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Abstract: The influence of residual stresses as a result of the welding process in the overall stress state 

of the weld joint is of great importance because they significantly affect the creation and growth of 

cracks, the occurrence of brittle fracture, and material fatigue. Previous experiences indicate that it 

would be necessary to provide an assessment of the deformation and stress state in the critical zones 

of the weld joints using a suitable test method, which will not endanger the structural integrity of the 

tested places. There are different methods for measurement of residual stress in welded 

constructions: destructive, semi-destructive and non-destructive. To choose one method over 

another, it is necessary to take into account the advantages and limitations of these techniques for 

practical application. This paper considers and analyses the residual stresses in the welded joint of 

high strength steel S960 QL. MAG welding was performed by a robot. Three methods were used to 

measure the residual stresses: magnetic method (MAS), X-ray diffraction method (XRD), and hole 

drilling method (HD). The study reveals that the highest residual stresses are measured in weld metal 

and heat affected zone of the weld joint what indicated all three methods but there are some 

significant differences between methods. 

Keywords: weld joint; high strength steel; residual stress; magnetic method; X-ray diffraction 

method; hole drilling method 

 

1. Introduction 

The quenched and tempered group is the most frequently used high-strength structural steel 

category, and S960QL is the highest grade according to the EN 10025-6 standard, although nowadays 

higher-strength grades are available but not yet classified using the standard [1]. The outstanding 

strength properties can be particularly beneficial in case of mobile structures like vehicles, cranes, 

excavators etc., where due to reduced dead weight significant energy savings can be achieved and/or 

workloads can be increased [2]. In the production of such structures, welding is among the most 

important joining techniques. The S960QL steel is readily weldable. Different processes are 

applicable: electron beam and laser welding [3], TIG [4,5], SAW [6], and, in industrial production 

most often, GMAW process [1,7–9]. Nevertheless, welding is more complicated than in case of mild 

steels due to the risk of cold cracking and the decrease of toughness and strength properties in heat 

affected zones [2,7]. In addition, appearance of residual stress caused by restrained thermal 

expansion and shrinkage due to rapid local heating and subsequent cooling of the workpiece can 

neither be avoided nor, in case of S960QL, be reduced by post weld heat treatment as effectively as 

in low-strength structural steels, as according to the producers (e.g. SSAB [10], ThyssenKrupp [11]…) 

stress relieve temperature must not exceed 550-560 °C. Due to residual stresses, stress levels in 

materials can be increased. Loads resulting from superposition of workload and residual stress can 
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easily exceed the material’s fatigue limit or even reach the yield strength. Thereby, residual stresses 

reduce the fatigue life of the welded joints [12]. Even moderate residual stresses (< 50 % of the yield 

strength) have a huge impact on the fatigue performance [13]. Therefore, as accurate knowledge as 

possible of residual stress-fields in the welded component is essential for prediction of its life span. 

Nevertheless, assessment of residual stress is often a quite difficult task. With respect to the size of 

the affected area, four types of residual stresses can be defined: stresses of type I, type II, type III, and 

type IV. [14–17]. The type I residual stresses or macro residual stresses span over several crystal grains 

and are balanced throughout the volume. They are called macro stresses, because a change of residual 

stresses of type I results in dimension change. Residual stresses of the type II or homogeneous micro 

residual stresses are almost homogeneous inside a microscopically small area (inside a single grain 

or a part of a grain) and are balanced inside of a sufficiently large group of grains. In weld joints such 

regions are weld metal and HAZ, where phase transformations  to  during heating and  to  

during cooling took place WM + HAZ I. (coarse grain HAZ, fine grain HAZ and inter-critical HAZ), 

see Figure 1. Type III and type IV residual stresses or inhomogeneous micro residual stresses are 

inhomogeneous, and limited to small sub microscopic regions, i.e., several interatomic distances 

inside of individual grains or between crystal grain and its grain boundary. Type III residual stresses 

occur inside crystal grains due to presence of crystal defects (i.e. precipitates during aging, inclusions 

inside crystals grains what can result in higher strength of material), while type IV residual stresses 

occur between crystal grain and grain boundary (i.e. carbides on grain boundary to prevent creep). 

