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Abstract 

This paper presents a comparison of contact and immersion waves used to measure residual stresses. The residual stresses are 

produced due to a dissimilar welding of stainless steel (304) to carbon steel (A106). Longitudinal critically refracted (LCR) wave 

propagated by 2 MHz contact and immersion ultrasonic transducers is employed to measure the residual stresses. A finite 

element (FE) model of welding process, which is validated by hole-drilling method, is used to verify the ultrasonic results while 

an acceptable agreement is achieved. The best agreement is observed in the parent material while the maximum difference is 

measured in the heat affected zone (HAZ). The results show no considerable difference between using contact and immersion 

transducers in ultrasonic stress measurement of dissimilar joints. 

Keywords: Finite Element Welding Simulation; Dissimilar Welding; Non-destructive Stress Measurement; Welding Residual 
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1. Introduction 

The demand for fabrication of dissimilar joints is continuously increasing due to their advantages which can provide suitable 

mechanical properties along with cost reduction [1]. Dissimilar metal joints between pipes of ferritic and austenitic steels are 

extensively utilized in engineering structures such as steam generators of power plants. Austenitic stainless steel has a thermal 

conductivity of one third of carbon steel. The austenitic stainless steel have also a 50% greater thermal expansion than carbon 

steels which along with a lower thermal conductivity are prone to uneven expansion and distortion when they are joined 

together. Residual stresses of welded structures are produced as a result of non uniform thermal expansions and contractions 

during the welding processes. The residual stresses are measured by Olabi and Hashmi [2] where it has been shown that the 

post-weld heat-treatment lead to reducing residual stresses by about 70 %. The welding residual stresses are also measured by 

them in different studies [3-6] to investigate the influence of various parameters on the stresses of welded structures 

manufactured from low carbon steel and stainless steel. However, the residual stresses are severely complicated when 

subjected to differences in the coefficient of thermal expansion and thermal conductivity between the welded components [7]. 

Effect of laser welding conditions on toughness of dissimilar welded components is studied by Anawa and Olabi [8] where they 

applied the Taguchi technique on dissimilar welding process. They used the Taguchi approach as statistical design of 

experiment (DOE) technique for optimizing the welding parameters in terms of minimizing the fusion zone [1]. They also 

developed their statistical models to laser welding of the dissimilar joints [7] where the influence of the input parameters on 

the residual stress at different specimen levels is described to predict their value. 

Non-destructive measurement of residual stress is important to optimize the structures’ design and control their mechanical 

strength. One of the promising directions in the development of non-destructive techniques for residual stresses measurement 
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is the application of ultrasound [9]. Stress measurement by the ultrasonic waves is a non-destructive, easy to use, and 

reasonably inexpensive method used in some industrial applications recently. Ultrasonic stress measurement is based on the 

linear relationship between the velocity of ultrasonic wave and the stress of material. This relationship, within the elastic limit, 

is the acoustoelastic effect which says that ultrasonic wave flight time varies with stress. The longitudinal critically refracted 

(LCR) wave is a longitudinal ultrasonic wave which can travel parallel to the surface. It is shown by Egle and Bray [10] that 

sensitivity of the LCR waves to the strain is highest among the other types of ultrasonic waves. Residual stress measurements in 

steel plates and welds using LCR waves was done by Leon-Salamanca and Bray [11]. They have investigated the effect of stress 

relieving on the ultrasonic waves. Tanala et al [12] determined acoustoelastic constant of 316L stainless steel and 5086 

aluminium. The LCR measurements was done in immersion mode by Belahcene and Lu [13] to measure residual stress of S355 

welded steel plate. They used hole-drilling method to verify the ultrasonic results. They also measured the penetration depth of 

LCR by using a gauge block with different groove depth. The results showed that the penetration depth of LCR wave was 

equivalent to one wavelength. Palanichamy et al [14] measured the residual stresses in austenitic stainless steel weld joints by 

using ultrasonic technique.  

However, ultrasonic stress measurement of a dissimilar joint was investigated in none of the previous studies and pipe stresses 

are measured ultrasonically in a limited scale. Furthermore, LCR waves were usually employed in the contact mode while the 

immersion and contact method are simultaneously used in this study to evaluate residual stresses of dissimilar welded plate 

and pipe.  

