
Abstract— Residual stress is one factor involved in the 

degradation and damage of industrial products. It is important to 

understand the magnitude and distribution of residual stress to 

maintain the integrity of a product. Magnetic measurements are a 

potential nondestructive method for evaluating residual stress in 

steel because the hysteresis properties are sensitive to stress. In 

recent years, spatial mapping of local magnetic hysteresis loop has 

been performed by using the acoustically stimulated 

electromagnetic (ASEM) method, which obtains the conversion 

coefficients from local hysteresis parameters to tensile stress. In this 

study, we demonstrate the evaluation and spatial imaging of tensile 

residual stress through local hysteresis parameters using welded 

steel specimens. We confirm that local coercivity can be used for 

evaluating residual tensile stress in the high-stress region. In 

addition, the spatial distribution of residual stress is well visualized 

by imaging the ASEM response signals due to remanent 

magnetization. 

 
Index Terms—Ultrasound, electromagnetic response, 
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I. INTRODUCTION 

ESIDUAL stress is an important factor in the evaluation of 

the failure strength of materials and affects the structural 

integrity of civil infrastructure and industrial steel products 

such as bridges, buildings, automobiles, and airplanes. Residual 

stress remains after fabrication processes such as welding, 

casting, and bending. Tensile residual stress tends to be harmful 

because it causes propagation of cracks in an object. The 

combination of tensile residual stress with the service load may 

cause fatigue failure of engineering components, resulting in 

damage or destruction [1]-[4]. Understanding the magnitude 

and spatial distribution of tensile residual stress in an object is 

therefore important for anticipating the risk of damage and 

improving the design structure and fabrication process. 

Residual stress is usually obtained by measuring strain 

relaxation using the destructive sectioning method [5] or semi-

destructive hole-drilling (HD) method [6]. Although X-ray 

diffraction allows nondestructive evaluation (NDE) of residual 

stress, the method is limited to steel materials with small crystal 

grains [7], [8]. Extensive studies on the effects of residual stress 

have been reported in ultrasound [9], magnetic hysteresis loop 

[10]-[13] or Barkhausen noise (BN) measurements [10], [14]-

[16] for the NDE of residual stress. A combination of BN 

emission and magneto-acoustic emission has also been studied 

to extend the measurement depth [17]. However, quantitative 

NDE and spatial imaging of residual stress are still under 

development. 

Magnetic hysteresis loops can be used to determine several 

independent parameters, including coercivity, permeability, 

remanent magnetization, and hysteresis loss, in ferromagnetic 

materials. These hysteresis parameters are sensitive to the stress 

generated in a material [10]-[13], which suggests that hysteresis 

parameters can be used as an indicator for evaluating residual 

stress in steel. In recent years, spatial mapping of local magnetic 

hysteresis properties has been performed by using ultrasound 

focusing and scanning [18], [19]. This technique is based on the 

generation and detection of the acoustically stimulated 

electromagnetic (ASEM) response through magnetomechanical 

coupling [20]. In the ASEM method, the magnetization is 

temporally modulated at the radio frequency (RF) of the 

irradiated ultrasound waves. The first harmonic RF magnetic 

field emitted from the ultrasound focal spot is detected using a 

resonant loop antenna. One of the advantages of this method is 

that the spatial resolution is determined by ultrasound focusing, 

not by magnetic-field focusing, and well-defined spatial 

imaging of magnetic hysteresis properties can thus be achieved 

by ultrasound scanning. The signal intensity of the ASEM 

response is expressed as a piezomagnetic coefficient 𝑑loc in the 

ultrasonically excited spot of the object. The hysteresis loop of 

the ASEM intensity corresponds to 𝑑loc(𝐻) [19], [21].  

