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Abstract 

The main goal of this study is ultrasonic measuring of through-thickness residual stresses in friction stir welding of aluminum 

plates. A 3D thermo-mechanical finite element analysis is used to evaluate residual stresses caused by friction stir welding of 

5086 aluminum plates. The finite element (FE) model has been validated by the hole drilling method. Residual stresses obtained 

from the FE analysis is then compared with those obtained from ultrasonic stress measurement. The ultrasonic measurement 

technique is based on acoustoelasticity law which describes the relation between the acoustic waves and the stress of material. 

The ultrasonic stress measurement is accomplished by using longitudinal critically refracted (LCR) waves which are propagated 

parallel to the surface within an effective depth. Through-thickness distribution of longitudinal residual stresses is evaluated by 

employing the LCR waves produced by four different frequencies (1 MHz, 2 MHz, 4 MHz and 5 MHz) of ultrasonic transducers. 

Utilizing the FE analysis along with the LCR method (known as FELCR method), the through-thickness distribution of longitudinal 

residual stress could be achieved. The comparison between ultrasonic and FE results show an acceptable agreement, hence the 

FELCR method could be successfully applied on the FSW plates. It has been concluded that the longitudinal residual stresses of 

aluminum plates joined by friction stir welding can be evaluated by using the FELCR method. The good potential of FELCR as a 

nondestructive method is also confirmed in through-thickness stress measurement of aluminum plates. 
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1. Introduction 

The engineering properties of the structural components, particularly fatigue life, deformation, dimensional stability, corrosion 

resistance, and brittle fracture can be significantly influenced by residual stresses. Residual stresses can be defined as remaining 

stresses inside the material after manufacturing, in the absence of external loads or thermal gradients. Welding is an essential 

production process in the industry which produces residual stresses at a remarkable level. Welding residual stresses are caused 

by non uniform thermal expansions and solidifications during the welding processes.  

Residual stresses evaluation is an essential stage in the design of structures and also in the estimation of their reliability under 

real service conditions. Over the years, different methods have been presented to measure residual stress for different types of 

equipments in order to obtain reliable assessment while the majority of these methods are described by Rossini et al [1]. The 

residual stresses are measured by Olabi and Hashmi [2] where it has been shown that the post-weld heat-treatment leads 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 residual stresses of welded structures.  

The welding residual stresses may be available in all of the welding processes including both fusion and solid state welding 

processes. The solid state welding processes do not involve the melting of the materials being joined; instead, the weld is 

formed by producing coalescence at temperatures essentially below the melting point of the base materials, without the 

addition of brazing filler metal. Friction stir welding (FSW) is a solid state welding process patented in 1991 at TWI [7], in which 

a rotating tool (pin) is first embedded into the adjoining edges of the plates to be welded with a pre-determined tilt angle, and 

then moved all along the welded joint. Such a pin produces frictional heating along with plastic deformation in the welding zone 

while no melting of material is created. As the tool moves, the material is forced to flow around the tool in a relatively complex 

flow pattern which has been described in several literatures [8-10]. 

More recently, a few papers focused on the analysis of residual stress produced by the FSW. Bussu and Irving [11] showed that 

the fatigue life is slightly improved by presence of the residual stresses; however they considered deformations induced by the 

residual stresses that restrict application of the FSW process in manufacturing production. Peel et al. [12] employed the X-ray 

measurements to investigate the tool feed rate effect on distribution of residual stresses caused by the friction stir welding of 

5083 aluminum plates. Similar studies were developed by Staron et al. [13] and Preve´y et al. [14] on the friction stir welding of 

aluminum.  

Nondestructive measurement of residual stresses is necessary to optimize the structures’ design and improve the mechanical 

strength. There is no reliable nondestructive method that brings complete satisfaction in the in-situ stress monitoring of the 

welded equipments. Material, geometry, surface quality, cost, and accuracy of the measurement are some of the parameters 

that must be considered in choosing a proper method for stress measurement. The development of nondestructive methods 

like X-ray diffraction and the ultrasonic technique along with semi-destructive methods like incremental hole-drilling technique 

is inevitable for stress measurement and health monitoring of the equipments.  

