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Abstract 

This study investigates ultrasonic method in axial and hoop stress measurement through thickness of an austenitic stainless 

steel pipe. Longitudinal critically refracted (LCR) waves are employed to measure the welding residual stresses while outer 

and inner surfaces of the pipe are inspected by using different frequency range of ultrasonic transducers. The 

acoustoelastic constant is measured on a plate with the same material and thickness of the investigated pipe to keep the 

pipe intact. Welding process of the pipe is simulated by a 3D finite element (FE) model which is validated by hole-drilling 

method performed on 25 points. The residual stresses calculated by FE simulation are then compared with those obtained 

from the ultrasonic measurement while a good agreement is observed. It is demonstrated that the residual stresses 

through thickness of the stainless steel pipe can be evaluated by combining FE and LCR method (known as FELCR method).  

 

Keywords: Finite Element Welding Simulation; Ultrasonic Stress Measurement; Through Thickness Stress Measurement; 

Longitudinal critically refracted waves; Acoustoelastic Constant. 

 

1. Introduction 

Residual stresses analysis is an essential stage in the design of mechanical equipments and in the evaluation of their 

reliability under real service conditions. The welding residual stresses, which are formed as the result of differential 

contractions during the weld solidification, might lead to a severe reduction in the fatigue strength of welded structures.  

The residual stresses are measured by Olabi and Hashmi [1] where it has been concluded that the post-weld heat-

treatment lead to reducing residual stresses by about 70 %. The welding residual stresses are also evaluated by them in 

different works [2-5] to study the influence of various parameters on the stresses of welded structures manufactured from 

low carbon steel and stainless steel.  
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Non-destructive measurement of residual stress is useful 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 is the application of ultrasound [6]. Ultrasonic method is a nondestructive way for stress measurement 

which is not limited by the material type and thickness. Longitudinal critically refracted (LCR) waves are widely used as a 

stress measurement technique in comparison with the other types of the ultrasonic waves. The technique is based on the 

acoustoelastic effect, according to which the velocity of elastic wave propagated in solids depends on the mechanical 

stress. 

Further comprehensive discussion on ultrasonic nondestructive stress measurement is available from a number of sources, 

remarkably Thompson et al [7] and Schneider [8]. Applications of the LCR technique in the stress evaluation are given in a 

number of studies, particularly Santos and Bray [9], Bray and Tang [10] or Bray [11]. Tanala et al [12] explained a 

combination of subsurface longitudinal and Rayleigh waves to determine the welding stresses near surface. Employing the 

subsurface longitudinal waves in rail stress measurement has been studied by Eagle and Bray [13]. Palanichamy et al [14] 

measured the residual stresses in austenitic stainless steel weld joints by using ultrasonic technique. However, the 

ultrasonic stress measurement through thickness of a stainless steel pipe is not considered in the previous studies. 

The main objective of this research is feasibility study for nondestructive stress measurement through thickness of an 

austenitic stainless steel pipe. The ultrasonic LCR waves are employed to measure the welding residual stresses. The 

investigated pipe thickness is greater than the penetration depths measured for ultrasonic transducers employed in this 

study. Hence, the pipe is ultrasonically inspected from both sides by using separate experimental setup prepared for inner 

and outer surface inspection. The acoustoelastic constant measurement is an inevitable stage in the process of ultrasonic 

stress evaluation. The acoustoelastic measurement is usually accomplished through the tensile test which needs cutting 

the tested material to extract tensile test specimens. However, the cutting process on the tested pipe is not considered in 

this study to complete ultrasonic measurement nondestructively. Instead, a welded plate with the same material and 

thickness of the investigated pipe is used to extract tensile test samples. The measured acoustoelastic constant of the plate 

along with the time of flight (TOF) of the LCR wave measured on the pipe, are employed for ultrasonic stress measurement. 

