 

the advance warning of failure. Port & Henrro (1991) reported that almost 90% of failures caused by long-term 

overheating in superheaters and repeaters and wall tubes. This overheating is due to the formation of deposits. The steam 

layers and scales insulate the metal from the cooling effects of steam which results in reduction in heat transfer in to steam 

and increasing of metal temperature.   

 

Problems Associated With Boiler Tubes 

Soot blowing operation is carried out on boiler tube in order to increase the efficiency of boiler tube but due to this, 

transient thermal stresses are developed in the tubes which causes crack in the weld overlay coating of boiler tubes. As the 

weld overlay is applied on the boiler tube, residual stresses are developed in the cladding which also causes the cracking 

and during the application of weld overlay cladding distortion occurs in structure. Due to working for prolong period of 

time, oxide scales are formed inside the tube which results in overheating of boiler tube and causes the failure of boiler 

tube. 

 

II. TECHNIQUES TO INVESTIGATE ABOVE PROBLEMS 
 

A. Investigation of cracks in weld overlay coating by fracture analysis -  

Thermal Analysis: The maximum temperature of 400°C is reduced to 350°C on the fireside of boiler tube in order to 

simulate the soot blowing operation which causes the transient thermal stresses in the boiler tube structure. The five 

different axial crack spacing values are considered for calculations which are h = 2 mm, 4 mm, 6 mm, 10 mm, 20 mm. The 

measured dimensions of 2D-boiler tube cross section are shown in Figure 2. 

 
 

Figure 2. 2D cross section of the weld overlay coated boiler tube geometry utilized in the FEA computations (dimensions 

are in millimetre) [1] 

 

The steady state and transient thermal analysis on circumferentially cracked weld overlay coatings are performed using 

ANSYS. Half of the boiler tube geometry was modelled considering symmetric boundary condition. Temperature 

distribution of h = 20 mm model at steady state is shown in Figure 3.  
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Figure 3. Temperature distribution (in °C) of h = 20 mm model at 

Steady state [1] 

The constant temperature is applied on fireside as well as waterside of boiler tube and convective boundary conditions 

were defined on the ambient side, which is free convection, to simulate steady state thermal condition. Waterwall 

temperature is kept constant at 370°C and fireside temperature is reduced from 400°C to 350°C in 100 sec to represent 

soot blowing operation which is used to calculate maximum transient thermal stresses in boiler tube structure. Thermal 

stress is introduced in body that has a gradient in temperature. The high temperature region generally produces a large 

thermal expansion than region of low temperature. Therefore warmer side of boiler tube is in compression and cooler side 

is in tension in steady state thermal analysis. In soot blowing operation, temperature of fireside decreases to lower value 

and because of temperature gradient, more severe thermal stresses are developed. The temperature of fireside starts to 

decrease because of soot blowing operation and compression in fireside becomes tension. 

 

Fracture Analysis: The results from the analysis in FRAC3D software are studied which are shown in Figure 6 and 7. 

Stress Intensity Factor (SIF) parameter is required to investigate cracks using FRAC3D software. Therefore the first step 

in fracture analysis is calculation of SIF due to welding residual stresses which is yield strength of material. The uniform 

stress of 160 MPa is applied as a residual stress only on circumferentially cracked surface of weld overlay coated boiler 

tube geometry to calculate SIF due to welding residual stresses. This stress is tensile in nature, so it generates positive SIF. 

As the fireside is in compression and at steady state thermal condition and crack surfaces are closed, the values computed 

for steady state condition are very small negative values around zero. So they can be treated as zero. In the last step, SIF 

due to transient thermal stresses is calculated and total SIF is addition of SIF due to residual stresses and SIF due to 

Transient thermal stresses. The results are shown in Figure 6 and 7. 

 

B. Experimental Study of measurement of residual stresses and their alleviation- 

The main cause of failure in the vicinity of tube to tube-sheet interface, is formation of residual stresses. For the 

measurement of residual stress following method is used. 

 

1. Residual Stress measurement: The air abrasive centre whole drilling (AACHD) method is used for the 

measurement of residual stresses in the tube to tube-sheet weld. This AACHD technique relies on the fact that if small 

hole is formed in the stressed component, the material surrounding the hole must carry the stresses which were carried by 

the material removed, as the whole itself can carry no stress. Result of this is the material surrounding the hole deforms 

slightly due to increase in the stress. This small deformation is measured by using strain gauges. The AACHD technique 

employs an air plus aluminium oxide (alumina) powder stream to form the hole into the material. Figure 4 shows the 

AACHD whole formation and the effects of offset and tilt. 

 

 

IAETSD JOURNAL FOR ADVANCED RESEARCH IN APPLIED SCIENCES

VOLUME 4, ISSUE 7, DEC/2017

ISSN NO: 2394-8442

http://iaetsdjaras.org/53



 

 

 

 

 
Figure 4. The AACHD whole formation and the effects of offset and tilt [3] 

 

2. Stress profile and associated hole drilling positions: Three series of three holes each were drilled at 30°, 240° and 

315° from start/stop position. After plotting the data points, a single test was carried out at 90°from start/stop position. 