Welding simulation by Finite Element (FE) has become a popular method for the prediction of welding residual stresses and 

deformations. Earlier studies of welding simulation accounted for the nonlinearities because of temperature dependent 

material properties and plastic deformations [15]. Good agreements have been observed between the numerical predictions 

and experimental results [16-17] which encourage using FE welding simulation in residual stress evaluation. A finite element 

model, which is validated by hole-drilling method, is used here to verify the ultrasonic stress measurements.  

 

2. Theoretical Background 

2.1. LCR Method 

The LCR method uses a special longitudinal bulk wave mode, as shown in Fig. 1, mainly propagating beneath the surface at a 

certain depth. When a longitudinal wave passes through an interface between two materials, there is an incident angle that 

makes the angle of refraction for the wave 90o. This is known as the first critical angle which is calculated 28° from the Snell’s 

law when the wave moves from PMMA wedge to the steel (Fig. 1). However, the first critical angle is calculated 15° by using 

immersion transducers to produce the LCR wave in steel. 

The relationship between the velocity of the longitudinal waves which travel parallel to load direction and the strain (α) is 

expressed by the following equation: 
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 where ρ0 is the initial density; V11 is the wave velocity of longitudinal wave which propagates parallel to load; λ, μ the second 

order elastic constants (Lame’s constants); l and m are the third order elastic constants; θ=α1+α2+α3 which α1, α2 and α3 are 

components of the homogeneous triaxial principal strains. For a state of uniaxial stress, α1=ε, α2= α3=-ν×ε, where ε is the strain 

in the direction 1 and ν is the Poisson’s ratio. Using these values, Equation (1) becomes: 
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The variation of the velocity with the strain is called as “relative sensitivity” and can be calculated by Equation (3).  
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, where L11 is the dimensionless acoustoelastic constant for LCR waves which should be measured by the uniaxial tensile test. 

Equation (3) is rearranged to calculate the stress variation in terms of time-of-flight (dt/t0), as shown in the Equation (4).  
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, where dσ is the stress variation, E is the elasticity modulus and t0 is the time for the wave which travels through a stress free 

path in the material being investigated. For a fixed probe distance, the travel time of the LCR wave decreases in compressive 

stress and increases in tensile stress field. The acoustoelastic constant (L11) links the stress and the velocity or travel time 

change. 

2.2. Finite Element Welding Simulation 

The problem is formulated as a successively coupled thermal stress analysis. First, a non-linear thermal analysis is performed to 

calculate the temperature history of the entire domain. Then, the results of the thermal analysis are applied as a thermal body 

load in a non-linear mechanical analysis determining residual stress and deformations. The finite element (FE) models for both 

thermal and structural analysis are the same. The general-purposed FE program ANSYS is used for the analyses. A full Newton-

Raphson iterative solution technique with direct sparse matrix solver is employed for obtaining a solution. During the thermal 

analysis, the temperature and the temperature dependent material properties alter very rapidly. Thus, the full Newton-

Raphson technique with using modified material properties is believed to give more precise results. 

A conventional technique named "Element Birth and Death" [18] is used for modelling of the deposited weld. A complete FE 

model is generated in the start of the analysis. However, all elements representing the deposited weld except elements for the 

tack welds are deactivated by assigning them a very low stiffness. During the thermal analysis, all the nodes of deactivated 

elements (excluding those shared with the base metal) are also fixed at room temperature till the birth of the respective 

elements. Deactivated elements are reactivated sequentially when they come under the effect of the welding torch. Linear 

elements are preferred than higher-order elements in non-linear problems of this type [19]. Here, eight-noded-brick elements 

with linear shape functions are used in the FE modeling. The basic FE models of plate and pipe are shown in Fig. 2 and Fig. 3. 

Material modelling has always been a serious issue in the simulation of welding because of the scarcity of material data at 

elevated temperatures. Some simplifications and approximations are typically introduced to cope with this problem. These 

simplifications are necessary because of both lack of data and numerical problems when trying to model the actual high-

temperature behaviour of the material [20]. The material properties for stainless steel (TP 304) and A106 carbon steel are taken 

from Lindgren [21] and P. Chang [22] respectively. The filler metals are determined with help to Schaeffler Diagram [23].  