Four different series of transducers are utilized to measure the TOF of the LCR wave in different depths of the pipe thickness 

while their nominal frequencies are 5 MHz, 4 MHz, 2 MHz and 1 MHz. Using this experimental configuration leads to a 

comprehensive knowledge of residual stress through thickness of the pipe which is nondestructively achieved. A 3D finite 

element model, which is validated by hole-drilling method performed on 25 points, is also employed to verify the 

ultrasonic results. The residual stresses calculated by FE simulation are then compared with those obtained from the 

ultrasonic measurement while a good agreement is observed. The combination of finite element and LCR method (known as 

FELCR by Javadi et al [15]) is confirmed to be able to evaluate the pipe residual stresses through the thickness. 

 

2. Theoretical Background 

2.1. LCR method 

Different ultrasonic configurations can be employed for residual stresses measurements by LCR technique. As a common 

experimental setup, longitudinal waves are propagated at the first critical angle by a transmitter transducer and then travel 

parallel the tested material surface and finally are detected by a receiver transducer. The residual stress in a subsurface 

layer is measurable while the depth of layer is related to the ultrasonic wave-length, often exceeding a few millimetres.  

The relation between measured travel-time change of LCR wave and the corresponding uniaxial stress is derived by Egle and 

Bray [13] to be: 
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where Δσ is stress change, E is the elastic modulus and L is the acoustoelastic constant for longitudinal waves propagating 

in the direction of the applied stress field. Also, t is the experimental travel-time which would be measured on the welded 

structure that is being evaluated; t0 is travel-time for a homogeneous, isotropic, stress-free sample at the room 

temperature and ΔtT is temperature difference effect between the measurement temperature and room temperature on 

the travel-time. With knowledge of the weld induced change in travel-time and the measured acoustoelastic constant, the 

stress change produced by the weld may be calculated. 
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2.2. Finite Element Welding Simulation 

Welding simulation by using the Finite Element (FE) method has become a popular tool for the prediction of welding 

residual stresses and deformations. Earlier studies of the welding simulation, due to weakness in the computational 

capabilities of the past computers, were limited to two-dimensional modeling. However, it is recently possible to employ 

3D modeling of the welding process while good agreements have been observed between the numerical predictions and 

experimental results [16]. 

Numerical analysis of the welding residual stresses needs, to take account of the mechanical properties of welds, which is 

sensitive to the coupling among heat transfer, microstructure evolution and thermal stress analysis. The phenomena 

involved in the heat input such as arc, material interactions, as well as, fluid dynamics in the weld pool are not exactly 

described. From the thermo-mechanical point of view, the heat input can be considered as a volumetric or surfaced energy 

distribution, and the fluid flow effect, which leads to homogenize the temperature in the molten area, can be taken into 

account by rising the thermal conductivity over the melting temperature. Heat transfers in solids are described by the heat 

equation as following: 

0)(  QTkdiv
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In Equation (2-4), ρ, k, H, Q and T are density, thermal conductivity, enthalpy, internal heat source and temperature 

respectively. In Equation (3), n is the outward normal vector of domain   and q is the heat flux density that can rely on 

temperature and time to model convective heat exchanges on the surface and Tp is a prescribed temperature. 

The heat input is represented by an internal heat source. In this study, the double ellipsoid heat source pattern (Fig. 1) 

presented by Goldak et al. [17] is employed to simulate the heat source in FE model. The front half of the heat source is 

quadrant of one ellipsoidal source while the rear half is the quadrant of another ellipsoid. 

The Goldak equations for the front and rear heat source are represented by the Equation (5) and Equation (6) respectively: 
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In Equation (5-6), x, y and z are the local coordinates of the double ellipsoid model aligned with the welded structure; ff and 

fr are parameters which give the fraction of the heat deposited in the front and rear parts respectively. Q is the welding 

energy which is calculated by knowing the welding voltage, current and the arc efficiency. The parameter a is one-half the 

width of melted zone; b is depth of the melted zone; cf and cr are the front and behind section dimensions of the heat 

source respectively. The front section dimension of the heat source (cf) is assumed equal to a while the rear section (cr) is 

equal to 4×a. The relations 2/(1+ cr / cf) and 2/(1+ cf / cr) are employed to calculate the ff and fr respectively. The moving 

heat source is modelled by a user subroutine in the ANSYS commercial software. 