Total residual stresses are, in general, superimposed stresses of all four types, as shown schematically 

in Figure 1. 

 

Figure 1. Total residual stress distribution along several crystal grains of a polycrystalline material and their 

partitioning in type I (σRS,I. - macro residual stresses), type II (σRS,II. - homogeneous micro residual stresses) and 
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type III and type IV (σRS,III. – inhomogeneous micro residual stresses inside grains and σRS,IV. – inhomogeneous 

micro residual stresses between grains and grain boundary). 

Over time, numerous different methods for measuring residual stresses have been developed. 

They differ not only in the accuracy and reliability of the measurement, but also size and availability 

of equipment, physical principle of the measurement, sampling area/volume, and consequently in 

the field of application. With respect to the influence on the test piece, they can be divided into three 

major groups: destructive, semi-destructive and non-destructive methods [15,16,18]. Destructive and 

semi-destructive methods rely on measurement of deformations due to the relaxation of residual 

stresses after some material is removed from the test piece. Sectioning and contour methods are the 

most common destructive techniques. Hole drilling (HD), incremental hole drilling (IHD), dip hole 

drilling (DHD) and ring core are the commonly used semi-destructive techniques. Non-destructive 

methods include X-ray diffraction (XRD), synchrotron diffraction, neutron diffraction, Raman 

spectrometry, ultrasonic methods, and magnetic methods. If a destructive method is applied, the test 

piece is destroyed. Therefore, for industrial use, non-destructive methods are more convenient. Very 

often also semi-destructive methods like HD and IHD are applicable, because their impact on the 

integrity of the test piece is small enough to be neglected, tolerated, or easily repaired [19]. For on-

site testing, it is further important that portable equipment is available, like for HD, XRD, and or 

magnetic methods.   

Over the last two decades, several reviews have been made, identifying the advantages and 

disadvantages of numerous methods. Most comprehensive were reviews made by Kandil et al. [20], 

Rossini et al. [16], and Guo et al. [21]. They established that the most popular method was the HD 

method followed by XRD method. Considering numerous other reports this is not surprising. The 

HD is the most frequently used method because it is relatively simple, quick and precise [16,22–25], 

it is of high theoretical maturity [21], and it is standardized in ASTM E837 [16,26,27], which is very 

convenient for practical use. Consequently, the method was often used to validate results of other 

measuring methods like XRD [28], or novel methods under development [19,22,29]. Among the 

disadvantages of HD and IHD, following should not be neglected: Only the macroscopic residual 

stresses of the type I can be determined, and the accuracy suffers in textured and inhomogeneous 

anisotropic microstructures [22]. Ultra high-speed drilling is necessary to introduce as little as 

possible stress by drilling, and if stresses are not uniform through the depth, drilling should be 

incremental (IHD technique) [30]. Furthermore, performance of the HD method is directly related to 

the quality of the strain gauge rosette and its installation, wiring, strain measuring instrument, the 

quality of the drilling machine and cutter, details of experimental procedure followed by the 

operator, and it is sensitive to stress gradients [31].  

The XRD method also has many advantages. It is relatively cost-effective and widely available 

with portable and robotic diffractometers [27], exhibits high accuracy [21,24], and is standardized in 

standards EN 15305 [32] and ASTM E2860 [33]. X-rays can penetrate non-crystalline surface layers 

like corrosion protection maintaining reasonable accuracy [28]. Nevertheless, the presence of surface 

coatings, oxide layers etc. can result in reduction of intensity of diffracted X-rays, so, to assure 

maximum accuracy, surface should be cleaned, which is usually done almost completely non-

destructive by electro polishing [34]. As the intensity of the incident X-rays decreases exponentially 

with the depth below the surface, XRD strain measurement is limited to very shallow surface layers 

[35]. Furthermore, XRD is applicable only on crystalline materials [16], whereat coarse grain size 

diminishes reliability and can even make the results unusable [36]. Therefore, the grain size of the 

workpiece should not exceed 100 m, preferably it should be less than 30 m [21].  