Ultrasonic stress measurement is founded on the linear relation between the velocity of the ultrasonic wave and the material 

stress. This correlation, within the elastic limit, is called as acoustoelastic effect which shows that flight time of the ultrasonic 

wave changes linearly with the stress. In 1967, Crecraft [15] showed that the acoustoelastic effect can be employed for stress 

measurement of engineering materials. The longitudinal critically refracted (LCR) wave is a longitudinal ultrasonic wave which 

can be propagated parallel to the surface. It has been proved by Egle and Bray [16] that sensitivity of the LCR waves to the stress 

is highest among the other types of ultrasonic waves. Tang and Bray [17] utilized the LCR waves to measure the stresses higher 

than yield strength and also studied plastic deformation effect on the velocity variations of waves in 4140 steel. The LCR waves 

were used to evaluate the bending stress in steel plates and bars by Bray and Tang [18]. They employed two different testing 

frequencies (2.25 MHz and 5 MHz) and compared the results. The LCR measurement was accomplished in immersion mode by 

Belahcene and Lu [19] to measure welding residual stresses of S355 steel plate. They used hole-drilling method to validate the 
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ultrasonic results. Palanichamy et al [20] evaluated the residual stresses in austenitic stainless steel weld joints using ultrasonic 

technique.  

The main goal of this research is feasibility study for nondestructive stress measurement to obtain the through-thickness 

distribution of longitudinal residual stresses. The ultrasonic LCR waves are employed to measure the residual stresses caused by 

the friction stir welding (FSW) of aluminum plates. The FSW process is also modeled by using the finite element method (FEM) 

while the distribution of longitudinal residual stresses obtained from the FEM will be validated by hole-drilling measurement. 

The longitudinal residual stresses calculated by FEM are then compared with those measured by ultrasonic technique while a 

good agreement is observed. The combination of the FE welding simulation and the ultrasonic LCR method (known as FELCR by 

Javadi et al [21]) is confirmed to have enough potential for non-destructive evaluation of residual stresses through the thickness 

of aluminium FSW joints. 

 

2. Theoretical Background 

2.1. LCR method 

Different ultrasonic configurations can be used for residual stresses measurements performed by the LCR waves. As a common 

experimental setup, longitudinal waves are produced at the first critical angle by a transmitter transducer, then propagate 

parallel to surface of the tested material and finally are detected by receiver transducers. Two transducers are utilized as the 

receivers to decrease the environmental effects, like ambient temperature, on the wave velocity. More experimental details of 

LCR waves can be found in several previous studies [21-27]. The relation between measured travel-time change of LCR wave and 

the corresponding uniaxial stress is derived by Egle and Bray [16] to be: 
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In Eq. (1), Δσ is stress change, E is the elastic modulus and L is the acoustoelastic constant for longitudinal waves propagated in 

the direction of the applied stress field. The acoustoelastic constant should be measured by the uniaxial tensile test performed 

on the samples extracted from the tested material. Also, t is the experimental travel-time which would be measured on the 

tested material; t0 is travel-time for a homogeneous, isotropic, stress-free sample at the room temperature. With knowledge of 

the weld induced change in travel-time along with the measured acoustoelastic constant, the stress variations produced by the 

welding process can be calculated. For a fixed distance of transducers, the travel time of the LCR wave decreases because of 

compressive stress and increases in tensile stress field. The residual stress in a subsurface layer is also measurable by using 

different frequencies of the transducers which produce the LCR waves while the depth of layer is related to the ultrasonic wave 

frequency, often exceeding a few millimetres.  

2.2. Finite Element Welding Simulation 

2.2.1. FE model of FSW 

The fully 3D FEM model, used in this study, is a thermo-mechanically coupled analysis which assumes a rigid-viscoplastic 

material behavior. This model represents the plate seam (abutting edges) as a continuum which avoids the numerical 

instabilities caused by discontinuities at the edge of the two plates. 

