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ABSTRACT   

Thermal fatigue is an important aspect in assessing the structural integrity issues of bimetallic welds. 
Thermal fatigue is the process of progressive, localized, and permanent structural change/damage that occurs when a 
material is subjected to cyclic thermal changes that may culminate in cracks or complete fracture after a sufficient 
number of thermal fluctuations. The primary heat transport piping system in nuclear reactors plays a critical and 
indispensable role. The usual heat-up and cool down cycles take place in these parts. Any failure of this system can 
lead to major consequences, not only huge monetary losses resulting from non utilization of the reactor setup, but 
also immensely valuable and irreparable loss of human life.  Bimetallic welds (BMW) have been a necessity within 
the pressurized water reactor (PWR) and boiling water reactor (BWR) designs, where the heavy section low alloy 
steel components are usually connected to stainless steel (SS) primary piping systems.   

INTRODUCTION     

The usual heat-up and cool down cycles further impose thermal strain on the BMW having SS as filler 
metal because the thermal expansion coefficients for SS is about 30% higher than that for ferritic steel. The carbon-
depleted soft zone in ferritic steel is restrained by the harder and stronger carbon enriched zone in Stainless Steel 
butter material likely that could introduce a complex stress state at the weld interface. Thus the mismatch of the 
thermal expansion coefficients and possibly carbon migration are likely to shorten the fatigue life of a BMW having 
SS as a filler metal.  

The use of nickel-based alloy as a filler metal has a less adverse effect on the fatigue life of a BMW 
because of reduced carbon migration and significantly smaller mismatch in the thermal expansion coefficients 
between the filler metal and the vessel nozzle material. Carbon migration in a nickel based weld metal has been 
found much smaller than that in the SS weld metal. In addition, the coefficient of thermal expansion for nickel based 
alloy, which is sometimes used for buttering, is about the same as that for the ferritic steel. However, there is a 
significant mismatch in the thermal expansion coefficients between the nickel based filler metal and the Stainless 
Steel piping.   

The concern and interest in the integrity of the dissimilar welds since the cracking incidence occurred 
when around in 1980, the first case of thermal fatigue cracking in austenitic piping in Swedish BWRs appeared. 
They were found in T-pieces in the primary systems downstream where water of different temperatures was mixed. 
There are 3-4 locations in reactor where the temperature difference is 100ºC and above. Most of the Swedish BWRs 
have experienced thermal fatigue in one or more of those locations. In 1990 a leak was developed from thermal 
fatigue in a component that was replaced in 1985 for the same reasons. For integrity analysis of the dissimilar weld 
metal, it is important to have enough analysis for the same. The growth and arrest of cracks due to repeated thermal 
shock loading is of interest in industrial applications where predictions will allow decisions to be made on the 
necessity of planned inspections and component replacements. Various researchers have analysed on thermal fatigue 
by various methods and derived the solution, but on bimetallic welds much work is still to be done.    

An austenitic steel component is fused to a ferritic steel component with a filler alloy specifically formulated to have 
a thermal coefficient of expansion similar to that of the ferritic steel.   

The following fig.1 as shown below represents the basic concept of bimetallic welds between SA 508 and AISI 304.      
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Fig.1: Bimetallic austenite ferrite weld 
           Configuration employing a buttering layer (BU).  

THERMAL FATIGUE  

Various researchers worked on different aspects of Thermal Fatigue, like prediction of crack growth due to thermal 
fatigue by giving different number of cycles and the way of heating and cooling methods were different. As thermal 
fatigue is a significant long term degradation mechanism in nuclear plant, in particular as plant gets older. K-J. 
Metzner et. al. initiated a THERFAT, a European project to analyze the thermal fatigue in tee-connections.              
E-Paffuni et al investigated and simulated crack growth data for tublar test pieces in a specially designed rig. B.B. 
Kerezsi et al., developed a rig for investigating crack growth by thermal fatigue which is shown as below and  the 
work of others researchers is summarized in table as given below:-:- 

 

Fig 2; Testing Rig Setup, B.  B. Kerezsi et. al., [6]. 