 

3. Experimental Procedures 

3.1. Sample Description  

Two 220 mm length pipes from stainless steel (TP304) and carbon steel (A106) are welded where their thickness and diameter 

is 8 mm and 220 mm respectively. The root pass is welded by gas tungsten arc welding (GTAW) process while shielded metal arc 

welding (SMAW) is used to accomplish the other passes according to the Table 1. The geometry of joint is V-groove (90° 

included angle) with 4 mm gap. Two dissimilar welded plates with the same material, thickness and welding specification of the 

pipes are also prepared. The dimension of welded plate is 450×400×8 mm while the weld length is equal to 450 mm.  

3.2. Measurement Device  

The contact measurement device, shown in Fig. 4, includes an ultrasonic box, computer and time of flight (TOF) measuring 

element. Also, a measuring table is needed to move TOF measuring element accurately and with enough stability. The 

ultrasonic box is a 100 MHz ultrasonic testing device which has synchronization between the pulser signal and the internal 

clock, which controls the A/D converter. This allows very precise measurements of the time of flight – better than 1ns. TOF 

measuring element includes three normal transducers assembled on an integrated wedge to measure the time of flight. A poly 

methyl methacrylate (PMMA) material, under the trademark Plexiglas, is cut by laser cutting (with consideration to the results 

presented by Eltawahni and Olabi [24]) to construct the wedge. A three-probe arrangement is used, with one sender and two 
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receivers in order to eliminate environment temperature effect to the travel time. Three normal transducers with the same 

frequency are used where their nominal frequencies are 2 MHz and the diameter of the piezoelectric elements is 6 mm. A load 

cell is employed to adjust the pressure on the wedge and keep a uniform film of couplant between the wedge and tested 

material. The thermocouple and thermometer are used for temperature monitoring to eliminate the temperature effect on the 

TOF measurement.  

Except the TOF measuring element and the holders, the other contact measurement devices for pipe measuring, shown in Fig. 

5, are the same as plate measuring devices. Two types of wedge are needed to measure hoop and axial stress separately. 

Surface curvature of pipe is considered in laser cutting of bottom surface of the wedges. The transducers are the same as 

contact measuring devices of the plate. The holders are needed to make enough pressure on the wedge.  

The immersion measurement device, shown in Fig. 6, includes an automated 3axis measuring table and TOF measuring 

element. The ultrasonic box, ultrasonic software and computer are the same as the contact setup. The automated measuring 

table makes possible to move the TOF measuring element with 1 μm resolution and 3D measuring of residual stresses. TOF 

measuring element includes two 2 MHz immersion transducers assembled on an integrated wedge to measure the time of 

flight. Because of welding deformations in the surface of the tested material, the gap between transducers and tested surface is 

changed when the TOF measuring element moves. To eliminate effect of these changes on the measured TOF, an adjusting 

transducer is used to keep the distance constant. The adjusting transducer is connected to a traditional ultrasonic flaw detector 

not to interface in TOF measuring process by the main ultrasonic box. 

3.3. Determination of LCR Penetration Depth 

When the LCR technique is applied to an application with limited wall thickness, the depth of the LCR wave penetration is 

expected to be a function of frequency. Since there is no definite relation for LCR depth and frequency, it should be measured 

experimentally. A variable depth groove is cut in two 8 mm thickness stainless and carbon steel plates to produce a barrier 

preventing the LCR wave from reaching the receiver transducer. These plates are also tested by the contact and immersion 

ultrasonic devices separately. The penetration depth is measured 2 mm for LCR wave by 2 MHz contact and immersion 

transducers in both of stainless and carbon steel plate.  

3.4. Evaluation of the Calibration Constants  

To evaluate the calibration constants (acoustoelastic constant and free stress TOF), the calibration samples are taken from both 

sides of the dissimilar plates. Three rectangular tension test specimens are extracted to determine acoustoelastic constant (L11) 

from stainless steel side, carbon steel side and the weld zone separately. Metallographic analysis of the weld shows that the 

heat affected zone (HAZ) is not large enough to extract tensile test sample (Fig. 7). Therefore the acoustoelastic constant of the 

weld is used in stress calculation of the HAZ. To evaluate the residual stress based on the Equation (4), the value t0 is measured 

directly from the stress-free samples. The acoustoelastic constant (L11) is also deduced experimentally from a uniaxial tensile 

test related to contact and immersion mode (Fig. 8 and Fig. 9). The stress-free samples are the same as the tensile test 

specimens which are stress relieved by heat treatment. The tensile test specimens are constructed with the dimensions of 

Sheet type (1/2 in. wide) according to the ASTM: E8 standard while the width of grip section and reduced section are 20 mm 

and 12.5 mm respectively. 