In several reports, results obtained by HD and XRD were directly compared. Baig et al. [37] 

reported good agreement of results obtained with HD and XRD on welded samples. Jo et al. [38] 

measured residual stresses in spot welded high-strength steel. Results obtained by HD method were 

similar to those obtained by XRD. Yang et al. [28] measured residual stress in welds in ship building 

steel and reported that trend and magnitude of the XRD and HD results were similar.  
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Considering that especially on welded parts and constructions often dozens of measurements 

are necessary, neither HD nor XRD method is fast. Each XRD measurement takes ca. 15 min and HD 

measurement ca. 1 h. Therefore, despite generally good results and practical applicability of HD and 

XRD method there is steel room for other methods, preferably faster ones, especially for industrial 

use. 

Suitable candidates can be found among ultrasonic and magnetic methods. They are easy to use, 

fast, and low-cost methods but they have low resolution [Rossini-2012-14]. At present, the accuracy 

of general equipment for ultrasonic residual stress measurement can reach approximately ± 30 MPa. 

Among magnetic methods, two methods based on magnetoelastic effect are relatively widespread. 

Barkhausen emission (BE, also known as BNE or MBE) which measures electromagnetic pulses 

(Barkhausen noise) caused by stress-induced irreversible domain wall movements under an applied 

magnetic field. BE is particularly sensitive to the microstructure and mechanical properties of the 

material and is sensitive to surface quality - preparation [39]. The other is magnetic anisotropy system 

(MAS) which is based on stress induced magnetic anisotropy and measures magnetic permeability 

(the result of measurement is the subtraction of principal stresses 1 − 2).  

Probe consists of two solenoids that are orthogonally positioned. Solenoids have cores made of 

magnetic material, in order to ensure higher magnetic excitation. The device measures magnetic 

permeability in the plain along the chosen direction due to the core orientation from one pole to 

another. Probe position (orientation), which yields maximum stress, corresponds to maximum 

principal stress σ1. Principal stress σ2 stress is obtained when probe is rotated for 90°. Magnetic 

permeability is proportional to the deformation which is itself proportional below 0.8 yield stress. If 

this value is exceeded, the relation follows the so-called "S" curve and nonlinear behaviour, which is 

determined with calibration, should be taken into account [40].  

For MAS the surface of the material requires no special treatment except that it must be flat. 

In principle, MAS is accurate, and uncertainties are in order of 1 MPa, while for harder materials 

such as fully pearlitic or martensitic steels the uncertainties become larger, typically a few tens of 

MPa [41]. Also textured microstructures increase uncertainty. Bešević et al. [40] applied this method 

on cold formed steel and established accuracy within ± 40 MPa. To increase accuracy, it is critical to 

obtain calibration curves with calibration samples similar to the actual component to be tested 

[20,21,40,41]. For welded test pieces this means, that calibration samples must consist of weld, HAZ 

and base metals, and they must be welded with the same process and welding parameters as the real 

test piece [30]. Authors considered MAS as a comparative method [40,42], as a possibility to reduce 

measurement costs by combining MAS and HD - first, it is necessary to perform magnetic method 

measurements on as many points as possible, and then perform a check of residual stresses on some 

measurement points with rosette strain gauge method. 

No comparisons of results obtained with MAS and XRD on the same test piece or direct 

comparison of results obtained with more than two methods could be found in the open literature.  

Due to the small allowable heat input, steep microstructural gradients can be expected in S960-

welds, which reduce the reliability of the results for most residual stress measurement methods. 

Consequently, the importance of comparing results obtained by different methods increases.  

To date, open literature reported residual stress measuring on S960Ql welded components 

almost exclusively with XRD [3,4,9,12,43,44], only in two cases comparative measurements were 

performed by hole drilling [9] and neutron diffraction [4]. 
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2. Materials and Methods 

2.1. Material and Welding 

15 mm thick steel plates made of high-strength S960QL steel according to EN 10025-

6:2019+A1:2023 [45] were used as the base material. The chemical composition of the steel is given in 

Table 1, and the basic mechanical properties in Table 2. 

