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ABSTRACT 

This paper continues the research previously done by 

authors on computer simulation of the dissimilar welded joints 

with varying clad thicknesses using numerical methods. For 

different cladding thicknesses comprising of stainless steel and 

mild steel, stress curves have been generated. The welding of the 

two dissimilar materials has been carried out in-house with the 

aid of a tungsten arc weld with dynamic measurement of the 

temperature profile in vicinity of the welding track using high 

temperature thermocouples. Comparison of the experimentally 

measured stresses from literature versus the simulation results 

shows close agreement. 

 

INTRODUCTION 

In the authors’ previous studies, the weld integrity of the 

cladded pipeline was discussed [1-3]. The current study 

addresses the validation of stresses within the welded joints of 

two dissimilar materials having differing clad thicknesses. This 

is in continue of the authors previous study [3-8]. The novelty in 

this paper is seen in addressing the welding between two 

dissimilar materials. It is obvious from the analysis of weld 

failure studied above, the demand for reliable long-lasting and 

very safe engineering facilities, mode of operation and working 

environment is on high demand in every industrial application. 

This spurs the need for joining dissimilar metals with the main 

aim of achieving enhanced and improved components with 

better mechanical and thermal properties (qualities), light weight 

and outstanding performance as well as prolonged in-service life 

for such facilities [2-4]. An outstanding and effective weld 

between dissimilar metals therefore is one in which the strength 

of the weld equals the weaker of the two metal being joined. This 
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invariably means great tensile strength and ductility to prevent 

failure in weld joint [8,9]. The welding of two dissimilar 

materials; mild steel and stainless steel, (MSSS) with varying 

clad thicknesses was carried out in- house with dynamic 

measurements of the temperature profile in the vicinity areas of 

the welding track using high temperature thermocouples, in 

order to obtain the transient thermal responses so as to enable a 

deeper understanding of the thermal loading associated with the 

welding of two dissimilar metals, hence advancing the 

performance of pipelines in service [10,11].  

Another contribution and novelty of this research is the cladded 

layer (double layer) as compared with single weld layer of pipe 

welds which is the predominant manner of welding in pipeline 

industries. High corrosion resistant materials such as stainless 

steel possess good strength and are tough in nature; there are 

corrosion resistant materials such as gold and glass which cannot 

be used for every structure by reason of their low strength and 

high cost. Cladding provides corrosion resistance. The use of 

clad layer on a base metal helps reduce the cost enhancing 

manufacturing outcome [11,12,13]. 

The thickness of a clad layer usually varies from 2mm to 20mm 

and finds use in different weld techniques such as gas metal arc 

welding (GMAW), manual metal arc welding (MMAW), 

submerged arc welding (SAW), flux cored arc welding (FCAW), 

laser deposition and gas tungsten arc welding (GTAW) [3-5].  

The clad which in this case is stainless steel layer in the interior 

of the pipe provides the require resistance to abrasion, corrosion 

and oxidation, whereas the carbon steel is the base metal of the 

outer pipe supplies the strength, increases the thermal 

conductivity of the overall structure as well as the fabricability. 



 2  

It is of great importance to guarantee the integrity of the heat 

affected zone and the clad metal while ensuring the material 

properties of the base metal, concurrently. Invariably, the 

metallurgy of the clad metal and base metal must be clearly 

understood [13,14].  

To carry out the above objective, 3D finite element (FE) models 

of the cladded pipe were developed using Abaqus software 

(Simulia, US). The thermal response curves from the FE 

simulations were compared with the measured transient 

temperatures in order to ascertain the match between the two, 

thereby validating the FE model [15].   

GEOMETRY OF MODEL 

Considering the fact that the whole pipe (360 degrees) can be 

split up into smaller radii or arc lengths along the circumference; 

which if assembled together forms a complete pipe as shown 

from the top view in Figure 1. Taking one of these strips will 

enable the studying and simulation of the thermal analysis in that 

scale to confirm the same happenings as with a full pipe. 

Analysis and the temperature versus distance plots further 

confirms this at the results section under stress analysis. 

 
Figure 1. Cross-section of the top view of the circumference of 

a pipe split into pipe strip sections. 

 

                                                  
Figure 2. (a) Geometry of pipe strip and (b) cross-section of the 

weld passes at the side of a pipe strip sections. 