 

4. Results and Discussion  

4.1. Results of Finite Element Analysis 

In this study, the 3D finite element analysis for welding simulation is verified by experimental measurements. The validated 

finite element model is then used to predict the residual stresses and verify the ultrasonic measurement results.  

The verification of the thermal analysis is done by comparison of the real melted zone dimension, shown in Fig. 7, and the MZ 

size estimated by FE analysis. The mechanical analysis is also verified by hole-drilling method. Fig. 10 and Fig. 11 show the 

comparison of finite element results with the hole-drilling measurements in the plate and pipe respectively while a good 

agreement is observed. The average of FE results in 2 mm depth from the surface is compared with the hole-drilling method 

which also gives the average of residual stress measured in the 2 mm depth hole. The hole-drilling method is performed in 

three different points (on the plate and pipe) based on the characterizations described in ASTM: E837. 

http://www.astm.org/Standards/E8.htm
http://www.astm.org/Standards/E837.htm
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4.2.  Results of Acoustoelastic Constant Measurement 

The results of tensile test, performed to measure acoustoelastic constant, are shown in Fig. 12 where the slope of the lines 

represents L11 acoustoelastic constants. All the measured data are related to the plate and will be used in Equation (4) to 

calculate residual stresses of the tested plate and pipe. The results show the contact acoustoelastic constant of the carbon steel 

(2.377) is higher than stainless steel (2.145) and the weld constant is the maximum (2.578). The immersion acoustoelastic 

constants are measured equal to 2.123, 2.386 and 2.591 related to the stainless steel, carbon steel and the weld respectively. 

The comparison between contact and immersion acoustoelastic constant measurement show no considerable difference. It 

approves that the accoustoelastic constant is an internal property of the material which is not influenced by changing the 

measurement method. 

4.3.  Results of Ultrasonic Stress Measurement 

Using the acoustoelastic constant along with the measured TOF in Equation (4) leads to calculation of ultrasonic residual 

stresses shown in Fig. 13 and Fig. 14. The ultrasonic results are also compared with the FE analysis while a good agreement is 

achieved. It means that combination of finite element welding simulation with ultrasonic stress measurement using LCR waves 

(this combination is called as FELCR by Javadi et al [25]) can properly evaluate welding residual stresses of dissimilar joints. 

The wave speed for LCR waves is affected by the average stress in a layer which may be a few millimetres thick [14]. The both 

contact and immersion ultrasonic methods measure the average of stresses in a determined depth. It means that in the case of 

2 MHz LCR wave, which travels within 2 mm layer of the surface, average of residual stress in this zone is ultrasonically 

measurable. Hence, in the FE method, the average of residual stresses for all the nodes located in the range of 0-2 mm under 

the surface are calculated to compare with those obtained from ultrasonic measurements. Furthermore, this confirms the 

potential of the LCR waves to penetrate in the depth of stainless and carbon steels which have also been reported by some of 

previous studies [9, 13-14, 26-30]. 

The distribution of residual stress is not symmetric and the peak of residual stress is occurred in the stainless steel side in the 

both of the plate and pipe. It is justified by higher yield stress of stainless steel (265 MPa) in comparison with the carbon steel 

side (240 MPa). The difference between welding residual stress of two dissimilar materials, is also confirmed by the majority of 

previous studies related to the dissimilar welding [1,7, 8]. 

4.4.  Disagreement between FE analysis and Ultrasonic Measurements  

The disagreement between ultrasonic and FE results, listed in Table 2, is changed according to the measured zone while the 

maximum is occurred in the HAZ and the parent material (PM) shows the best agreement. Since the dimension of HAZ is not 

large enough to extract the tensile test sample, the acoustoelastic constant of the weld zone is used to calculate residual 

stresses of the HAZ. However, using the acoustoelastic constant of weld zone as the HAZ acoustoelastic constant leads to 

relatively high measurement error [30].  