The commercial FEA software DEFORM-3D [28], a Lagrangian implicit code designed for metal forming processes, is employed 

to model the FSW process. The use of an implicit code versus an explicit one is a sort of inevitable choice being the latter better 

suited in order to correctly estimate temperature history and stress states.  

As far as the mechanical analysis is regarded, a rigid-viscoplastic material model along with the Von Mises yield criterion and 

associated flow rule is used. The rigid-viscoplastic finite element formulation is founded on the variational approach. The actual 

velocity field is determined by the stationary value related to the variation of governing functional π, as described in detail in 

[29]: 
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In Eq. (2), ),,( T   and iiV     is the volumetric strain-rate. The constant K should have very large 

positive value for incompressibility. As far as the thermal effects are considered, the temperature generated in the process has 

a significant influence on the mechanical response. The final thermal equilibrium equation can be expressed as: 
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The FSW tool is assumed to be rigid because the yield strength of the plate (i.e. aluminum alloy) is significantly lower than the 

yield strength of the tool (i.e. H13 steel). The workpiece is modeled by assuming rigid viscoplastic material which this 

assumption leads to missing the possibility of residual stresses calculation at the end of process simulation. Hence, an 

additional simulation by assuming the elastoplastic material model is needed to get the final residual stress state. The 

numerical modeling of FSW processes results in extremely long computational times due to the complex non-linearity of the 

mechanical analysis and the severe gradients of the main variables including strain and also strain rate around the tool action 

area. 

During the FSW process, the workpiece is clamped at its sides which these boundary conditions are modeled in the FE analysis. 

The FE simulation of the FSW process is then divided into two stages: (i) sinking stage and (ii) welding (advancing) stage. In 

other words, FSW is modeled from its initial state (entering the pin into the aluminum plate) to the end (when the tool is 

removed from the clamped plates). During the sinking stage, the tool moves down vertically while it is rotating; then, during the 

welding stage, it moves along the welding line to join two aluminum plates. The tool is also tilted of 2˚ angle with respect to a 

vertical axis. The dwelling time is considered at the end of the sinking stage to assure sufficient heating of the workpiece for the 

subsequent welding process. 

The thermal conductivity k=120 [N/ (s˚C)] and thermal capacity c=2.4 [N/ (mm2˚C)] are used for the material modeling of the 

considered 5086 aluminum alloy. No variation of k and c with temperature is assumed to linearizes the thermal analysis which 

leads to better convergence. A constant interface heat exchange coefficient of 11 [N/ (mm s ˚C)], is utilized for the tool–sheet 

contact surface. As the value of the heat transfer coefficient is regarded, a typical convection coefficient in calm air equal to 

0.02 [N/ (mm s˚C)] is selected.  

As briefly described before, a rigid-viscoplastic temperature and strain rate dependent material model is used as follows: 

 

][)()(1003.2 124.00027.0488.03 MPaT  
     (4) 

 

In Eq. (4), the temperature is expressed in K and the strain rate in s-1. 

It should be noted that the material behavior is inputted in the utilized software in form of tabular data in regarding to the 

above assumptions and also previous literature data [30]. Eq. (4) is then obtained through linear regression just to represent 

the material behavior at the varying of temperature, strain and strain rate.  

For the FE modeling of the workpiece, a “single block” continuum model (sheet blank without gap) is used to avoid contact 

instabilities due to intermittent contact produced in the plate–plate and plate–tool interfaces. In particular, a single plate is 

considered and the rotating tool, once completed the sinking phase, is moved forward to weld the groove left behind the pin as 

it advances along the welding line. 
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A basic finite element model related to the rigid-viscoplastic material simulation is shown in Fig. 1a. The plate blank is meshed 

with about 30,023 tetrahedral elements while 14,943 tetrahedral elements are used to mesh the tool. The selection of 

tetrahedral elements instead of other elements, e.g. brick elements, leads to reach more reasonable computational time. A 

non-uniform mesh, characterized by density windows all along the welding line and adaptive re-meshing are used in order to 

employ smaller elements close to the tool. A re-meshing zone (which uses finer mesh size) is identified all along the tool feed 

movement (Fig. 1a). Proper accuracy is achieved by increasing the number of elements around the tool pin by employing the re-

meshing zone. In this way, lower computational time along with more accurate convergence is assured. However, many FE 

models with different mesh size should be run to find the efficient mesh size showed in Fig. 1a. The other FE models showed 

that a coarser mesh (than the mesh size selected in the efficient model showed in Fig. 1a) leads to inaccurate results and also 

frequent software stops; on the other hand, a finer mesh results in unaffordable computational time without valuable 

improvement in the accuracy. 