Material modeling has always been a difficult issue in the welding simulation according to the lack of material data at 

elevated temperatures. Some simplifications and approximations are normally introduced to overcome this problem. 

These simplifications are needed due to both lack of data and numerical difficulties when trying to model the actual high-

temperature properties of the material [18]. The elevated temperature properties of 304L stainless steel used in the finite 

element simulation is extracted from X.K.Zhu et al [19]. 

The problem is formulated as a successively coupled thermal stress analysis. First, a nonlinear 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 nonlinear mechanical analysis determining residual stress and distortion. The finite element 

(FE) models for both thermal and structural analysis are the same. The general-purposed FE program ANSYS is used for the 

analysis. A full Newton-Raphson iterative solution technique with direct sparse matrix solver is employed for obtaining a 
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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" 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. Here, eight-noded-brick elements with linear shape functions are used in the FE modeling.  

A meshing investigation is done to find the most proper mesh according to the mesh size and accuracy of the FE results. 

The basic mesh size is shown in Fig. 2, while some finer and coarser meshing models are studied and the results are 

compared with the experimental measurements. Selecting the most effective mesh size leads to the accurate results along 

with time-consuming calculations. Only one side of the welded pipes is modeled with the symmetry assumption. 

 

3. Experimental Procedures 

3.1. Sample Description  

Two 500 mm length pipes made of stainless steel (304L) are welded while outside diameter and thickness is equal to 320 

mm and 10 mm respectively. Two 600×250×10 mm plates are also welded to be employed for acoustoelastic constant 

measurement. Material and thickness of the welded pipe and plate are the same. The weld reinforcements are removed by 

30000 rpm hand grinder to facilitate ultrasonic measurements. However, temperature during the grinding process is kept 

less than 50° C to prevent generation of thermal stresses.  

3.2. Measurement device 

The measurement device, shown in Fig. 3, includes an ultrasonic box, computer and time of flight (TOF) measuring unit. 

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, however a MATLAB subroutine is employed to increase the resolution to 0.1 ns. 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 to construct the wedge. Five types of wedges, shown in Fig. 

4, are needed to measure the TOF on the plate, pipe outer and inner surface in axial and hoop directions. A three-probe 

arrangement is utilized, with one sender and two receivers in order to eliminate the effects of environment temperature 

on the travel time. Twelve transducers in four different frequencies are used while their nominal frequencies are 1 MHz, 2 

MHz, 4 MHz and 5 MHz. Three normal transducers with the same frequency are assembled in each wedge where the 

diameter of the piezoelectric elements is 6 mm. Moving step of TOF measuring unit is equal to 2 mm for the points near 

and on the melted zone (MZ) while it is changed from 10 mm to 40 mm far away the weld. The TOF is measured three 

times for each point and the average data is calculated. The path should be scanned four times by using the four different 

frequencies of the transducers. 

3.3. Determination of LCR Penetration Depth 

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

expected to be a function of frequency. However, there is no definite relation between the LCR depth and frequency. 

Hence, the LCR depth should be measured experimentally. A variable depth groove is cut in a pipe, with the same material 

and thickness of the investigated sample, to produce a barrier to physically prevent the LCR wave from reaching the 

receiver transducer. It is found that a 1 mm depth groove could completely prevent a 5 MHz LCR wave to pass, which 

indicates that the penetration depth of such a LCR wave is 1 mm. Similarly, the penetration depth of 4 MHz, 2 MHz and 1 

MHz LCR wave is measured 1.5 mm, 3.5 mm and 6 mm respectively. 

3.4. Acoustoelastic constant evaluation of the Plate 

To evaluate the acoustoelastic constant (L), the tensile test samples are taken from both sides of the plate. Rectangular 

tensile test specimens are extracted from parent material (PM), melted zone (MZ) and heat affected zone (HAZ) separately. 

