
 

19th World Conference on Non-Destructive Testing 2016 
 

 

 1 
License: http://creativecommons.org/licenses/by/3.0/ 

Non-Destructive Determination of Residual Stresses  

in the Spiral Submerged Arc Welded Steel Pipes 

Tugçe KALELI 1, C. Hakan GÜR 2 
1 Welding Technology & NDT Center, Middle East Technical University, Ankara, Turkey 

2 Department of Metallurgical and Materials Engineering,  
Middle East Technical University, Ankara, Turkey 

Contact e-mail: chgur@metu.edu.tr  

Abstract. The residual stress state has a vital effect on the performance and service life 
of the welded structures. Thus, development of rapid and reliable nondestructive 
techniques to measure residual stresses is a critical task. Various destructive or non-
destructive methods exist with their advantages and limitations. This study aims to 
investigate the applicability of Magnetic Barkhausen Noise (MBN) method to monitor 
the residual stress variations in the spiral welded steel pipes. In the experimental part, 
API 5L X70M steel was welded by submerged arc welding technique. Variation of the 
surface residual stresses was detected by MBN measurements. Microstructure 
investigations, hardness measurements, and residual stress measurements by the X-ray 
diffraction method were performed.  
 

1. Introduction  

The pipeline industry requests materials that are able to operate under high pressure for longer 
operating life. To achieve optimum mechanical properties with the desired thickness, the 
residual stress state should also be taken into account. Residual stresses are the internal elastic 
stresses generated by the processes in which excessive temperature gradients, metallurgical 
phase transformations, and non-uniform plastic deformation occur. Welding introduces 
localized high heat input and causes non-uniform heat distribution in the material. Non-
uniform heating/cooling of steels results in local plastic deformations due to thermal stresses 
and volume changes induced by phase transformations. Depending upon the heat input, 
cooling rate, and steel type, different residual stress patterns form in the weldment. 

Residual stresses in the weldments could alter the load capacity of the structure. In 
particular, they can adversely affect buckling strength, brittle fracture strength, and fracture 
toughness. Hence, it is important to estimate the distribution of welding residual stresses and 
their effects on the performance of a welded structure. Various destructive or non-destructive 
methods exist with their advantages and limitations. For instance, the XRD method 
adequately determines residual stress, however, the measurement on a single point takes long 
time and may have limitations in the field measurements. Industry has been searching for 
nondestructive techniques to measure residual stresses easily, quickly and accurately. Micro-
magnetic techniques represent an alternative way to determine residual stress in ferromagnetic 
steels and weldments. Transportability, short exposure times, and the ability to work under 
severe environmental conditions are the main advantages of the technique; however, since 
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obtained data do not give the stress state without calibration, the utilization of this technique 
is restricted under totally unknown conditions [1].  

Ferromagnetic materials consist of micro-magnetic regions, namely domains, 
separated from one another by domain walls. Magnetization vectors inside the domains are 
oriented such that the total magnetization of the material is zero. When an external magnetic 
field is applied, the magnetization of the sample changes due to domain wall motion. When 
magnetization forces on the domain walls exceed the restraining forces, magnetization 
increases in small jumps, which also gives rise to hysteresis. This increase can be determined 
by placing an inductive coil near the magnetized specimen. MBN refers to the gradient 
change of magnetization caused either by the orientation changes of the dipoles in a magnetic 
domain or by an abrupt jump of the domain walls that break away from the pinning sites. 
Therefore, MBN emission is sensitive to variations in the residual stress state, microstructure, 
and the composition of the material. Residual stresses influence the area of the 180° and 90° 
magnetic domain walls, whereas microstructure affects the pinning sites for domain walls. 
Tensile residual stress increases the area of the 180° domain walls, leading to an increase in 
the MBN emission, in contrast to the compressive residual stress [2,3]. 

It was reported that MBN could be used to evaluate stress distribution [4]. A study 
comparing MBN with XRD and destructive techniques revealed that surface residual stress 
could be measured by the MBN technique with sufficient accuracy if a proper calibration was 
established [5]. Residual stress distribution on welded steel tubes was evaluated using a 
wheeled MBN sensor, and proper results were obtained in comparison with those using the 
XRD technique [6]. Residual stress distribution on a welded mild steel plate was determined 
by MBN, and the results were compared with those using XRD method. Regions of tensile 
residual stresses near the weld line and compressive ones in the HAZ were detected [7]. It 
was reported that the MBN technique is applicable for continuous measurement of residual 
stress in the welded plates; however, calibration procedure is a serious objective because of 
different microstructures of the HAZ and base metal [8]. Variation of the surface residual 
stress in the X70 steel plates with subsequent weld passes was investigated by MBN 
technique. After each weld pass, the MBN signal on the front and back surfaces of the plates 
were measured. The results were analyzed by considering microstructure investigations and 
hardness measurements, and then the results were compared with the results of X-ray 
diffraction measurements [9]. This study aims to investigate the applicability of Magnetic 
Barkhausen Noise (MBN) method to monitor the residual stress variations in the spiral 
welded steel pipes. To verify and analyze the MBN results, microstructural investigations, 
micro-hardness and XRD measurements were also performed.  

2. Experimental Procedure 

The pipe with 1.219 mm diameter was produced by spiral submerged arc welding (SAW) of 
the API 5L X70M steel plate having the thickness of 19.87 mm. Table 1 shows the chemical 
compositions measured by the optical emission spectrometry. Table 2 gives the strength 
properties.  