2.2.2. Developed FE model  

It has been proved that finite element (FE) simulation represents a valuable aid in the FSW processes design. The determination 

of residual stress which leads to the prediction of welded joint fatigue life has a strategic importance for most of the 

applications in the aeronautical, aerospace, automotive and naval industries. However, the extremely high computational time 

is still an important drawback in FE simulation of FSW. Depending on the joint dimensions and process parameters, a thermo-

mechanical coupled with elasto-plastic material behavior including the mechanical action of the tool may take weeks to be 

analyzed.  

There is a developed approach presented by Buffa et al [31] able to effectively cut down the computational time by splitting 

the FSW simulation into two different parts. The process is firstly simulated from the beginning, i.e. the tool sinking, to its end, 

i.e. the tool removing from the workpiece, with a rigid-viscoplastic material model as described in the section 2.2.1. In this way 

a relatively rapid convergence is reached, although the residual stresses cannot be obtained. At the end of the first part of 

simulation, a new database is created by a specific routine developed and embedded in new simulation software. For each 

node, the temperature history experienced during the first part of simulation will be imported into the second part. The 

workpiece is exposed to the thermal results obtained from the previous thermo-mechanically coupled analysis with no further 

tool mechanical action because the residual stresses mainly depend on the temperature history experienced by the workpiece 

[30]. 

During this latter part of simulation the tool object is disabled while the boundary conditions including the actual clamping 

fixtures are performed. This new simulation eliminates the tool mechanical action which leads to avoiding the convergence 

difficulties, hence reasonable computational time could be achieved. 

The final step of the FE analysis consists in cooling the weld down back to the environment temperature. The cooling step is 

also divided into two different sub-simulations because the workpiece is clamped to the welding machine during the initial 

cooling stage while the boundary constraints are released in the second phase of cooling simulation. Once the joint is separated 

from the welding machine, three nodes of the workpiece mesh are kept fixed in order to avoid any undesired movement. 

Finally, the residual stress in the workpiece could be obtained at the end of this cooling step. 

In this study, separating the thermo-mechanical rigid-viscoplastic simulation from the elasto-plastic one is performed by 

employing the DEFORM and ABAQUS software. The data coming from the DEFORM simulation are manually transferred to a 

further elasto-plastic FE model using a brick type mesh in ABAQUS environment (Fig. 1b). The elasto-plastic FE model is 

developed with ABAQUS/Standard 6.11 [32] using the coupled temperature displacement analysis option. The plate is modeled 

with 4590 brick elements of uniform geometry (see Fig. 1b). These elements are characterized by eight nodes and tri-linear 

displacement, and temperature functions reduced integration with hourglass control. The boundary conditions of the model 

are defined to simulate the clamping and supporting conditions applied during the FSW process. At each node of the model, the 

corresponding temperature history is input (from DEFORM results) as transitory boundary condition, reproducing the thermal 

effects derived both the friction-forces work and deformation work. At the end of the simulation, the mechanical constraints 

are released to reproduce the unclamping of the joint (after the FSW process). In this way, the longitudinal residual stresses are 

achieved which will be used to be compared with those obtained from the ultrasonic stress measurement. 
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3. Experimental Procedures 

3.1. Sample Description  

Two 150*100*8 mm plates made from 5086 aluminum are friction stir welded in butt joint geometry. The FSW tool is made 

from H13 steel which the design and dimensions is shown in the Fig. 2. The FSW is performed by using a vertical milling 

machine while the process parameters including feed rate, tool rotating speed and tilt angle are equal to 0.2 mm/s, 400 rpm and 

2˚ respectively. During the FSW process, the workpiece is clamped at its sides by using a steel fixture and also supported at its 

bottom by a back plate (Fig. 2). 