Table 1. Chemical composition of S960QL steel plate. 

Element – Mass fraction / wt. % 

C – 0.174 B – 0.0027 Cr – 0.623 N – 0.0015 Ti – 0.002 

Si – 0.297 P – 0.007 Cu – 0.043 Nb – 0.027 V – 0.002 

Mn – 1.070 S – 0.0017 Mo – 0.612 Ni – 0.052 Zr – 0.001 

Table 2. Basic mechanical properties of S960QL steel plate. 

Thickness / mm Rp0.2 / MPa Rm / MPa A / % KV / J 

15.0 
1014 1049 13 150, 153, 156 (- 40⁰C, long.) 

1024 1060 13 45, 43, 49 (- 40⁰C, tran.) 

Two equally sized plates 15 mm × 160 mm × 700 mm were welded with MAG process with a 

solid metal wire (135 according to EN ISO 4063:23 [46]). The geometry of the single-V butt weld was 

as follows: plate thickness t = 15 mm groove angle α = 50°, root opening b = 3 mm, and root face u = 1 

mm, Figure 2a. The sequence of passes is shown in Figure 2b. 

 

Figure 2. a) Geometry of the weld groove; b) Sequence of weld passes. 

The filler material was a solid wire 1.0 mm BÖHLER X 90-IG (G 89 6 M21 Mn4Ni2CrMo) 

according to EN ISO 16834-A [47]. Chemical composition is given in Table 3. 

Table 3. Chemical composition of filler material. 

Element – Mass fraction / wt. % 

C Si Mn P S Cr Mo Ni V Cu Ti Al Zr 

0.09 0.78 1.79 0.008 0.008 0.36 0.70 2.15 <0.01 0.04 0.06 <0.01 <0.01 

Shielding gas was M21 according to EN ISO-14175:2008 [EN-ISO-14175:2008] containing 82% Ar 

+ 18 % CO2. High argon content reduced spraying and assured low level of oxidation. The CO2 

stabilized the electric arc and increased penetration. Preheating temperature was calculated 

according to EN 1011-2:2001 [48], Annex C, Method B.  

The welding was performed in the industrial environment by a robot OTC FD-V8L (OTC Daihen 

Europe, Mönchengladbach, Germany) and welding machine WelBee P500L (Daihen Varstroj d.d., 

Lendava, Slovenia). The welding parameters are given in Table 4. 

Table 4. Welding parameters. 

Welding process: 

MAG – 135 according to EN ISO 4063:23; filler wire diameter = mm; current DC+ 

Run 1 2 3 4 5 6 7 
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Welding current / A 208 230 240 240 252 258 266 

Welding Voltage / V 27.5 26.5 26.8 26.8 28 29 30 

Wire Speed / m∙min-1 10.7 11.5 12 12 14 14.3 16 

Travel Speed / cm∙min-1 40 38 38 38 35 34 30 

Heat Input / kJ∙cm-1 6.8 7.6 8.1 8.1 9.6 10.5 12.7 

Shielding gas / l∙min-1 15 15 15 15 15 15 15 

Preheating / ⁰C 100 - - - - - - 

Max. Interpass T / ⁰C - 150 150 150 150 150 150 

2.2. Tensile Test  

The tensile test is a mechanical test, in which the specimen is loaded with a uniaxial load, which 

gradually increases. The test was done according to standard EN ISO 6892-1:2019 by using method B 

[49] on the servo hydraulic Amsler 559/594 universal testing machine (Amsler Prüfmaschinen A.G., 

Merishausen, Switzerland — now Amsler Prüfsysteme, Neftenbach, Switzerland). Two specimens 

were taken out from the welded plate so that the weld was in the middle of the gauge length. The 

fracture was expected to occur in the zone of the welded joint. Figure 3 shows the geometry of the 

tensile specimens, and Figure 4 shows tensile specimens ready for testing.  

 

Figure 3. Geometry of tensile specimens. 