 

The pipe strip model was developed such that it contained 

seven weld passes as shown in Figures 2 (a and b). The full pipe 

model shown in Figure 3, was developed after this pipe strip in 

Figure 2 (a and b) study/simulation was completed and it was 

confirmed that the stress analysis which was carried out on a 

smaller scale in the pipe strip model was also carried out at full-

scale with the complete pipe model. The result of the transient 

analysis and temperature versus time curve validates this 

discovery.  

 
Figure 3 Cross-section of the weld on the circumference of a 

pipe – red line depicts the line of axis. 

MATERIAL PROPERTIES 

Thermo-physical properties include thermal conductivity, 

specific heat and density. However, there are also other material 

properties that are fed into thermal and stress models. These 

include elastic; Young’s Modulus, Poisson’s ratio, and plastic; 

yield stress and plastic strain properties. The material properties 

used for the stainless steel and carbon steel pipes and plates are 

as listed below. The respective material properties Young’s 

modulus and yield stress sourced from literature and research 

and are outlined in Tables 1 and 2. 

 
Table 1 Material properties of the mild steel used for the experiment 

Temp, oC Poisson’s 

Ratio 

Plastic 

Strain  

Yield Stress, 

MPa  

Young’s 

Modulus, GPa 

20 0.275 0 480 210 

20 0.275 0.1 560 210 

200 0.274 0 398 200 

200 0.274 0.1 450 200 

400 0.275 0 340 197 

400 0.275 0.1 405 197 

600 0.270 0 210 193 

600 0.270 0.1 290 193 

900 0.267 0 50 193 

900 0.267 0.1 90 193 

1200 0.265 0 4 190 

1200 0.265 0.1 4 190 

 

Table 2 Material properties used for the X65 carbon steel 
Temp, oC Poisson’s 

Ratio 

Plastic 

Strain 

Yield Stress,  

MPa 

Young’s 

Modulus, GPa 

20 0.3 0 460 219 

20 0.3 0.1 550 219 

200 0.32 0 388 154 

200 0.32 0.1 500 154 

400 0.34 0 335 157 

400 0.34 0.1 400 157 

600 0.365 0 206 60 

600 0.365 0.1 260 60 

 

(b) 

(a) 
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900 0.39 0 31 69 

900 0.39 0.1 80 69 

1200 0.43 0 4 12 

1200 0.43 0.1 4 12 

FE ANALYSIS 
The solution technique employed in this thermal analysis is 

the full Newton technique [5-8], with a total of 8 iterations. The 

load variation with time was ramped linearly over each time step. 

The maximum number of increments is 10,000 for each step of 

the analysis. The emissivity value of 0.1 per increment was used. 

During the welding process the parent metal expands, 

compression occurs along the circumferential direction 

producing shearing and bending which further lead to the 

initiation of hoop stress (in the circumferential direction) and 

meridian stresses (in the axial direction) [3-5]. This further 

implies that the quantity of heat inputted into the model affects 

the geometry of the model [3-8]. The design as well as the 

diameter of the pipe also affected the geometry. A 3D pipe strip 

model was developed to simulate the thermal analysis and to see 

if the results are close to that of a pipe model. This was confirmed 

from the outcome of the transient thermal analysis and from the 

temperature versus distance curves.  

 

 
Figure 4. Full cladded pipe showing quadratic tetrahedral 

elements of type DC3D10 

 

 

 
 

Figure 5. (a) and (b) Full cladded pipe showing quadratic 

tetrahedral elements of type DC3D10 

 

For the fully cladded pipe shown in Figure 5, the cylindrical 

element type is DC3D10 (10-node quadratic heat transfer 

tetrahedron) with a total number of 185,029 nodes and 120,926 

elements. The element family was thermal, and the element 

library was standard.  

GEOMETRY OF MODEL 

For the Pipe boundary conditions were applied at the top and 

bottom of the pipes and likewise the 3D plates. Displacement and 

rotation were restricted in the X, Y and Z directions – that is 

displacement U1 = 0; U2= 0 and U3 = 0, as shown in Figure 6 (a 

and b). 

 

 

Figure 6. Boundary condition applied in (a) a pipe strip and (b) 

a full clad pipe 

 

STRIP PIPE STRESS ANALYSIS 

Stress distribution on outer surface of the pipe strip 

The concluded yield stress is 357 MPa while residual stress 

value was100 MPa. The residual stress is less than the yield 

stress, which implies the value of residual stress is within safe 

measure and not causing any material failure.  The reason for the 

reduction in the stress value is as a result of the temperature 

difference the ambient temperature which is 20 oC, while the 

weld temperature is 1500 oC. At the ambient temperature, the 

yield stress is 357 MPa, however, when the temperature 

increases, the value of the yield stress decreases. This implies 

that at 200 oC, the value of the yield stress reduces by 20% as a 

result of transient heat and not its steady state, and thus becomes 

285.6 MPa.  

 

 

b 

 
a 

 

b 

 
a 
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Figure 7. Cross-section of the top view of the circumference of 

a pipe split into pipe strip sections. 