S.No.                         Author Work        Author Name 
1.  In piping as well as in RPV-nozzles and in surrounding parts of the cylindrical 

vessel shells, repeated cold water injections were observed leading to crack 
initiation and subcritical crack growth. In the framework of the German Reactor 
Safety Research Programme, cyclic thermal shock tests were carried out at the 
RPV of the decommissioned HDR (Heissdampfreaktor) near Frankfurt applying 
extremely conservative temperature transients. The crack propagation under 
access of oxygenated pressurized water was evaluated by fracture mechanics 
methods. The subsequent thermal shock stressing (1200 cycles) under similar 
parameters was analysed, with respect to the weld repair." 

[1] K. Kussmaul, et. al.  
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2. A summary of the existence of pipe cracking in Finnish BWR plants was 
presented covering both thermal fatigue and IGSCC cases. Countermeasures 
against cracking were evaluated and the measures applied were summarized. 
Also the results of a research program to monitor ageing of the weld heat 
affected zones in a pipeline section of a shut-down cooling system were 
summarized. 

[2] J. Hakala, et. al.  

3. The pressurized thermal shock experiment NKS-3, of MPA Stuttgart (a large, 
cracked, hollow cylinder exposed to sudden cooling in presence of mechanical 
loads), was analyzed by means of a local approach of ductile fracture based on 
Roussefier damage model. This model was calibrated by simple tests on 
cylindrical notched tension specimens. The crack growth was calculated from 
the stresses and the damage variable computed by a finite element program. The 
experimental and numerical results are in a good agreement. In parallel, a 
development of the model in the frame of ABAQUS finite element program had 
been described, using the Gurson formulation of the plastic potential which is 
very similar to the Rousselier formulation. 

[3] M. Bethmont, et. 
al.  

4. A test method for performing uniaxial low-cycle thermal fatigue tests on metals 
was described. The test facility consists of an ohmic heating system built in a 
closed loop material testing machine. The used hollow, hourglass-shaped, 
tubular specimens were subjected to constant linear heating and cooling rates in 
a temperature range of a fixed minimum temperature (200 o C) and a variable 
maximum temperature (550 to 750 a C) in air atmosphere. The specimens were 
constrained at mean temperature and the test starts tension going towards the 
minimum temperature. Total mechanical strain amplitudes between 0.4 and 
1.4% are evaluated by applying a strain measuring system that allowed direct 
recording of mechanical strain by eliminating the thermal component from the 
measurable net strain.  

[4] C. Petersen, G.H.  
      Rubiolo, et. al.  

5. This paper dealt with initiation and growth of cracks produced by thermal 
fatigue loadings on 316 L steel, which was a reference material for the first wall 
of the next fusion reactor ITER. Two types of facilities have been built. As for 
true components, thermal cycles have been repeatedly applied on the surface of 
the specimen. The first is mainly concerned with initiation, which was detected 
with a light microscope. The second allows one to determine the propagation of 
a single crack. Crack initiation is analyzed using the French RCC-MR code 
procedure, and the strain-controlled isothermal fatigue curves. To predict crack 
growth, a model previously proposed by Haigh and Skelton was applied.  

[5] A. Fissolo, et. al.  

6. An experimental rig developed for investigating crack growth in pressure 
vessels and piping equipment was described. It had the ability to apply a 
primary steady state mechanical load and to control the quenching environment 
allowing the study of the effect of welds and stress concentrators under 
conditions that simulate operational loadings. A comparison with prediction 
methods from the ASME Boiler and Pressure Vessel Code was made.  

[6] B.B. Kerezsi, et. al.  

7. A probabilistic framework was set up to assess the fatigue life of components of 
nuclear power plants. This paper presented the global methodology and details 
the statistical treatment of the fatigue specimen test data. A first analytical 
example shows that the reliability of a structure submitted to a periodic stress 
cycle S changes significantly with respect to the value of S, although the 
codified (deterministic) design criterion is equally fulfilled. A more 
comprehensive example involving a mechanical model of a pipe submitted to a 
deterministic inner temperature loading is finally analysed. The use of the first-
order reliability method (FORM) allows to compute the probability of failure as 
a function of the foreseen lifetime and to rank the input random variables 
according to their importance in response sensitivity. 

[7] B. Sudret, Z. 
Guede.  