The disagreement between FE and ultrasonic results of the weld zone reaches to 40 MPa in axial stress measurements of the 

pipe. The high disagreement can be probably because of acoustoelastic constant which is only measured on the plate. It has 

been tried to produce the same welding specifications in the pipe and plate but difference between straight and circumferential 

welding processes is inevitable. However, the 40 MPa is an acceptable error in comparison with the other methods for non-

destructive stress measurement. The disagreement results in the parent material zone do not exceed than ±25 MPa which is 

about %10 of yield strength of the tested materials.  

4.5.  Comparison between Contact and Immersion Measurement Results 

The results show that the immersion measurements are in better agreement with FE results in both of the dissimilar pipe and 

plate. Using the ultrasonic couplant between wedge and tested surface is eliminated in the immersion measurement which 

leads to more accurate results. Employing the automated 3axis measuring table with 1 μm resolution is another reason of 

smoother residual stress distribution of immersion in comparison with the contact method. 

The immersion measurements of the plate are more time-consuming than the contact method because of setting the adjusting 

transducer in all of the points measured by the immersion technique. Unlike the plate, immersion inspection of the pipe takes 

less time than contact measurement. The reason is practical limitation in holding system of the TOF measuring element during 

the contact measurement of the pipe. It is needed to unscrew the holder after finishing the TOF measurement of a point and 
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hold it again in the new tested point. This time-consuming process should be repeated for more than 100 tested points of the 

pipe while the TOF measurement is also repeated 3 times per tested points to decrease measuring error.  

Using the second receiver is not necessary in the immersion measurements because the environmental effects are more 

controllable in comparison with the contact inspection. Using the load cell, temperature monitoring system and second receiver 

is recommended in the contact measurement setup to eliminate environmental effects. Although these devices are not 

mandatory in the immersion measurement but using adjusting transducer and automated measuring table raise the cost of 

experimental setup. Hence, the price of immersion experimental devices is approximately same as the contact setup. The 

measurement of immersion acoustoelastic constant is also more difficult than contact constant measurement because of 

sealing difficulties during the tensile test. 

Despite the above considerations, there is no significant difference between using the 

contact and immersion LCR waves in the ultrasonic stress measurements of the dissimilar joints. 

Both of them can measure the residual stress with an acceptable accuracy. Selecting between 

them depend on geometry and dimensions of tested structure and also the available 

experimental devices. 

4.6.  Practical Difficulties of Ultrasonic Stress Measurement in Dissimilar Welded Joints 

There are also some practical difficulties in ultrasonic stress measurements of the dissimilar joints. The ultrasonic wave velocity 

is different in two sides of the weld which leads to difference in calculation of the first critical angle. It is needed to construct 

two wedges with different angle to move from one side to another side of dissimilar joint. Construction of two wedges with 

exactly the same dimensions is impractical while a little difference can be an important reason of ultrasonic measurement 

error. Furthermore, the penetration depth of LCR wave is affected by the material properties and can be differed in dissimilar 

materials. Since the residual stresses are altered through the thickness, it is not possible to achieve a continuous distribution of 

residual stress when the penetration depth is not constant during the ultrasonic inspection. However, these limitations are not 

observed in the case of investigated stainless to carbon steel joint because the velocity of ultrasonic wave is measured 

approximately the same which do not considerably influence on the first critical angle. The penetration depth of the LCR wave is 

also the same for the investigated materials. Therefore, the same wedge is employed in ultrasonic measurement of both sides 

of the dissimilar joint. Therefore, it is not recommended using the ultrasonic stress measurement in dissimilar joint of materials 

which their ultrasonic properties are strongly different. 

Furthermore, different acoustic properties of dissimilar metals can produce a complicated weld region in terms of ultrasonic 

measurement which cause unsatisfying results of stress evaluation in this zone. However, decreasing in dimension of the weld 

zone could lead to smaller contact area of the ultrasonic wedge with complex acoustic properties of the weld. Since using laser 

welding could produce a small welding pool and a narrow HAZ [2], the ultrasonic method would be better option for stress 

measurement of dissimilar joints produced by laser welding in comparison with the arc welding process.  

    

5. Conclusion 

The main goal of this study is comparison between contact and immersion ultrasonic measurements of welding residual stress 

in dissimilar joints. A combination of finite element welding simulation and LCR ultrasonic waves is employed to reach this goal. 

According to achieved results, it can be concluded that: 

1) The ultrasonic measurements of dissimilar joints show an acceptable agreement 

with finite element analysis. The best agreement is observed in the parent material 

while the maximum difference is measured in the HAZ. 