 

 
Figure 8. (a) Axial stress distribution on the outer surface of 

pipe strip (b) Curve of residual stresses versus distance for the 

outer surface of the pipe strip 

 

Compressive stresses are symmetric across the weld line. In 

and around the heat-affected zone (HAZ), Stress field of great 

degree, are observed on the outer surface of pipe strip. Around 

the HAZ, there is a protuberance (hump-like) profile at the outer 

surface of the pipe within the region of the weld line indicating 

the existence of stress variation underneath the weld crown [16]. 

The region of high stress exists within the HAZ. The residual 

stress profile is seen in Figures 8 (a and b). The maximum value 

of the axial residual stress field does not supersede the material 

yield stress. A reasonable agreement exists between the 

simulated values of axial stress on the outward circumferential 

(surface) length of the pipe strip and the residual axial stresses of 

the full pipe [17]. 

 

 

FULL PIPE STRESS ANALYSIS 

Residual stress differs throughout the entire length of the pipe 

depending on the result of the weld start and end, as well as the 

tack welds. From Figures 9 (a – b) for the residual axial stress in 

the cladded pipe, at the weld vicinity, compressive and tensile 

stress fields, are present in and near the section of the weld, both 

on the external and internal surfaces of the pipe. Furthermore, 

this occurrence can be credited to the varying temperature 

profiles without and within the surfaces of the pipe. By virtue of 

the thickness of the wall of the cylinder and very close to the 

weld line (which is represented by the vertical line), the tensile 

and compressive residual stress field are generated by reason of 

contraction occurring within the weld pipe. The residual stress 

curves obtained in this research is similar to that in Sinha et al in 

Figure 10 (a – d). 

The differences in the values of the residual stresses are as a 

result of the different material properties such as yield strength 

for the base and filler metals, weld geometry and heat source 

parameters. There have been volumetric change and yield 

strength [3] as a result of martensitic transformation which have 

effects on welding residual stress, by increasing the magnitude 

of the residual stress in the weld zone as well as changing its sign 

[18]. The simulated results show the magnitude of the residual 

stress.  

 

Full pipe with 2mm clad  

In the standard notation of stresses, positive stresses mean 

tension and negative stresses correspond to compression. It is 

important to note that for this simulation, tensile forces are 

observed on the inside of the pipe, whereas compressive stresses 

are observed on the outer surface of the pipe. The middle region 

of the weld which is the HAZ reveals high tensile stresses of to 

the order of 110 MPa on the inner surface of the pipe; whereas 

the end of the weld region of the pipe is held in a compressive 

stress of magnitude 10 MPa by reason of the tensile forces 

experienced from the surrounding region (weld envirion) which 

solidifies rapidly after weld. Compressive stresses the magnitude 

of 300 MPa are observed on the outside of the pipe, while the 

end of the weld region of the pipe is kept in tensile stress of the 

order of 10 MPa. Sinha et al obtained a value of 250 MPa for the 

compressive stress distribution in the weld zone of their single 

layered pipe thickness of 2mm. There are localised stress 

reductions within and around the weld start/end and tract weld 

as observed in Figure 9. Further away from the weld line and 

perpendicular to the weld direction, stress reversal is displayed 

and are not significant in the vicinity of the weld end. The weld 

start effect is more severe on the outer surface of the pipe 

compared to the inner surface of the pipe. This is potrayed in 

Figure 9 (b).  
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Figure 9 (a) Inner and outer surfaces of the pipe (b) residual 

axial stresses versus distance curve for the inner and (c) outer 

surfaces of the 2 mm clad Pipes. 

 

Around the HAZ, the protuberance (hump-like) profile at the 

outer surface of the pipe within the region of the weld line 

indicates the existence of stress variation underneath the weld 

crown. This is the region of high stress within the HAZ and 

Tensile stresses are symmetric across the weld line. In and 

around fusion zone (FZ), the stress field to a great degree, is 

observed on the inner surface of the pipe. The outer pipe region 

of the HAZ (the compressive stresses) are symmetric across the 

weld line. In and around FZ, the stress field to a large degree, is 

observed on the outer surface of the pipe. The protuberance 

(hump-like) profile at the outer surface of the pipe (within the 

region of the weld line) indicates the existence of stress variation 

underneath the weld crown. Region of high stress exists within 

the HAZ. 