8. In the present paper, cyclic stress evolution and fracture behavior of 316(N) 
weld metal and 316L (N)/316(N) weld joints are reported under strain controlled 
low cycle fatigue tests. Axial total-strain controlled tests have been conducted at 

[8] G.V. Prasad Reddy, 

 

      et. al.  
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temperatures 773, 823 and 873 K with strain amplitudes of ±0.4, ±0.6 and 
±1.0%.  

9. A finite element thermal stress analysis using a calibrated, elasto-plastic, 
combined kinematic isotropic cyclic hardening material model was presented. 
The distribution of transient stresses and strains in the specimens subjected to 
cyclic thermal shock, were used to predict the number of cycles to crack 
initiation with a fatigue curve that has been calibrated experimentally with data 
from equivalent specimens under pure mechanical fatigue.  

[9] K.G.F. Janssens, et.  
     al.  

10. In this paper the low cycle fatigue behaviour of thermally aged 316 stainless 
steel weld metal was presented. Weld pads with single V configuration were 
prepared by the shielded metal arc welding process using 316 electrodes. 
Thermal ageing was done for 10,000 h at 823 and 873 K. Total strain controlled 
low cycle fatigue tests were conducted at a constant strain rate of 3 _ 10_3 s_1 
with strain amplitudes in the range ±0.25% to ±0.6% at 823 and 873 K. Weld 
metal exhibited initial hardening followed by cyclic softening prior to failure.  

[10] Sunil Goyal,       
et. al.  

11. Investigated differences between uniaxial and thermal fatigue damage, tests 
have been carried out using the thermal fatigue devices SPLASH and FAT3D: a 
bi-dimensional (2D) loading condition is obtained in SPLASH and crack 
initiation is defined as the first 150-lm surface cracks, whereas a tri-dimensional 
(3D) loading condition is obtained in FAT3D and crack initiation refers to the 
first 2-mm surface crack.  

[11] A. Fissolo, et. al.  

12. A study of the fatigue behavior of 304L cylindrical specimens was carried out to 
analyze the respective roles of environment and strain rate, with the occurrence 
of dynamic strain aging. Thus, tests performed in both ambient air and vacuum, 
at 20 and 300°C under total axial strain control using a triangular waveform at 
strain amplitudes of ± 0.3 or ± 0.6% and at strain rates of 4 x 10-3, 1 x 10-4 or 1 
x 10-5 s-1. The cyclic stress strain response of this steel analyzed and SEM 
examinations of specimens surface were conducted.  

[12] Laurent De            
       Bagliona, et. al.  

13. This work  carried out to analyze cyclic deformation behavior during TMF and 
isothermal fatigue (IF) testing in air for two of the most commonly used grades 
of austenitic stainless tube and pipe (TP) steel, the non-stabilized TP 316L and 
the niobium-stabilized TP 347, under light water reactor relevant temperature 
conditions. Three types of tests, i.e. in-phase, out of- phase TMF in the 100 340 

C temperature range, and IF tests at the maximum temperature T max of TMF 
were performed. All the tests were carried out under total strain control, for two 
different mechanical strain amplitudes (Demech/2 = 0.3% and 0.5%). 

[13] Mageshwaran 
        Ramesh, et. al.  

 

CRACK GROWTH PREDICTION THROUGH S-N CURVE 

Thermal shock loading of operating pressure equipment is a common occurrence, particularly in thermal power 
stations. The tensile stresses that are produced at the surface of a heated component exposed to a rapid thermal down 
shock can be very high, particularly in the presence of stress concentrations such as an abrupt change in geometry. 
Repeated application of the thermal shocks may eventually lead to crack initiation and crack growth. In some cases 
these cracks lead to component failure while in other cases the cracks arrest at a harmless depth The ability to use 
current codes and standards to describe this type of crack growth is particularly desirable. Unfortunately, thermal 
shock is a very complex transient situation with highly non-linear stress distributions and environmental effects that 
are not well described by some codes. Various researchers worked on the above topic. They are summarized as 
below:-  

S.No.                         Author Work        Author Name  

1.   A progressive crack-tip strain approach to fatigue crack propagation was 
presented by the researcher. Local strain damage accumulation curve for crack 
initiation was used as a cyclic damage accumulation

 

and fracture criterion 

[14] Yasubumi Furuya 
   & Heihachi Shimadas. 
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in the heavily deformed region. just adjacent to the crack-tip. The changes of 
cyclic strain ahead of the crack-tip were experimentally measured by the real-
time fine grid- method. Using the average strain range in R, and linear 
cumulative damage law of local strain, the number of cycles N necessary for the 
material failure over the distance, R, was calculated from local-strain damage 
accumulation curve. The average crack propagation rate, da/dN, in R, was 
estimated as the ratio R/N.  