2.3. Residual Stress Measurement 

Residual stress (RS) was measured on predefined locations along a line perpendicular to the 

welding direction, Figure 4. At each location, RS were measured first by MAS, then by XRD, and 

finally by HD. Coordinates are of measuring points are given in Table 5. 

 

Figure 4. Coordinates of measuring points (see Table 5). 

Table 5. Locations of residual stress measurements. 

Location X / mm Y / mm Area in the weld joint* 

M1 350 -120 BM 

M2 350 -70 BM 

M3 350 -30 BM 

M4 350 -14 HAZ 

M5 350 0 WM 

M6 350 +14 HAZ 

M7 350 +30 BM 
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M8 350 +70 BM 

M9 350 +120 BM 

*BM=Base Material; HAZ=Heat Affected Zone; WM=Weld Metal. 

2.3.1. Magnetic Method - MAS  

A SMMT-1 device was used (E. O. Paton Electric Welding Institute, Kiev, Ukraine), Figure 5a. 

The probe measures the average voltage value of an area with a diameter of 25 mm to a depth up to 

0.5 mm. For determination of the calibration curve, a welded flat specimen having a cross-section of 

25.1 mm × 7.5 mm was used, which was loaded up to Rp0.2, Figure 5b. Calibration was performed on 

a universal Serservo hydraulic testing machine Amsler 559/594 (Amsler Prüfmaschinen A.G., 

Merishausen, Switzerland — now Amsler Prüfsysteme, Neftenbach, Switzerland). 

   

Figure 5. a) SMMT-1 was used for measurement; b) A tensile test specimen was used for calibration. 

Calibration curve signal voltage vs tensile stress is presented in Figure 6. 

 

Figure 6. Calibration curve Stress-Signal voltage. 

2.3.2. X-Ray Diffraction Method – XRD 

Before measuring, the surface layer was removed by electropolishing. In order to successfully 

perform electropolishing, it is important to choose the correct electrolyte and electropolishing 

parameters. The EP3 (Pulstec Industrial Co., Ltd., Hamamatsu, Japan) device was used for 

electropolishing. The electropolishing anode (+) is a magnet that is placed on the surface of the sample 

to be electropolished. The cathode (−) represents the electrode of the device EP3. The electrolyte closes 

the current loop between the electrodes. The depth of electropolishing depends on the condition of 

the surface and the material and is about ~100 μm. That is, the total depth of electropolishing depends 

on the area of material electropolishing. Electropolishing was performed on a surface of Ø 5 mm, 
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with a 10 % NaCl solution in water with a current of 0.6 A for 3 minutes, polishing speed 40 μm/min. 

For measurements, a Pulstec U‐X360 device was used (Pulstec Industrial Co., Ltd., Hamamatsu, 

Japan), Figure 7. It works with a fixed angle of incident X-rays. A circular mask for X-rays (a 

collimator) limits the irradiated surface area to a diameter of 2 mm. The irradiated surface is marked 

by a laser pointer which allows precise selection of analysed area. All deflected X-rays are collected 

by a two-dimensional detector during only one exposure, enabling the image of the entire Debye-

Scherrer ring where the final value of residual stress in the direction of measuring is automatically 

determined. Residual stresses were measured in two directions, parallel and perpendicular to the 

welding direction. 

 

Figure 7. Measuring device PULSTEC U‐X360 for the XRD method. 

2.3.3. Hole Drilling Method – HD 

The most widely used and most reliable modern technique for measuring residual stress is the 

method of "hole drilling". As the accuracy and reliability of this method have been experimentally 

proven (the accuracy of this method is ± 8 %), it is as standardized as Standard ASTM E837. In this 

method, the deformation sensor (strain gauge rosette) is first glued (Z70 glue is used - a superglue 

with extremely fast drying time) to the surface of the test part. For the centring the drill and drilling 

a hole, a MTS3000 device was used (SINT Technology S.r.l, Calenzano, Italy), Figure 8. The depth of 

drilling was 1.0 mm. Strain gauges - rosettes 1-RY61-1.5/120 with a hole diameter 1.6 mm were used 

(Hottinger Baldwin Messtechnik GmbH, Darmstadt, Germany). For data acquisition, a Spider 8 

acquisition system, and for evaluation the EVAL 7 software were used (both from SINT Technology 

s.r.l, Calenzano, Italy).  