In order to apply the ASEM method to evaluation of residual 

stress, we previously investigated how the local hysteresis 

depends on stress through ASEM response using a tensile 

testing machine [22]-[24]. We found two significant features in 

the stress dependence of the hysteresis loop. One is that 

hysteresis properties such as coercivity 𝐻c  and remanent 

magnetization signal 𝑉r decrease monotonically as a function of 

tensile stress 𝑇  in the elastic region. We thus obtained 

coefficients for converting 𝐻c  to tensile stress. The other 
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feature is that the hysteresis parameters drop at the yield stress 

point 𝑇Y  and remain low even though the internal stress has 

been released by plastic deformation.  

In this paper, we verify the evaluation of tensile residual stress 

through the ASEM method using bead-on-plate weld specimens. 

For high tensile stresses in the elastic region where no change 

of crystal arrangement occurs, the stress values obtained from 

𝐻c are in good agreement with those measured using the semi-

destructive HD method. In addition, the stress values evaluated 

in the plastically deformed region above 𝑇Y  (at the edges of the 

welded zone) differ greatly from those measured by the HD 

method. This suggests that the history of excessive stress 

applied in steel is recorded by the magnetic parameters even 

after the internal stress is released by rearrangement of the 

crystal grains. We also performed spatial imaging of 𝑉r  by 

scanning the ultrasound focused beam. The obtained images 

can be interpreted as the residual-stress distribution with 

reasonable stress values. We finally propose a guideline for the 

NDE of tensile residual stress in steel by using the ASEM 

method. 

II. METHOD 

A. Sample preparation 

Two single bead-on-plate weld specimens were prepared for 

this study (Fig. 1). One was used for quantitative evaluation of 

residual stress compared with the semi-destructive HD method, 

and the other was used to image the distribution of residual 

stress through the remanent magnetization signal 𝑉r . The 

specimens (size: 490 × 40 × 6 mm3) were machined from a 25-

mm-thick carbon steel plate (S25C, JIS G4051:2009). The yield 

stress point for the S25C plate was between 292 and 333 MPa 

[22], [24]. The specimens were partially welded along the 

center line on one side of the steel plate (Fig. 1(a)-1(d)). 

Because the welded face contracts after heating, tensile residual 

stress is expected to be generated on the opposite face (Fig. 

1(d)). To avoid phase transformation of the material, the 

temperature of the opposite face (the measurement surface) was 

carefully controlled by robotic welding so as not to exceed 

550 ℃. 

B. ASEM measurement 

Figure 1(e) shows a schematic of the measurement setup for 

the bead-on-plate weld specimen. Local hysteresis loops 

obtained by ASEM signals were measured at seven positions on 

the side opposite to the welded face (red solid circles in Fig. 

1(c)), where the center line along the longitudinal direction of 

the specimen is defined as the X axis. 

 ASEM measurements were performed using a 4-MHz 

focusing transducer (Japan Probe Co., Ltd.) with a delay line 

(27-mm-long polystyrene pillar) for separating the transducer 

excitation pulse from the ASEM signals [20]. The diameter of 

the focal spot size was about 1.7 mm. The signals were detected 

by a resonant loop antenna (coil) tuned at 4 MHz. Since the 

ASEM signals originate from the mechanically induced high-

frequency magnetization, they are affected by the 

electromagnetic skin effect. The skin depth is roughly estimated 

to be about 10 μm at 4 MHz, indicating that magnetic hysteresis 

properties near the surface of the measurement face are 

obtained.  

External magnetic fields were applied along the longitudinal 

direction of the specimen using a commercial electromagnet. 

The external magnetic fields were calculated from 𝐻 = 𝑁𝐼 𝐿⁄  

where N, I, and L are the total number of turns (400 turns), the 

applied electric current, and the length of a magnetic circuit 

formed by the electromagnet and the sample (470 mm), 

respectively. Here, it is confirmed that the calculated field value, 

𝐻, is reasonable for the measurement setup shown in Fig. 1(e) 

by comparing it with the hysteresis loop of a ring specimen 

(which is a more ideal magnetic closed circuit) made of the 

same steel wound with a magnetization coil.  