 

3.2. Measurement Devices  

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

Also, an automatic measuring table is needed to move TOF measuring equipments with proper accuracy and stability. The 

automatic table is supported by 3 step motors to be able to move the transducers in 3 axes with resolution of 1 μm. The 

ultrasonic box is a portable ultrasonic testing device with sample rate of 100 MHz. The analogue to digital (A/D) converter is 

controlled by synchronization between the pulser signal and the internal clock. The clock works with the resolution of 1 ns 

which allows very precise measurements of the time of flight. The TOF measuring equipments include three longitudinal 

transducers assembled on an integrated wedge to measure the time of flight. The laser cutting (with consideration to the 

results presented by Eltawahni et al [33]) and CNC milling are employed to construct the wedge from poly methyl methacrylate 

(PMMA) material, under the trademark Plexiglas. A three-probe configuration is used, with one sender and two receivers in 

order to eliminate temperature effect on the travel time. Twelve transducers in four different frequencies are utilized where 

their nominal frequencies are 1 MHz, 2 MHz, 4 MHz and 5 MHz. The LCR wave produced by using low frequency transducers 

could be penetrate more in the material, hence using different frequencies helps to evaluate residual stresses in different 

depths of the material. A constant pressure on the wedge is needed in order to keep constant thickness of ultrasonic couplant 

layer between the wedge and tested plate. The pressure is supported by using a compressor and pneumatic cylinder. There is 

also a couplant layer between the assembled transducer and its location in the wedge while the plastic screws support the 

constant pressure on the transducers.  

3.3. Determination of LCR Penetration Depth 

When the LCR technique is applied to a workpiece with limited wall thickness, the penetration depth of the LCR wave is expected 

to be a function of frequency. Since there is no reliable equation for the relation between the penetration depth and frequency, 

it should be measured experimentally. Four different frequencies have been used in this study to evaluate the longitudinal 

residual stress through the thickness of plates; hence the depth of all frequencies should be exactly measured. A variable depth 

groove is cut in a plate, with the same material and thickness of the tested plates, producing a barrier to physically prevent the 

LCR wave from reaching the receiver transducers. It was found that a 6.5 mm depth groove could completely prevent a 1 MHz 

LCR wave to pass, which indicates that the penetration depth of such a LCR wave is 6.5 mm. The penetration depths of LCR wave 

produced by 2 MHz, 4 MHz and 5 MHz transducers are measured equal to 3.4 mm, 1.5 mm and 1.1 mm respectively. 

 

3.4. Evaluation of the Acoustoelastic Constants 

The standard uniaxial tensile tests are needed to evaluate the acoustoelastic constant while a changed form of Eq. (1) can be 

used for the calculations: 
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Tensile test specimens are extracted from the workpiece and would be exposed to the tensile test while the TOF measuring 

equipments are assembled on the specimen in order to measure flight-time (t) of the LCR wave. However, before starting the 

tensile test, the specimens should be stress relieved to measure the TOF of stress-free samples (t0). By using a tensile test 

standard machine, the tensile test (σ) is increased step by step while the flight-time (t) is measured in each step. The elastic 
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modulus (E) could also be measured by using the tensile test results or obtaining from the material tables. As a result, the 

acoustoelastic constant (L) can be calculated.  

In this study, the tensile test specimens are extracted from the weld and parent material (PM) to measure the E and L in each of 

these zones. The tensile test specimens are constructed with the specifications which meet the Sheet type (0.5 in. wide) sample 

presented in the ASTM: E8 standard. The results of acoustoelastic constant measurement are listed in Table 1 according to the 

frequency of TOF measuring transducers which are assembled on the specimen during the tensile test. 