Metallographic analysis of the weld shows that the heat affected zone (HAZ) is not large enough to extract tensile test 

sample. Therefore, samples are prepared from tensile test specimens, extracted from the parent material, to reproduce 

microstructure of HAZ by means of heat treatment. Each sample has experienced different annealing temperature, 

annealing time, cooling rate and cooling environment. Since no microstructure phase change occurred in the HAZ during 
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the welding process, the austenite grain size in the microstructure of the sample is considered as a criterion in the 

reproduction of HAZ microstructure. From this point, the best agreement is found for the sample annealed at 1200°C for 

7min followed by an air cooling. The grain size of HAZ and simulated sample are close to the G5.5 according to the ASTM: 

E112 (standard test methods for determining average grain size). To evaluate the residual stress according to Eq. (1), the 

value t0 is measured directly from the stress-free samples. The acoustoelastic constant (L) is then deduced experimentally 

from a uniaxial loading calibration test.  

 

4. Results and Discussion  

4.1. Acoustoelastic Constant of the Plate 

According to the results of tensile test along with calculations based on Eq. (1), the acoustoelastic constant (L) related to 

the plate is measured equal to 1.839, 2.102 and 2.452 in the HAZ, PM and MZ respectively. The measured acoustoelastic 

constant of the plate is assumed same as the pipe constant and would be used in residual stresses calculations. The 

measurements show that the HAZ constant is less than the PM whereas the maximum is the MZ constant. This behavior of 

acoustoelastic constant was also reported by Javadi et al [15]. 

4.2. Outer Surface Inspection of the Pipe  

In this study, a 3D finite element analysis is used to predict residual stresses through the pipe thickness. Since the thickness 

of the pipe is equal to 10 mm and maximum of penetration depth is measured 6 mm related to 1 MHz transducer, it is 

necessary to inspect the pipe from both sides. It means that, outer and inner surface inspections are needed to reach a 

complete knowledge of the residual stresses through thickness.  

The results of the finite element method are shown in Fig. 5 and Fig. 6 corresponds to the hoop and axial residual stress 

respectively. Since the results are related to the outer surface, the depths shown in the figures are from the outside of the 

pipe, i.e. the 0 mm shows the outer surface and 10 mm shows the inner surface. Furthermore, these depths are selected 

according to the measured penetration depth of the ultrasonic transducers.  

The FE simulation of weld shows that the hoop residual stress is tensile in center of the weld whereas it converts to 

compressive stress near the HAZ. The axial stress is compressive in the weld centerline which shows a stress distribution in 

the opposite direction of hoop stress on the outer surface of the pipe. The distribution of hoop and axial residual stress is 

comparable with the welding logic and the results of previous studies (for example the FE results of dissimilar pipe 

analyzed by Javadi et al [20]). 

A comparison between FE simulation results of inner and outer surface of the pipe shows that the hoop stress behavior of 

the pipe outer surface is similar to the inner surface despite the fact that the axial stress considerably differs through the 

thickness. The hoop stress changes from 58.17 MPa to 340.08 MPa by moving from the outer to inner surface while the 

axial stress converts from -239.12 MPa to 247.13 MPa in center of the weld. A similar hoop and axial stress distribution 

through thickness of pipes was reported by some of the previous studies [21-23]. 

It should be noted that, the wave speed for LCR waves is affected by the average stress in a layer which may be a few 

millimeters thick [14]. For example, the 1 MHz LCR wave travels in 6 mm beneath the surface and gives the average of 

residual stress in this zone. Therefore, the FE residual stresses for all the nodes located in 6 mm under the surface are 

extracted and their averages are calculated to compare with measurements performed by the 1 MHz LCR wave. It means 

that, the results shown in Fig. 5 and Fig. 6 cannot be compared with the ultrasonic results because they are exact results. 

Therefore, the averages of FE residual stresses are calculated according to the penetration depth of the transducers which 

are shown in Fig. 7.  