Figure 2(a) shows typical time traces of the echo and the direct 

RF signal of ASEM response. The echo signal from the 

specimen was observed at 𝜏echo = 24 μs. Because the ASEM 

response is generated at half the echo delay time 𝜏echo 2⁄ , the 

signal observed at 12 μs is identified as the target ASEM 

response of the specimen. Using a phase sensitive detection 

(PSD) scheme, the direct RF signal was numerically converted 

 
Fig. 1. (a) Photograph of the welded face on a bead-on-plate weld specimen. 

(b) Photograph of the side opposite to the welded face of the specimen. (c) 

Schematic of the side opposite to the welded face of the specimen. Red solid 
circles show the measurement positions. (d) Schematic of the side view of the 

specimen. The measurement face is on the side opposite to the welded face. 

(e) Schematic of the ASEM measurement setup. 
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to an “in-phase” component  𝑉X(𝑡)  and a “quadrature” 

component 𝑉Y(𝑡)  [21], [24]. The time traces after PSD are 

shown in Fig. 2(b). In the hysteresis measurements, the signal 

voltages for 𝑉X(𝑡) and 𝑉Y(𝑡) were plotted as the time-averaged 

intensities 𝑉X
̅̅ ̅ and 𝑉Y

̅̅ ̅ integrated between 𝜏echo 2⁄  to 𝜏echo 2⁄ +
∆𝜏 [19], [21], [24]. The integration time ∆𝜏 was set to 2 μs. In 

the initial state of hysteresis measurements, the specimen was 

demagnetized by applying alternating currents using an 

electromagnet.  

C. Local magnetic hysteresis properties versus tensile stress 

Figure 3(a) and 3(b) show the hysteresis curves of 𝑉X
̅̅ ̅ and 𝑉Y

̅̅ ̅ 

at X = −150  mm and X = 0  mm, respectively. Because the 

quadrature component 𝑉Y
̅̅ ̅(𝐻) is negligibly small, we focus on 

the hysteresis parameters (coercivity 𝐻c  and remanent 

magnetization signal 𝑉r) obtained from the hysteresis loop of 

the in-phase component 𝑉X
̅̅ ̅(𝐻).  

In our previous study [24], we measured the tensile-stress (𝑇) 

dependence of 𝐻c(𝑇) and 𝑉r(𝑇) using a tensile testing machine 

(Fig. 4). In the elastic region, the hysteresis parameters 

decreased monotonically as tensile stress increased. Thus, well-

defined conversion functions from hysteresis parameters to 

tensile stress were derived in the elastic region. In particular, 

the parabolic stress-dependent coercivity 𝐻c is thought to be a 

good index for quantitative evaluation of high tensile stress. We 

fit the stress characteristic curves of the normalized coercivity 

𝐻c/𝐻c(𝑇 = 0) to a power function of stress 1 + 𝐶1𝑇 + 𝐶2𝑇2 

with a single fitting parameter 𝐶2  as 𝐶1 = 0 . The best-fit 

parameter in the elastic region was evaluated to be  𝐶2 =

−5.83 × 10−18 Pa−2. In contrast, the remanent magnetization 

signal 𝑉r is useful for spatial imaging of residual stress because 

it is not necessary to measure the whole hysteresis loop at each 

measurement position.   

Considering the relationship between the hysteresis 

parameters and tensile stress, we classify the stress region into 

the following three categories as shown in Fig. 4. In Region I 

( 𝑇 ≲ 100  MPa), the accuracy of quantitative evaluation is 

inadequate owing to the parabolic dependence in the 𝐻c/𝐻c(0) 

- 𝑇 curve. However, this low-stress region is not a major target 

for inspection in practice because it does not lead to significant 

risk of damage. High stress close to the yield stress point in 

Region II (100 MPa <  𝑇 <  𝑇Y) is the target of inspection. 

The residual stress can be evaluated quantitatively using 

𝐻c/𝐻c(0) = 1 + 𝐶2𝑇2. The hysteresis parameters drop at the 

yield stress point 𝑇Y and become insensitive to stress above 𝑇Y. 

In the plastic region (Region III ( 𝑇Y  <  𝑇) ), deformation 

continues to increase as the internal stress is released. Thus, 

residual stress is no longer an indicator for the risk of damage. 