 

Figure 8. The device MTS3000 for centring the drill and drilling a hole at residual stress measurement. 

2.4. Optical Microscopy 
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The microstructures were analysed in three areas of the weld join, in the weld reinforcement 

(weld metal, WM), in the heat affected zone (HAZ) and in the unaffected base material (BM), Figure 

9. A Nikon Epiphot 300 optical microscope (Nikon, Tokio, Japan) equipped with an Olympus DP-12 

digital camera (Olympus, Boston, MA, USA) was used.  

 

Figure 9. Microstructures in three areas of the weld join. 

3. Results 

3.1. Tensile Test Results 

The tensile test was performed on two specimes: TT-1 and TT-2. Table 6 shows the results of the 

tensile test. In both cases, the rupture occurred in the area of base material.  

Table 6. Results of the tensile test. 

Specimen Measured tensile strength   

Rm / N/mm2 

Reduction of area 

Z / % 

Tensile strength of the 

base metal  

Rmp / N/mm2 

TT-1 1025 39 980-1150* 

TT-2 1038 33 980-1150* 

* required by EN 10025-6:2019+A1:2023 [45]. 

3.2. Results of Magnetic Method  

Before measuring, the plate was demagnetized. Then the stresses in the characteristic directions 

were measured, the longitudinal and the transverse stresses in the different directions (M1, M2, M3, 

M4). The principal residual stresses in the longitudinal (σ1) and transversal (σ2) directions are 

obtained as the arithmetic mean of two measurements in different directions along with the 

calibration signal. The subtraction of principal stresses is shown in the diagram in Figure 10. Also, 

measured and calibrated residual stress values using the magnetic method are given in Table 7. 

 

Figure 10. Subtraction of the principal residual stresses 1 − 2, measured by the magnetic method. 

Table 7. Results of magnetic method. 
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Measurement point Signal  

σ1 – σ2 / mV 

Subtraction of principal stresses σ1 – σ2 / 

MPa 

M9   BM 57.6 185 

M8  BM 39.7 127 

M7   BM 44.0 141 

M6   HAZ 152.1 531 

M5   WM 29.4 93 

M4   HAZ 181.4 658 

M3  BM 46.6 149 

M2  BM 7.9 25 

M1  BM −18.6 −59 

3.3. Results of X-Ray Diffraction Method 

The residual stresses measured by the X-ray diffraction method are in the longitudinal and 

transverse directions in relation to the welding direction. Diagrams (Figure 11 and Figure 12) and 

Table 8 show the results obtained by the X-ray diffraction method.  

  

Figure 11. Residual stresses in the longitudinal and transverse directions measured by the X-ray diffraction 

method. 

 

Figure 12. The Subtraction of longitudinal and transverse residual stresses long − trans measured by X-ray 

diffraction. 

Table 8. Results of residual stresses measured by the X-ray diffraction method. 
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Measurement point 

Residual stresses in 

longitudinal 

direction 

σlong / MPa 

Residual stresses in 

transverse 

direction 

σtran / MPa 

 Subtraction of long. 

and tran. residual 

stresses 

σlong – σtran / MPa 

M9   BM −130 −85 −45 

M8  BM 25 −80 105 

M7   BM −57 −7 −50 

M6   HAZ 52 −19 71 

M5   WM 53 119 −66 

M4   HAZ 186 −415 601 

M3  BM −22 −31 9 

M2  BM −125 −413 288 

M1  BM −349 −228 −121 

3.4. Results of Hole Drilling Method 

Individual measured values were read for all three measuring gauges in the rosette. Individual 

diagrams for measuring locations in different zones M1 – base material (Figure 13), M4 – heat affected 

zone (Figure 14), and M5 – weld metal (Figure 15) are shown: a) deformations (ε1, ε2, and ε3) per 

drilling depth, b) principal residual stresses (σ1 and σ2) and angle of residual stresses (β) per drilling 

depth, and c) longitudinal (σlong), transverse (σtran) and shear (τxy) stresses per drilling depth. 