Figure 5 shows the results for circumferential stress profile. The maximum principal residual stresses were approximately 

570 MPa and minimum principal stresses were approximately 298 MPa in the centre weld of the test rig. The maximum 

principal stress occurs at the 2.5 mm from the outer edge of the tube. The common thing is, maxima and minima of 

principal stress profile occur at 90° and 270° from weld stop/start position. 

 

3. Heat treatment: The Global and local heat treatments are carried out and AACHD measurements of residual 

stresses are taken before and after heat treatment. Global Heat treatment: To test the effect of global heat treatment, the 

test rig was heat treated in a furnace. After the heat treatment residual stresses are measured at 90° from the weld 

start/stop position before and after the heat treatment. Local Heat Treatment: A new technique, developed by a GGT 

heat treatment, Africa (pty) Ltd, employs 1000 w radiant light source to heat the surface of material. The temperature was 

measured by thermocouple and controlled by supply voltage. The effects of heat treatment were seen by measuring 

stresses before and after the application of that treatment. 

 

c. Case study of failed boiler tubes -  

Two failed relater (case 1) and superheater (case 2) tubes are studied with the help of numerical simulations. The geometry 

of as received boiler tubes is as shown in the table given below.  

Table No.1 [4] 

Case Inner Radius   

(m) 

Tube Thickness 

(mm) 

Service time (h) Scale thickness 

(mm) 

Date of failure 

 

1 0.0219 3.5 117,522 0.58 10/10/2003 

2 0.0163 4.0 115,494 0.2 4/08/2003 

 

 
Figure 5. Graphical representation of the principal stresses as a function of test position from the weld stop/start position 

in degrees [3] 
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1. Estimation of temperature, Scale thickness and Hardness: Estimation of average temperature in oxide scale 

is a function of time and scale thickness. The equation for oxide scale thickness is written as, 

 

Log    0.00022P  7.25      (1) 

 

Where X is scale thickness in mm. In the Larson–Miller method, time and temperature are related by the following 

equation, 

 

P          (2) 

 

Where, P is the Larson–Miller parameter, T is the absolute temperature in degree Celsius t is the service time in hours, C is 

a constant equal to 20. The relation between Hardness (HV) and Larson–Miller parameter is expressed as, 

 

Hardness (HV)       (3) 

 

The steps of time as shown in table 3 are used in the iterative procedures used to determine scale thickness and hardness 

of the tube as a function of time and temperature are as follows, 

 

Procedure 1: 

In the initial step i = 1, in the absence of oxide scale ( ) the average temperature  is the temperature on the inner 

side of tube and the average temperature  is determined from average of the temperatures on the inner and outer 

surfaces of tube. Equations (1) and (2) are used to calculate the scale thickness of  for the service hours of 1 h and the 

scale thickness of  for the service hours of 250 h using . The increase in scale thickness is calculated as, 

 and new scale thickness is . Equations (2) and (3) with  are used to determine 

the hardness of  for the service hours of 1 h and the hardness of  for the service hours of 250 h. Hardness Hi is 

equal to . 

 

Procedure 2: 

Set i = i + 1. The average temperatures and  are then determined from the numerical modelling with the 

new scale thickness on the inner surface.  Is obtained from the average of the temperatures on inner surface 

temperature and at the scale/metal interface is then used to calculate the incremental thickness of scale from 250 to 500 h. 

P is calculated using equation (2) for service hours of 250 h and 500 h and their respective  are calculated by 

equation (1). The related increment in scale thickness is  which is added to previous  to calculate new . The 

average temperature  obtained from the average of the temperatures at scale/metal interface and on the outer 

surface is then used to calculate the hardness of the tube metal for service hours of 250 h and 500 h using equations (2) 

and (3). For service hours 250 h and 500 h, P is calculated from equation (2) and their respective hardness are calculated 

from equation (3). Repeat the procedure 2 for all steps shown in table 2. 

Table No. 2 [4] Steps of time used in iterative procedure 

Steps Hours Steps Hours 

1 250 7 20,000 

2 500 8 40,000 

3 1000 9 60,000 

4 2500 10 80,000 

5 5000 11 100,000 

6 10,000 12 120,000 
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2. Case study: The actual data of the available reports on the failed reheated and superheater tubes at Kapar Power 

Station Malaysia are used for the case studies. Detailed descriptions of the failed tubes are as follows: Operating steam 

temperature of the reheated and superheater tubes are 576°C and 540°C respectively. The average  operating steam 

pressures in Case 1 and Case 2 are 40 bar (4.0 MPa) and 100 bar (10 MPa) respectively. The average flue gas temperatures 

were reported at around 800°C for the reheated tube and 850°C for the superheater tube. 