In magnetic hysteresis parameters, however, the history of 

plastic deformation is recorded in the magnetic properties of 

steel. This feature might be useful for screening plastically 

deformed areas.  

 
Fig. 3. ASEM hysteresis loop in the bead-on-plate weld specimen at (a) X =
−150 and (b) X = 0. Solid and dashed curves show loops for the in-phase 

component 𝑉X
̅̅ ̅(𝐻)  and quadrature component 𝑉Y

̅̅ ̅(𝐻) , respectively. Black, 

blue, and red curves represent the initial magnetization, downward-field, and 
upward-field data, respectively.  

 
Fig. 4. Tensile-stress dependence of (a) normalized coercivity 𝐻c/𝐻c(𝑇 = 0) 

and (b) normalized remanent magnetization signal 𝑉r/𝑉r(𝑇 = 0) in S25C steel 

plate [24]. The definitions of Regions I, II, and III are described in the text. 

 
Fig. 2. (a) Typical time traces of the echo and ASEM signal. (b) In-phase 

component 𝑉X  (solid line) and quadrature component 𝑉Y  (dashed line) after 

numerical PSD. 
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D. Semi-destructive HD method 

To verify the residual stress, we measured the strain relaxation 

by using the semi-destructive HD method after performing the 

ASEM measurements. The HD method is standardized for 

determining near-surface residual stress (ASTM E837-13a).  

An HD system (MTS3000, Sint Technology S.R.L.) with a 

tungsten carbide inverted cone drill was used to incrementally 

drill into the specimen. The hole diameter was about 1.2 mm. 

The strain relaxation was measured by a strain gauge rosette 

with three sensing elements. We evaluated the residual stress 

from the values averaged between 0.013 and 0.1 mm depth of 

the specimen. 

E. Electron backscatter diffraction (EBSD) method 

The EBSD method is a scanning electron microscope (SEM) 

technique commonly used for crystallographic characterization 

of materials. We performed EBSD measurements at each 

position by using a SEM (SU5000, Hitachi High-Technologies) 

equipped with an EBSD system (HIKARI, TSL solutions). We 

utilized the grain average misorientation (GAM) parameter for 

analyzing the plastic deformation. The GAM calculated from 

the EBSD data is defined as the misorientation averaged over 

each crystal grain [25], [26]. The plastic strain within individual 

grains is mapped from the values of the GAM. 

III. RESULTS AND DISCUSSION 

Figure 5(a) shows a one-dimensional profile of coercivity as 

measured by the ASEM hysteresis loop. Whereas the coercivity 

is reduced in the welded zone, indicating the presence of tensile 

residual stress, the remanent magnetization signal 𝑉r  profile 

exhibits a pronounced minimum at X = 100 mm (Fig. 5(b)). 

Considering the drastic drop of 𝑉r beyond the yield stress point 

as seen in Fig. 4(b), the minimum observed at X = 100 mm 

implies that plastic deformation occurs around the weld stop 

location. For quantitative evaluation, 𝐻c  is a more promising 

parameter than is 𝑉r  because signal intensities like 𝑉r  are 

sensitive to measurement settings. 

A. Quantitative evaluation of residual stress through 𝐻𝑐  

We converted the coercivity to tensile stress using 𝐻c/

𝐻c(0) = 1 − 5.83 ×  10−18 𝑇2, where 𝐻c(0) is the coercivity 

measured outside the welded zone (X = −150 or 150 mm). The 

obtained profiles of residual stress along the welded zone are 

shown in Fig. 6. 

We first discuss the residual stress in the center part of the 

welded zone (−50 mm ≤ 𝑋 ≤ 50 mm) . The uniform 

distribution of residual stress was confirmed by using the HD 

method. The stress values estimated by the HD method 𝑇HD are 

about 300 MPa, which is the stress region to be inspected in this 

study (Region II described in Sec. IIC). In Region II, the 

residual stress converted from coercivity 𝑇𝐻c
 is sufficiently 

consistent with 𝑇HD. Note that 𝑇𝐻c
 does not strongly depend on 

the normalization factors 𝐻c(0)  measured at  X = −150  and 

150 mm. 