2) The immersion ultrasonic measurements show better agreement with FE results in 

comparison with the contact method.  



7 

3) The contact measurement is more time-consuming than immersion inspection in 

case of the dissimilar welded pipes while the situation is reversed about the 

dissimilar welded plates.  

4) Using some of cost-consuming equipments (like load cell, temperature monitoring 

system and second receiver probe) are not necessary in the immersion 

measurements because the environmental effects are more controllable in 

comparison with the contact inspection.  

5) It is not recommended using the ultrasonic stress measurement in dissimilar joint of 

materials which their ultrasonic properties are strongly different. 

6) There is no significant difference between using the contact and immersion LCR 

waves in the ultrasonic stress measurements of dissimilar joints. Both of them could 

measure the residual stress with an acceptable accuracy. Selecting between them 

depends on geometry and dimensions of tested structure and also the available 

experimental devices. 
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the Plate and b) HAZ and Weld Zone (Dissimilar Welded Plate) 

Figure 14. Comparison of FE with Contact and Immersion Ultrasonic Measurement according to the a) Axial Residual Stress and 

b) Hoop Residual Stress (Dissimilar Welded Pipe) 

  



11 

9. Tables 

 

Table 1: Welding specifications of Dissimilar Joint 

Pass No. 
Welding 
Method 

Welding 
Voltage (V) 

Welding Current 
(A) 

Welding Speed 
(cm/min) 

Filler Material 

1 (root pass) GTAW 9 95 3.5 ER308L 

2 SMAW 27 115 22 E 308L-16 

3 SMAW 27 145 17 E 308L-16 

 

Table 2. The maximum disagreement between FE with the contact and immersion ultrasonic results of dissimilar plate and pipe 

  
Parent 

Material 
HAZ Weld 

Maximum disagreement between 

Ultrasonic with FE results in the Dissimilar 

Plate 

Contact 

Ultrasonic 
20.89 MPa 

59.29 

MPa 
33.82 MPa 

Immersion 

Ultrasonic 
15.12 MPa 

50.53 

MPa 
27.82 MPa 

Maximum disagreement between Contact 

Ultrasonic with FE results related to the 

Axial Residual Stress  of the Dissimilar Pipe 

Contact 

Ultrasonic 
24.37 MPa 

58.68 

MPa 
39.95 MPa 

Immersion 

Ultrasonic 
16.8 MPa 

48.68 

MPa 
29.68 MPa 

Maximum disagreement between 

Ultrasonic with FE results related to the 

Hoop Residual Stress of the Dissimilar Pipe 

Contact 

Ultrasonic 
21.43 MPa 

39.47 

MPa 
29.87 MPa 

Immersion 

Ultrasonic 
17.9 MPa 

32.14 

MPa 
19.73 MPa 
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10. Figures 

  Figure 1.LCR wave propagated in the a) steel plate and b) steel pipe through the PMMA wedge 

 

 

Figure 2. Basic FE model of Dissimilar Plate 
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Figure 3. Basic FE model of Dissimilar Pipe 

 

 

       Figure 4. Contact Measurement Devices (Plate) 

 



14 

       Figure 5. Contact Measurement Devices (Pipe) 

 

 

Figure 6. Immersion Measurement Devices (Plate and Pipe) 

 

 

  Figure 7. Overetched section to make the HAZ visible  

 

Figure 8. Tensile test to evaluate contact acoustoelastic constant  
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Figure 9. Tensile test to evaluate immersion acoustoelastic constant 

 

 

Figure 10. Comparison of Hole-drilling method with the FE Results in the Dissimilar Welded Plate 
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Figure 11. Comparison of Hole-drilling method with the FE Results according to the a) Axial Residual Stress and b) 
Hoop Residual Stress in the Dissimilar Welded Pipe  

 

 

Figure 12. Result of Tensile test to evaluate a) contact and b) immersion acoustoelastic constant 

 

 

Figure 13. Longitudinal Residual Stress Comparison of FE with Contact and Immersion Ultrasonic Measurement in 
a) Entire of the Plate and b) HAZ and Weld Zone (Dissimilar Welded Plate) 
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Figure 14. Comparison of FE with Contact and Immersion Ultrasonic Measurement according to the a) Axial 
Residual Stress and b) Hoop Residual Stress (Dissimilar Welded Pipe) 

 

 

 

 