3-5. Hole-drilling measurement to validate FE model 

In this study, the FE welding simulation is employed to verify the accuracy of ultrasonic stress measurement. It is also needed to 

prove the accuracy of FE model by using the other experimental methods. Hence, the residual stresses obtained from the FE 

simulation is validated by utilizing the hole-drilling measurement. The hole-drilling method is performed in three different 

points (as shown in Fig. 4) based on the characterizations described in ASTM: E837. This semi-destructive technique determines 

the stresses near the surface of a sample through the incremental drilling of a small hole, which relaxes the stresses in that 

location. The resultant strains are measured using a strain gauge rosette (Fig. 4) after each depth increment and the biaxial 

stress field is then calculated employing equations established by ASTM: E837. 

 

4. Results and Discussion  

4.1. Employing the LCR waves and FEM to evaluate through thickness stresses of FSW 

Completing the following steps is required to reach the main goal of this study which is employing the ultrasonic waves and 

finite element method to evaluate residual stresses through thickness of the aluminum plates joined by friction stir welding 

process: 

1- The measurement devices (section 3.2) are employed 

to measure TOF in four different depths of the 

plate by using four different frequencies of 

 wave is propagated parallel to CRLhe T. transducers

the weld direction which leads to longitudinal 

stress measurement through the thickness of plates.  

2- Tensile test specimens are extracted from the weld 

and parent material (PM) zones. 

3- free -is measured directly on the stress 0tThe value 

samples which are the tensile test specimens 

extracted from the weld and PM zones. The stress-

free situation is created by employing stress 

relieving heat treatment. 

4- The elastic modulus (E) is measured by using 

tensile test on the specimens extracted from the 

weld and PM zones. 

5- The acoustoelastic constant is measured by using a 

uniaxial tensile test and Eq. (5) in the weld and 

PM zones separately (Table 1). 

http://www.astm.org/Standards/E8.htm
http://www.astm.org/Standards/E837.htm
http://www.astm.org/Standards/E837.htm
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6-  By putting the results of step 1-5 in Eq. (1), 

longitudinal residual stresses can be calculated 

related to four measuring frequencies which present 

four distribution of longitudinal residual stress 

in four different depths of the plate (the depths 

are related to the penetration depths measured in 

section 3.3). 

7- Comparing the ultrasonic stress measurement results 

with those obtained from FE simulation could 

validate the ultrasonic stress measurement while 

the FE simulation is also verified by the hole-

drilling measurement. 

Completing steps 1-7, which are summarized in Fig.5, will lead to through-thickness evaluation of longitudinal residual stresses 

in FSW process performed on the aluminum plates by employing the LCR waves and FEM. 

 

4.2. Results of finite element welding simulation  

4.2.1. Verification of FE model  

The longitudinal residual stresses analyzed by FE simulation are compared with those obtained from the hole-drilling 

measurements (Fig.6) and a good agreement is achieved. This agreement can be considered as validation of FE welding 

simulation and prove the accuracy of FE model. Hence, the FE model could be employed in verifying the results of ultrasonic 

stress measurements. 

4.2.2. Residual stress analysis 

The validated FE model could be used for residual stress analysis now. The longitudinal residual stress calculated by finite 

element simulation is shown in Fig.7. The results are obtained for four different depths equivalent to the measured penetration 

depths of ultrasonic LCR waves (section 3.3). It can be observed that the peak of longitudinal residual stress is occurred in the 

advancing side (AS) of FSW. This distribution of residual stresses is because of non-symmetric temperature distribution of FSW 

while the maximum of welding temperature value occurs in the advancing side of the joint [31]. Furthermore, the major part of 

material flow occurs at the AS, hence stirred zone (SZ) stretches into the AS which cause to higher residual stresses of the 

advancing side [34]. 

It should be noticed that the LCR ultrasonic method measures the average of stresses in determined depths [21]. For example, 

the LCR wave produced by the 1 MHz transducer will travel in 6.5 mm beneath the surface and gives the average of residual 

stress in this zone. Hence, the average of FE residual stresses for all the nodes located in 0-6.5 mm under the surface are 

calculated to be comparable with ultrasonic measurements. 