2.  This work described attempts to use the stress versus cycles curve (S N curves) 
described in the ASME Boiler and Pressure Vessel code to predict crack 
initiation in a flat plate carbon steel specimen exposed to repeated thermal shock 
from temperatures below the creep range. The issue considered in this paper was 
how to estimate stresses in this complex situation for notched specimens. 
Modifications to the code are suggested where necessary to achieve the desired 
accuracy. 

[15] B.B. Kerezsi,  
J.W.H. Price, R.N.        

Ibrahim. 

3. Methods to predict the S-N curves of high strength steels in very high cycle 
fatigue regime were studied. At the same time a new prediction in form of 
Basquin s equation was proposed based on the in both high cycle fatigue regime 
and very high cycle fatigue regime.  

[16] Y.B. Liu et. al.  

4. The traditional methods of fatigue assessment of welded joints have some 
limitations, and are extremely time consuming. In order to overcome these 
difficulties, the Thermo graphic Method (TM), based on thermo graphic 
analyses, has been applied to predict the fatigue behaviour of butt welded joints, 
made of AH36 steel, largely used in shipbuilding. Experimental tests have been 
carried out to assess the fatigue capability in terms of S N curves and fatigue 
limits. The predictions of the fatigue capability obtained resorting to the Thermo 
graphic Method show a good agreement with those derived from the traditional 
procedure. Moreover, the fatigue design recommendations were compared to the 
experimental data in order to analyse the reliability of the codes. 

[17] V. Crupi et. al.  

5. Conventional design codes base their recommendations still on the common 
prejudice that an endurance limit exists. However, several investigations 
prove clearly that in the high-cycle regime a decrease of fatigue strength with 
increased number of cycles still occurs, even if corrosion or temperature effects 
are excluded. Therefore, the fatigue design of components submitted to loadings 
below the knee point of the SN-curve must consider this fact in order to avoid 
failures. With regard to the course of the SN-curve in the very high-cycle area, 
material and manufacturing dependent recommendations are given. 

[18] C.M. Sonsino.  

6. In the present study, the recursive type equations have been transformed into a 
continuous form, leading to a nonlinear second order differential equation of 
damage evolution (stiffness reduction). By an analytical treatment, explicit 
relations between micro scale parameters and a well-known macro-S N material 

response were found. Two major results have been obtained analytically: (a) A 
relation between the ensemble statistical strength distribution and a commonly 
observed fatigue power law, and (b) a relation between the scale of micro failure 
probability of neighbor elements and the macro endurance limit phenomenon, 
without any a priori condition. In addition, the model predicts three distinct 
types of fatigue damage evolution characteristics, commonly seen in fatigue 
tests.  

[19] Eli Altus.  

7. Various components of nuclear reactors experience various thermo-mechanical 
loading. Thermal fatigue cracking has been clearly detected in reactor heat 
removal system (RHRS) of Pressurized Water Reactors (PWRs). The study 
presented here was focused on the AISI 304L stainless steel used in PWRs. The 
thermal fatigue behavior of this steel investigated using a specific thermal 
fatigue facility called SPLASH test . This test equipment allows the 
reproduction of multiple cracking networks similar to those detected during 
inspections. The present study dealt with the modeling of cracking network 

[20] N. Haddar, A. 
Fissolo, V. Maillot.  
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development. It was structured in two parts: (i) experimental results and main 
characteristics of the crack networks, and (ii) numerical simulation on the 
multiple crack growth problems, using a modified stress intensity factor, and a 
generalized Paris law. 