We next focus on the edges of the welded zone ( 𝑋 =
100 mm and − 100 mm). A large discrepancy between 𝑇HD 

and 𝑇𝐻c
 is observed at the weld stop location (𝑋 = 100 mm). 

The discrepancy can be interpreted as due to plastic 

deformation by noting that (i) the evaluated 𝑇𝐻c
 is clearly 

beyond the yield stress point 𝑇Y  of the material, which 

corresponds to Region III, (ii) a drastic drop in 𝑉r is observed in 

Fig. 5(b), and (iii) the strain relaxation measured by the HD 

method is expected to be reduced because the internal stress is 

released owing to plastic deformation. 

To confirm the above interpretation, we investigated the 

crystallographic characteristics by using the EBSD method. 

Plastic deformation is often accompanied by changes in the 

alignment and size of crystal grains. Figure 7(a) – 7(e) display 

the GAM maps at individual measurement positions. We found 

two notable features at the welded stop location ( 𝑋 =
100 mm): (i) the grain size becomes smaller as shown in Fig. 

7(f); and (ii) the misorientation within each grain is obviously 

 

Fig. 6. Profiles of the residual stress converted from coercivity (𝑇𝐻c
) and the 

stress values estimated from the strain relaxation in the HD method (𝑇HD). Two 

𝑇𝐻c
 profiles obtained by choosing values of coercivity at X = −150 and 150 

mm as the normalization factor 𝐻c(0) are plotted. The weld start and stop 

locations correspond to X = −100 and X = 100, respectively.  
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Fig. 5. (a) Coercivity 𝐻c  and (b) remanent magnetization signal 𝑉r  profiles 

along the welded zone. 
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large (the image in Fig. 7(d) appears more greenish). These 

results indicate that a drastic rearrangement of crystal grains has 

occurred by plastic strain, further supporting our interpretation. 

Though this may be a complex material transformation 

attributed to excessive stress and temperature due to 

overheating, it is worth noting that the history of the 

transformation is recorded in the magnetic parameters.  

The value of 𝑇𝐻c
 at the weld start location (X = −100 mm) is 

very close to 𝑇Y. Although no explicit change is observed in the 

GAM map (Fig. 7(b)), the slightly reduced 𝑇HD  may suggest 

that the internal stress is partially released by fine deformation.  

B. Spatial imaging of residual stress through 𝑉𝑟   

Since the signal intensity is sensitive to the measurement 

settings, the remanent magnetization signal 𝑉r  might not be 

suitable for quantitative evaluation at distant locations. 

However, 𝑉r  is very useful for imaging because it can be 

obtained without acquiring the hysteresis loop at each 

measurement point.   

Figure 8(a) shows a photograph of the side opposite to the 

welded face near the weld start location. In the present 

measurement setup, fixed measurement conditions with respect 

to ultrasound irradiation and magnetic field can be guaranteed 

within an area of 30 × 30 mm2 (the yellow dotted squares in 

Fig. 8(a)). We therefore attempted to obtain the 𝑉r images in the 

30 ×  30 mm2 scanning area. The echo and remanent 

magnetization signal 𝑉r  were normalized with respect to 

positions outside the welded zone for each scanning area (the 

red cross marks in Fig. 8(a)). 