The FE results show relatively homogeneous through-thickness residual stress distributions which were be expectable according 

to the objectives reported by Woo et al [35]. They showed that using pin in the FSW tool design lead to homogeneous through-

thickness residual stress distribution while the “shoulder-only” case (no pin) exhibits residual stress variations through the 

thickness [34]. The pin is considered in the tool design used in this study, hence no considerable change is observed in the 

stress obtained from the FE simulation performed in the depth of 0-6.5 mm. However, a little difference could be observed 

between surface and bulk stresses while the difference is less than 20 MPa.    
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4.3. Results of ultrasonic measurements  

The longitudinal residual stresses measured by the ultrasonic method are shown in Fig.8-11 related to the LCR waves created by 

5 MHz, 4 MHz, 2 MHz and 1 MHz respectively. The ultrasonic stress measurements are also compared with the FE results while 

a good agreement is achieved. The little difference between surface and bulk residual stresses (less than 20 MPa) could be 

measured by using different test frequencies. It can be also observed that the difference between ultrasonic and FE results 

changes with the test frequency and is less than ±10 MPa, ±7 MPa, ±5 MPa and ±4 MPa for the measurement performed by 5 

MHz, 4 MHz, 2 MHz and 1 MHz transducers respectively. It means that using higher test frequency lead to lesser accuracy of 

ultrasonic measurement. This objective was also reported by Javadi et al [21-27].  

In addition to the measurement errors of ultrasonic method, the difference between FE and ultrasonic results can also be 

justified by different acoustic properties of AS and RS materials which can produce a complicated weld region. However, better 

accuracy could be achieved by decreasing the dimension of weld zone because it could lead to smaller contact area of the 

ultrasonic wedge with the weld zone (where the complex acoustic properties are existed). Furthermore, employing the 

statistical methods (like Taguchi method or ANOVA analysis) to optimize the welding pool and decreasing the HAZ and weld 

dimensions (similar to works presented by Anawa and Olabi [36-39]) could also be useful to reach more accurate ultrasonic 

measurements. 

 

5. Conclusions 

The main goal of this study is evaluating longitudinal residual stress through the thickness of aluminum plates with 8 mm 

thickness. Finite element welding simulation along with the LCR ultrasonic method is employed to reach this goal. According to 

the achieved results, it can be concluded that: 

1) The peak of longitudinal residual stress is 

occurred in the advancing side (AS) of FSW. The 

by employing  determinedposition of peak could be 

ultrasonic method. CRLthe  

2) Ultrasonic measurement of residual stresses is 

validated with finite element simulation of FSW 

process while an acceptable agreement is observed.  

3) The little difference between surface and bulk 

residual stresses (less than 20 MPa) could be 

measured by using different test frequencies in the 

ultrasonic measurement. This shows relatively high 

resolution of ultrasonic method in through-

thickness stress measurement of aluminum plates. 

4) According to the results of this study, 

simultaneous using of finite element welding 

) method CRFELmethod (known as  CRLsimulation and 

can evaluate through-thickness distribution of 

longitudinal residual stress in FSW process of 

be also method could  CRFELThe aluminum plates. 
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considered as a nondestructive method for through-

thickness stress measurement of materials. 
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Table 1. Acoustoelastic constant (L) measurement 
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10. List of figure captions 

 

Fig. 1. Basic finite element model (a: Rigid-viscoplastic material model using the DEFORM software; b: Elasto-
plastic material model using the ABAQUS software) 

 

Fig. 2. Friction stir welding of aluminum plates 

 

Fig. 3. The LCR measurement devices 

 

Fig. 4. Hole-drilling setup on aluminium plates  

 

Fig. 5. Employing the LCR waves and FEM to evaluate through thickness stresses of FSW 

 

Fig. 6. Verification of FE model by employing hole-drilling measurement of longitudinal residual stresses  

 

Fig. 7. Finite element results of longitudinal residual stresses according to the penetration depths of ultrasonic 
waves  

 

Fig. 8. Finite element and 5 MHz ultrasonic results related to the longitudinal residual stresses 

 

Fig. 9. Finite element and 4 MHz ultrasonic results related to the longitudinal residual stresses 

 

Fig. 10. Finite element and 2 MHz ultrasonic results related to the longitudinal residual stresses 

 

Fig. 11. Finite element and 1 MHz ultrasonic results related to the longitudinal residual stresses 
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