The MBN emission was measured using Rollscan 500-2 by generating the excitation 
magnetic field with 125 Hz and 20 V. A standard flat-surface probe having a ferrite cored 
electromagnet with a pole gap distance of 3 mm and a ferrite cored MBN pick-up fixed at the 
center of the pole gap was used. The MBN signals were analyzed in the 1-500 kHz range.  

Surface residual stresses were measured by XRD-sin2ψ method using StressTech 3000 
G2/G2R equipment. Pure iron was selected as the reference material. The sample surfaces 
were electro-polished by 200 µm before measurements to remove the oxide layer. In order to 
evaluate the residual stresses existed in different directions at the same region, sample was 
rotated by changing the angle (ψ) between the bisector of the incident and diffracted plane, 
and normal to the surface of sample. This angle was changed between 0o, 45o and 90° in the 
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experiments. Diffraction peak was specified as 156.08o. X-ray beams were exposed with these 
three angles to 5 different points which are at the right side of weld zone and to 5 points 
which are left side of weld zone in the convex part of the welded pipe sample. 
 Microstructures were examined by an optical microscope, and micro-hardness 
measurements were performed.   

 

Table 1. Chemical composition of the weld metal and the base metal (%) 

Weld 
Metal  

Fe C Si Mn P Cr Mo Ni 

 
97,5 0,08 0,31 1,43 0,03 0,0858 0,25 0,0138 

 Nb Ti V W Pb Al Bi Cu 

 
0,037 0,013 0,048 0,02 0,016 0,0116 0,03 0,0641 

 
Base  
Metal 

Fe C Si Mn P Cr Mo Ni 

 
97,4 0,062 0,16 1,63 0,02 0,232 0,17 0,064 

 Nb Ti V W Pb Al Bi Cu 

 
0,069 0,009 0,004 0,02 0,017 0,042 0,03 0,065 

 
 

Table 2. Mechanical properties  

Weld metal Base metal 

Yield Strength (MPa) Tensile Strength (MPa) Yield Strength (MPa) Tensile Strength (MPa) 
560 650 555 645 

 
 

3. Results and Discussion 

Figure 1 gives the representative macrograph of the cross section of the welded joint, and 
Figure 2 shows the distribution map of the micro-hardness.  
 

 
Fig. 1 Macrograph of the welded joint 
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Fig. 2 Micro-hardness distribution 

Initial microstructure of the sample consists of fine grained ferrite with an average 
hardness of 235 HV. In the metallographic examinations after welding, four main zones were 
observed: base metal consisting of elongated ferrite-bainite, weld metal having acicular ferrite 
with an average hardness of 250 HV, coarse grained HAZ and fine grained HAZ (Fig. 3). In 
the heat affected zone coarse and fine grained ferritic-bainitic microstructures formed, and the 
average hardness is 205 HV.  

 

Fig. 3 Representative micrographs: a) base metal, b) HAZ  

 
Figure 4 shows the distribution of the MBN emission parameter. MBN parameter can 

be transformed to the residual stress value by a special calibration method such as tension-
compression calibration or 4-point calibration in the elastic deformation range, considering 
also the effect of microstructure variation. In this study, only MBN emission parameter was 
analyzed to investigate whether MBN measurement results would show the same tendency 
with those of the XRD measurement.  

Figure 5 shows the results of surface residual stresses measured by XRD method. It is 
seen that residual stresses change from compressive to tensile as going from the HAZ (-130 
MPa) to the base metal (+20 MPa). The residual stresses induced by shrinkage of the molten 
region are usually tensile. Transformation-induced residual stresses occur at the parts of the 
HAZ where the temperature exceeds the critical values for phase transformations. When the 
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effect of phase transformations is dominant, compressive residual stresses are formed in the 
transformed areas. This result is in agreement with previous studies stating that compressive 
residual stresses exist in the HAZ and tensile residual stresses in the weld metal; tensile 
residual stresses are balanced by the compressive stresses in the HAZ.  

When Figure 4 is compared with Figure 5, it is seen that the variation of the MBN 
emission parameter shows the tendency similar to that of the residual stress values measured 
by the XRD method. Difference between the results is inevitable since these techniques are 
based on different information depth and volume. Although the XRD method is the mature 
technology to measure the residual stresses accurately, the MBN method seems to be more 
practical and rapid. Measurement speed and simplicity of the MBN method might be quite 
interesting for industry. Any variation in residual stress can be easily detected by rapid 
scanning of the surface although quantitative stress values cannot be obtained without 
calibration. Since MBN emission include the combined effects of residual stress and 
microstructure, HAZ-based calibration could be helpful to eliminate the effects of variations 
of microstructures.  
 

 
 

Fig. 4 Variation of the MBN emission 

 

 
Fig. 5 Variation of the residual stress in the weldment (results of the XRD measurements) 
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4. Conclusion 

Variations of the surface residual stresses in X70M steel pipes produced by spiral submerged 
arc welding were detected by MBN measurements. The changes in the MBN emission were 
analyzed by considering the results of microstructure investigations, hardness measurements, 
and residual stress values obtained by the XRD method. The results showed that MBN 
emission is sensitive to the residual stress variations in type (i.e., tensile/compressive) and 
magnitude. Changes in the residual stress of the welded pipes can be detected by rapid 
scanning of the surface although the magnitude of the residual stress cannot be obtained 
without pre-calibration. MBN emission include the combined effects of residual stress and 
microstructure, thus, obtaining quantitative results needs careful calibration and consideration 
of microstructure.  
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