Figure 8(b) and 8(c) show spatial imaging of normalized echo 

intensity and 𝑉r , respectively. High contrast images of the 

welded zone were obtained using 𝑉r while uniform images were 

observed by standard echo signals. The red region in Fig. 8(c) 

suggests the presence of high residual stress. Let us try to 

estimate the values of stress quantitatively using the conversion 

function 𝑉r/𝑉r(0) = 1 + 𝐶1𝑇 (𝐶1 = −1.11 × 10−9 Pa−1 , the 

dotted line in Fig. 4(b)) [24]. The stress at X = −50 is estimated 

to be 330 MPa (𝑉r/𝑉r(0) = 0.63) , which reasonably agrees 

with 𝑇𝐻c
 and 𝑇HD. In contrast, the values of stress in the dark 

red region (𝑉r/𝑉r(0) < 0.6) were clearly overestimated. For 

instance, 𝑉r/𝑉r(0) at X = −100 is 0.52, which corresponds to 

430 MPa. This discrepancy can be explained by the fact that the 

value of 𝑉r/𝑉r(0) shifts significantly in the plastic region from 

the linear best-fit curve in 𝑉r/𝑉r(0) versus 𝑇 (Region III in Fig. 

4(b)). Therefore, the dark red region suggests a plastically 

deformed area where excessive local stress was previously 

applied.  

We here propose a guideline for NDE of tensile residual stress 

using the ASEM method. First, a magnetic field is applied until 

the magnetization saturates in the area of steel to be measured. 

The field is then gradually decreased to zero. Next, 𝑉r images 

are scanned within the area under fixed measurement 

conditions. This process screens for plastically deformed or at-

risk areas with high residual stress. For at-risk areas, the 

 
Fig. 8. (a) Photograph of the side opposite to the welded face near the weld 
start location. Yellow dotted squares indicate scanning areas that were imaged 

by the same measurement settings (one area: 30 ×  30 mm2). The signal 

intensity is normalized with respect to the position marked by the red cross in 

each scanning area. (b) Image of the normalized echo intensity. (c) Image of 

the normalized 𝑉r.  
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Fig. 7. GAM maps from the surface to 600 μm deep at X values of (a) −150 , (b) −100, (c) 0, (d) 100, and (e) 150, respectively. Green indicates large 

misorientation of grains (units: degrees). (f) Chart of the grain-size distribution at each measurement position. 
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coercivity is measured from the ASEM hysteresis loop to 

quantitatively confirm the stress value. Note that the hysteresis 

parameters 𝐻c and 𝑉r need to be normalized with respect to the 

values at which zero stress is expected.  

It may be important to note the difference between the 

magnetic memory (MM) method [27] based on the stress-

induced remanent magnetization and the 𝑉r  imaging in the 

above guideline. The MM method utilizes the fact that the 

history of stress in the elastic region applied in the past is stored 

as remanent magnetization. In the MM method, the 𝐵 − 𝑇 

hysteresis curve should be known at zero magnetic field. To 

observe the MM effect through the ASEM method, it is 

sufficient to skip the process of applying external magnetic 

fields before taking the 𝑉r imaging. In order to quantitatively 

estimate residual stress from 𝑉r, however, further experiments 

will be needed to clarify the 𝑉X
̅̅ ̅  − 𝑇  hysteresis curve in the 

ASEM method. 

The NDE of residual stress through the ASEM method could 

be applicable to any ferromagnetic materials, as long as the 

conversion coefficients to stress are obtained. In the MHz range, 

however, the ASEM response is sensitive to the surface 

conditions owing to the small skin depth. To extend the method 

to the NDE of residual stress at larger depths, it will be 

necessary to develop the ASEM measurement scheme at much 

lower frequencies. 

IV. CONCLUSION 

Tensile residual stress was evaluated in bead-on-plate weld 

specimens through local magnetic hysteresis properties 

obtained by the ASEM method. We found two potential indexes 

for converting hysteresis parameters into residual stress. One is 

the local coercivity obtained from the ASEM hysteresis loop, 

and it was confirmed that local coercivity can be used for 

quantitative evaluation of stress close to the yield stress point. 

The other is remanent magnetization signal 𝑉r, which is useful 

for imaging, and the distribution of residual stress is well 

visualized by imaging 𝑉r. 

 Local hysteresis parameters can also probe the drastic 

rearrangement of crystal grains by plastic deformation. The 

plastically deformed area is usually undetected when measured 

by the HD method owing to strain relaxation. Local magnetic 

properties may therefore be crucial for screening for at-risk 

areas in steel.   
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