 

III. RESULT AND DISCUSSION 
 

1. SIF for five different axial crack spacing values are computed under applied welding stresses. Even though the 

applied stress and crack size (0.64 mm crack depth and 7.2 mm width) are same for all the five models, decreasing crack 

spacing results in reduction in magnitudes of K (SIF) values as shown in Figure 6. The largest crack spacing, h = 20 mm 

has largest value of SIF but SIF values are not sensitive to axial crack spacing above a certain axial crack spacing which is 

shown in Figure 6.   

 
Figure 6. K1 values due to residual stresses caused by welding residual stresses [1] 

 

In transient thermal stress analysis, it is seen that SIF values become smaller as the crack spacing distance become smaller. 

The computation results for only h = 20 mm axial crack spacing distance are shown in Figure 7 because other models 

exhibits same results. Therefore maximum SIF can be calculated as , which results in approximately 12 

MPa  from Figure 6 and 7. The calculated maximum stress intensity factor is much smaller than the SIF of weld 

overlay coating material (fracture toughness value, = 120 MPa ) which gives the results as, the failure is not in 

tearing mode but it is fatigue crack growth problem. 

 

 
Figure 7. Transient stress intensity factors for Axial crack spacing, h = 20 mm [1] 
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2. Heat treatment Result: 

Table No. 3 [3] 

Description of PWHT and test position Stress before 

PWHT 

 (MPa) 

Stress after 

PWHT 

 (MPa) 

Change in  

(%) 

Global PWHT 

90 ° from stop/start to centre tube 

424 112 -74 

Local PWHT 

90 ° from stop/start to centre tube 

90 ° from stop/start to adjacent tube 

 

553 

292 

 

788 

381 

 

42 

30 

 

The results of global heat treatment and local heat treatment are shown in the table 3. After the global heat treatment, the 

residual stresses are decreased by 75% but in local heat treatment, the results were different. The residual stresses increased 

by 30 to 40%. Preliminary finite element modelling of this post weld heat treatment confirms these results and indicated 

that, high levels of expansion induced plasticity caused by the heating element in centre tube this preliminary modelling 

also indicated that, fine control and extremely high and responsive heating rates which can be carried by local heating 

technique which implement temperature profiles that an successfully reduce the residual stresses associated with welding.   

 

3. In order to find the life of component following formula is used, 

 

            (4) 

 

Where,  is the service time and is the time to rupture. Rupture time is calculated from Larsen–Miller parameter with 

stress variation to rupture of annealed material 2.25Cr–1Mo steel (ASTM) (Smith, 1971) and it is shown that Larsen–Miller 

parameter for case 1 and case 2 are 39,900 and 37,800 respectively. The estimated life for the tubes in Case 1 and Case 2 

are determined in the form of the cumulative creep damage and if the total of the fractional damages is greater or equal to 

1, the failure is predicted to occur. From Figure 8 it is seen that estimated life of both cases are around 6-15% higher than 

that of actual data. The computed oxide scale thickness also matches with actual data which is shown in table 4. The 

relation between hardness values and average temperature for both cases which is shown in Figure 9 which gives the result 

as estimated hardness values of case 1 are lesser than that of case 2.  

 

 
Figure 8. The estimated cumulative creep damages [4] 
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Figure 9. The estimated hardness and avg. metal tube temperatures over period of time [4] 

 

Table No. 4 [4] Estimations for scale thickness for case 1 and case 2 

 

Case 1 (reheater tube) Case 2 (superheater tube) 

Service hours Scale Thickness 

(mm) 

Service hours Scale Thickness 

(mm) 

0 0.0000 0 0.0000 

250 0.0556 250 0.0229 

500 0.0736 500 0.0301 

1000 0.0965 1000 0.0392 

2500 0.1371 2500 0.0550 

5000 0.1783 5000 0.0707 

10,000 0.2315 10,000 0.0907 

20,000 0.3008 20,000 0.1163 

40,000 0.3916 40,000 0.1491 

60,000 0.4584 60,000 0.1728 

80,000 0.5133 80,000 0.1920 

100,000 0.5610 100,000 0.2085 

117,522 0.5982 117,522 0.2200 

 

IV. SUMMARY 
 

 During the application of weld overlay coating on the fireside of boiler tube, residual stresses are developed which 

is in tension and exhibiting positive stress intensity factor. In soot blowing operation, transient thermal stresses are 

introduced which are initially compression in nature which gives negative stress intensity factor. As the 

temperature of fireside starts decreasing, compression become tension which gives positive stress intensity factor. 

Total SIF calculated is used to investigate cracks in the boiler tube which is used to find out the remaining life of 

circumferentially cracked weld overlay coating. 
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 In the experimental Study of measurement of residual stresses, the residual stresses are measured with AACHD 

technique and global heat treatment is carried which reduces the residual stresses by 75%. 

 In the case study of failed reheated and superheated tubes, it is seen from that as the average temperature 

increases, the hardness value decreases. During the prolong working of these tubes, due to the overheating, oxide 

scales are formed inside the boiler tube. As the time goes on, oxide scale thickness increases and hardness value 

decreases. The insufficient mass flow rate of steam into the tubes may cause increased metal temperature and scale 

formation. 
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