8. The austenitic stainless steel type 304L is widely used for the manufacturing of 
nuclear power plants components. Some of the reactor components are subjected 
to cyclic thermal stresses due to temperature gradients during start-ups, 
shutdowns or operating transients. In these applications, the low cycle fatigue 
(LCF) properties of the material have to be taken into account for the design and 
life analysis of such components. A study of the fatigue behavior of 304L 
cylindrical specimens was carried out. Tests were performed in both ambient air 
and vacuum, at 20 and 300°C under total axial strain control using a triangular 
waveform at strain amplitudes of ± 0.3 or ± 0.6% and at strain rates of 4 x 10-3, 
1 x 10-4 or 1 x 10-5 s-1. The cyclic stress strain response of this steel was 
analyzed and SEM examinations of specimens surface were conducted. The 
negative influence of air environment on fatigue life was found to be much 
pronounced at 300°C and at high strain rates. A detrimental effect of lowering 
strain rate was observed on the LCF resistance at 300°C in vacuum as in air due 
to an enhancement of surface crack damage. 

[21] Laurent De Baglion, 
José Mendez. 

 

THERMAL STRATIFICATION     

Thermal striping is a thermo-hydraulic phenomenon present in horizontal pipes where there are cold and hot flows at 
the same time. The thermal striping phenomenon causes crack networks, sometimes called crazing. In Pressurized 
Water Reactors (PWRs), crack networks appear in auxiliary loops, close to a cold water injection site, in spite of 
relatively small temperature fluctuations. Prediction of thermal fatigue in mixing tees is a challenging subject that is 
needed for life management of nuclear power reactor piping systems. Thermal striping is one of the phenomenon 
that has been identified as the cause of thermal fatigue failure. The coolant temperature fluctuations may cause 
cyclic thermal stresses and subsequent fatigue cracking of the pipe wall. Coolant temperature oscillations due to 
thermal striping are of relatively high frequencies, reported previously to be on the order of several Hz (Wakamatsu 
et al., 1995). Serious mechanical damages such as cracks and plastic deformations due to excessive thermal stress 
caused by thermal stratification have been experienced in several nuclear power plants. In particular, the thermal 
stratification in the pressurizer surge line has been addressed as one of the significant safety and technical issues. 
Various researchers worked on the topic, they can be summarized as below:- 

S. No. Author Work Author Name 

 

1. 
In this study, a detailed unsteady computational fluid dynamics (CFD) analysis 
involving conjugate heat transfer analysis performed to obtain the transient 
temperature distributions in the wall of the pressurizes surge line subjected to 
stratified internal flows either during out-surge or in-surge operation. The 
thermal loads from CFD calculations were transferred to the structural analysis 
code which is employed for the thermal stress analysis to investigate the 
response characteristics, and the fatigue analysis was ultimately performed.  

[22] Dong Gu Kang, et. 
al.  

2. A simplified method developed in this work to estimate the stresses caused by 
the circumferential temperature distribution from thermal stratification. It has 
been proposed that the equation for the peak stress in the ASME Section III 
piping code include an additional term for thermal stratification. 

[23]Somnath   
Chattopadhyay.  

3. Therefore, the effects of several parameters such as boundary layer thickness, 
temperature difference, stratification length, wall thickness, inner diameter and 
material properties on peak temperature and peak stress intensity due to 
nonlinear temperature distribution of thermal stratification in a pipe cross-
section are studied through the numerical parametric study.  

[24] Hyeong Do Kweon 
et. al.  

4. An experiment on containment atmosphere mixing and stratification, which was [25] Ivo Kljenak, et. al.  
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CONCLUSION    

A literature review for researches carried out by various researchers on thermal fatigue, crack growth, 
thermal stratification phenomenon and crack growth predictions and analysis using S-N curves. It is clearly evident 
from the literature review that a comprehensive analysis of the problems associated with the BMW is required. The 
current level of knowledge in this particular area is insufficient to undertake the task of fully resolving the 
accompanying structural integrity issues.   

The development of test rig for thermal fatigue and to analyze the strength of the BMW needs to be 
resolved. The gaps exists like transferability of experimental results from specimen level to real component level, 
issues like residual stresses, mixed mode loading conditions, mismatch effects etc. which all need to be overcome to 
develop a standardized procedure for structural integrity assessment of structures containing these complex welds. 
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