To compare FE results with ultrasonic measurements, it is needed to verify the FE model with the experimental results. The 

residual stress of 25 points is measured by the hole-drilling method in axial and circumferential direction while the results 

are compared with the FE analysis according to Fig. 8 and Table 1. The average results of FE residual stress in 2 mm depth 

are compared with those of hole-drilling method because this method also gives the average of residual stress measured 

along the 2 mm depth hole. The hole-drilling method is performed based on the characterizations described in ASTM: 

E837. The comparison between FE analysis and hole-drilling results show good agreement which validate the FE welding 

simulation. 

The results of ultrasonic measurements are shown in Fig. 9-Fig. 12 according to the frequency of ultrasonic transducer used 

to measure the TOF. All of the results of ultrasonic measurements are compared with finite element analysis showing an 

acceptable agreement. The disagreement between FE and ultrasonic, listed in Table 2, is differed according to the 

ultrasonic test frequency and tested zone.  

http://www.astm.org/Standards/E112.htm
http://www.astm.org/Standards/E112.htm
http://www.astm.org/Standards/E837.htm
http://www.astm.org/Standards/E837.htm
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According to the results of Table 2, the ultrasonic accuracy in PM is higher than MZ and HAZ. Despite of the same material 

and thickness of the plate and pipe, there are some differences in the welding specifications which lead to relatively high 

error in acoustoelastic constant evaluation of MZ and HAZ.  

Comparison between different test frequencies shows that the LCR waves work more accurately by employing the lower 

frequency transducers. It means that the disagreements between the FE and ultrasonic measurement performed by 5 MHz 

transducer is higher than those obtained by 4 MHz and the minimum occurs at 1 MHz. Higher error of higher frequencies 

can be justified by the fact that the low frequency transducers produce sharp and more powerful echo in the receiver than 

high frequency transducers. Therefore it is necessary to increase the “Gain” by using higher frequencies which will lead to 

less resolution and higher measuring error in the TOF. The less precise measurement performed by high frequency waves, 

was also reported by Javadi et al [15].  

However, the disagreement between the FE and ultrasonic results does not exceed than ±40 MPa which is an acceptable 

error for a nondestructive stress measurement method. 

4.3. Inner Surface Inspection of the Pipe  

The results of the finite element method are shown in Fig. 13 and Fig. 14 for different depths corresponds to the hoop and 

axial residual stress respectively. Since the results are related to the inner surface, the depths shown in the figures are from 

the inside of the pipe, i.e. the 0 mm shows the inner surface and 10 mm shows the outer surface. The averages of FE 

residual stresses are also calculated, shown in Fig. 15, to be comparable with the ultrasonic measurements.  

The results of ultrasonic measurements are shown in Fig. 16-Fig. 19 according to the frequency of ultrasonic transducer 

used to measure the TOF. All of the results of ultrasonic measurements are compared with finite element analysis showing 

an acceptable agreement while the disagreements between FE and ultrasonic are listed in Table 3. 

The disagreement results of inner surface inspection are similar to those obtained from the outer surface measurements. 

However, in both of the inspections the disagreement between the FE and ultrasonic results does not exceed than ±40 

MPa which confirms the capability of FELCR method (which is the combination of finite element welding simulation and 

ultrasonic stress measurement by LCR waves [15]) to evaluate welding residual stress through the thickness. 

 

5. Conclusion  

The main goal of this paper is ultrasonic evaluation of hoop and axial residual stresses in a stainless steel pipe through the 

thickness. The ultrasonic measurements are compared with residual stresses obtained from a FE analysis validated by hole-

drilling method. According to the achieved results, it can be concluded that: 

1- The hoop residual stress of the inner and outer surface is tensile in the weld centerline while the axial stress is 

notably differs through the thickness of the pipe. 

2- The LCR ultrasonic method measures the average of stresses in determined penetration depth of transducers. 

Therefore, if measuring the stress in an exact depth is needed, the ultrasonic method is not recommended. 

3- Since the penetration depths of the ultrasonic transducers are limited to a few millimeters, both sides 

measurement of thick materials is recommended.  

4- A little difference in the welding specifications of pipe with the plate used to measure acoustoelastic constant, 

lead to relatively high error in stress evaluation of MZ and HAZ.  

5- The average results of FE residual stress in 2mm from the surface are in good agreement with those of hole-

drilling method. 