 

EXPERIMENTAL MEASUREMENTS  

From Figure 10 (a - d) the results of the axial stresses from 

experiments conducted by Sinha et al were plotted against the 

distance from the weld central for the inner surface of the pipe. 

The internal stresses are tensile and there are perturbations 

observed under the weld crown of both experimental and the 

simulated curves. The maximum value of the experimental axial 

stress is 350 MPa on the interior of pipe whereas the axial stress 

is 330 MPa for the 12mm clad as shown in Figures 10 (c). This 

implies proximity and good agreement in value between the 

experimental and simulated values of tensile stresses within the 

pipe.  

The axial distribution on the outer pipe reveals a value of 250 

MPa for the experimental data and a value of 250 MPa for the 

compressive stress on the 2mm clad thickness. This proves a 

very good agreement between the experimental curves and that 

of the simulated. Similarly, the compressive axial stress on the 

pipe surface of the 12mm curve depicts a value of 300 MPa 

which is still within the value of the yield strength of the 

dissimilar welded joint [5-8]. 

It can be observed that for higher clad thicknesses of 12 mm 

creep occurs as shown in Figure 10 (a). 
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Figure 10. Residual axial stresses versus distance curve for the 

outer surfaces of the (a) 2 mm and (b) 12mm clad Pipes and 

inner surfaces of the (c) 2 mm and (d) 12mm clad Pipes and 

inner 

 

DISCUSSION 

The nature of the material used in the modelling (weld 

parameters) plays a very significant role in the stress curve and 

is responsible for the perturbance (depression) experienced in the 

curve for the pipe strip and pipe as well as in the validation of 

the experimental and simulated curves 

Different models have been developed and their residual stresses 

axial and transverse have been determined. Comparisons 

between measured and simulated residual stresses shows that to 

a reasonable extend there is a good agreement between measured 

and simulated curves, even literature where applicable. The 3D 

pipe strip model was also examined, and an interesting trend of 

stress distribution was discovered. In the pipe, a number of 

reasons are responsible for the differences between the predicted 

and simulated, such as the estimation and errors in the measuring 

techniques. This will generate errors in the magnitude of the 

measured residual stresses. 

 

From results of 3D stresses following can be deduced: 

The residual stresses increase from inside the pipe strip 

towards the outer circumference and surface of the pipe strip for 

the residual axial (longitudinal) stress distribution from left to 

right through-the-thickness of a pipe strip-residual axial stress 

distribution from the right to the left outer surface of a pipe strip 

shows that it increases in that order. Residual axial (transverse) 

stress distribution from the outer circumference and top of the 

pipe strip increases inwards to the inner circumference and the 

top of a pipe strip increases in that order. 

 

From results of axial stresses following can be deduced: 

1. By reason of the symmetry across the weld line WL, the 

axial stresses are symmetric in nature, that is compressive 

stresses which are high in magnitude are observed outside 

the pipe surfaces while tensile stresses are seen inside the 

pipe surfaces.  

2. The circumferential position of the weld bead does not 

determine or affect the axial stresses. This is seen from 

the distribution of the axial stresses inside and outside the 

pipe being similar in magnitude and distribution.  

3. A protuberance (hump-like shape) is seen at the exterior 

surface of the pipe close to the weld line, which signifies 

the distribution of the stress variation under the weld 

crown. 

From results of transverse stresses following can be deduced: 

1. Transverse stresses are symmetric in nature as a result of 

the weld line symmetry 

2. Higher values of tensile stresses are observed close to the 

fusion zone, whereas compressive stresses are seen both 

on the exterior and interior of the pipe away from the 

HAZ.  

3. The circumferential position of the weld bead from the 

start of the weld to the finish directly affects the Hoop 

stresses and determines their distribution. In conclusion, 

volumetric change and yield strength which occurred 

under the tensile test curves as a result of martensitic 

transformation clearly influences the welding residual 

stress, by increasing the magnitude of the residual stress 

in the weld zone, as well as changing its sign.  

CONCLUSIONS 

With the aid of the finite element methods of residual 

stresses and deformation have been carried out and these curves 

have been compared with the experimental result of literature 

and the validity of the stress models are verified. There is an 

agreeable similitude between the simulated outputs and 

experiments of other authors.    
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