6- Ultrasonic measurements of hoop and axial residual stresses are compared with finite element analysis and show 

an acceptable agreement. 

7- The disagreement between the FE and ultrasonic results is increased by using high frequency transducers. 

8- The FELCR method can evaluate welding residual stress through the thickness of stainless steel pipe. 
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7. List of Table Captions 

Table 1. Comparison of FE and Hole-Drilling results in the Circumferential Direction corresponding to the Pipe 
Outer Surface Inspection 

Table 2. Disagreement between FE and ultrasonic results (Pipe Outer Surface Inspection) 

Table 3. Disagreement between FE and ultrasonic results (Pipe Inner Surface Inspection) 
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8. List of figures caption 

Fig. 1. Double ellipsoid heat source configuration used for FE simulation of welding heat source [17] 

 

Fig. 2. Basic FE model of the Pipe  

 

Fig. 3. Measurement Devices for TOF measurement of the Pipe (a,b: Inspection of the Pipe Outer Surface; c: 
Inspection of the Pipe Inner Surface)   

 

Fig. 4. Wedge Design  

 

Fig. 5. FE Hoop Residual Stresses corresponding to the Pipe Outer Surface Inspection 

(a: X= 0-500 mm; b: X= 0-100 mm)  

 

Fig. 6. FE Axial Residual Stresses corresponding to the Pipe Outer Surface Inspection 

(a: X= 0-500 mm; b: X= 0-100 mm) 

 

Fig. 7. Average of a) Hoop and b) Axial Residual Stresses obtained from FE analysis corresponding to the Pipe 
Outer Surface Inspection 

 

Fig. 8. Comparison of FE and Hole-Drilling results in the Axial Direction corresponding to the a) Hoop and b) 
Axial Residual Stresses (Pipe Outer Surface Inspection) 

 

Fig. 9. Comparison of FE and Ultrasonic results performed by 5 MHz Transducer corresponding to the a) Hoop 
and b) Axial Residual Stresses (Pipe Outer Surface Inspection) 

 

Fig. 10. Comparison of FE and Ultrasonic results performed by 4 MHz Transducer corresponding to the a) Hoop 
and b) Axial Residual Stresses (Pipe Outer Surface Inspection) 

 

Fig. 11. Comparison of FE and Ultrasonic results performed by 2 MHz Transducer corresponding to the a) Hoop 
and b) Axial Residual Stresses (Pipe Outer Surface Inspection) 

 

Fig. 12. Comparison of FE and Ultrasonic results performed by 1 MHz Transducer corresponding to the a) Hoop 
and b) Axial Residual Stresses (Pipe Outer Surface Inspection) 

 

Fig. 13. FE Hoop Residual Stresses corresponding to the Pipe Inner Surface Inspection 

(a: X= 0-500 mm; b: X= 0-100 mm) 

 

Fig. 14. FE Axial Residual Stresses corresponding to the Pipe Inner Surface Inspection 

(a: X= 0-500 mm; b: X= 0-100 mm) 
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Fig. 15. Average of a) Hoop and b) Axial Residual Stresses obtained from FE analysis corresponding to the Pipe 
Inner Surface Inspection 

 

Fig. 16. Comparison of FE and Ultrasonic results performed by 5 MHz Transducer corresponding to the a) Hoop 
and b) Axial Residual Stresses (Pipe Inner Surface Inspection) 

 

Fig. 17. Comparison of FE and Ultrasonic results performed by 4 MHz Transducer corresponding to the a) Hoop 
and b) Axial Residual Stresses (Pipe Inner Surface Inspection) 

 

Fig. 18. Comparison of FE and Ultrasonic results performed by 2 MHz Transducer corresponding to the a) Hoop 
and b) Axial Residual Stresses (Pipe Inner Surface Inspection) 

 

Fig. 19. Comparison of FE and Ultrasonic results performed by 1 MHz Transducer corresponding to the a) Hoop 
and b) Axial Residual Stresses (Pipe Inner Surface Inspection) 

 

 