 

Figure 13. Measured residual stresses by the hole drilling method for measuring point M1 – base material: a) 

Measured deformations in individual strain gauges; b) Measured principal stresses and angles; c) Measured 

longitudinal, transverse and shear stresses. 

 

Figure 14. Measured residual stresses by the hole drilling method for measuring point M4 – heat affected zone: 

a) Measured deformations in individual strain gauges; b) Measured principal stresses and angles; c) Measured 

longitudinal, transverse and shear stresses. 
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Figure 15. Measured residual stresses by the hole drilling method for measuring point M5 – weld metal: a) 

Measured deformations in individual strain gauges; b) Measured principal stresses and angles; c) Measured 

longitudinal, transverse and shear stresses. 

Table 9 shows the results of deformations, angle of principal stresses, principal stresses and 

longitudinal, transverse and shear stresses at a depth of 1 mm of drilling a hole. The diagram in 

Figure 16 shows the subtraction of longitudinal and transverse stress for all nine measuring points at 

a drilling depth of 1 mm. 

Table 9. Results of measurement residual stresses by hole drilling method at a depth of 1 mm. 

Measureme

nt point 

Principa

l stress 

1 / MPa 

Principa

l stress 

2 / MPa 

Angl

e of 

princ

ipal 

stres

ses 

 / ° 

Longitudi

nal stress 

long / MPa 

Transvers

e stress 

tran / 

MPa 

Shear 

stress 

xy / 

MPa 

Subtraction of  long. 

and tran. stresses 

long − tran / MPa 

M1 BM −41 147 −26.2 −4 110 57 −114 

M2 BM −162 −42 49.8 −92 −112 −10 20 

M3 BM −55 98 −36.3 −1 44 22 −45 

M4 HAZ 136 553 −69.4 501 188 −156 313 

M5 WM −90 176 85.6 175 −88 −132 263 

M6 HAZ 93 644 −74.8 607 131 −238 476 

M7 BM 41 97 59.5 82 55 −13 27 

M8 BM −162 −42 49.8 −92 −112 −10 20 

M9 BM −339 −19 65.9 −72 −285 −106 213 
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Figure 16. Subtraction of longitudinal and transverse residual stresses long − tran measured by the hole drilling 

method at a depth of 1 mm. 

3.5. Microstructure  

Three different location were observed: base materials, heat affected zone and weld metal 

(Figure 17). Figure 17a shows the microstructure of the base material where a fine grain martensitic 

microstructure can be observed. The microstructure on the left side of the Figure 17b is the coarse 

grain heat affected zone, and on the right side is the weld metal. In the coarse grain heat affected zone 

there is lath martensite with long laths, which formed during cooling of the weld joint. Figure 17c 

shows weld metal which has dendritic fine grain martensitic microstructure. 

   

Figure 17. Microstructure: a) base material; b) HAZ; c) WM – weld metal at weld toe. 

4. Discussion 

In this paper, residual stresses were measured with three different methods: MAS, XRD, and 

HD methods. Each of these methods is specific and has its advantages and disadvantages. Also, when 

comparing these three methods, the results deviate in certain areas for several reasons. The main 

difference in measurements is that each method measures residual stresses at differently large areas 

and different depths and averages the results. HD method covered a volume of 5.13 mm in radius, 

and up to 1 mm deep. MAS method measured inside a cylinder with diameter 25 mm and depth 0.5 

mm, while XRD method measured inside a cylinder with diameter 1 mm and depth up to 0.010 mm 

under the surface. Another difference in measurements is that each of these three methods measures 

different types of residual stresses. Only type I can be measured with the HD method, types I and II 

with the HD method, and type I, II, III and IV of residual stresses with the XRD method. Also, each 

method provides a different result, and in order to be able to compare them, we have to harmonize 

them.  

As it is known that the XRD method gives direct residual stresses in the longitudinal and 

transverse directions separately, results of the HD method must be adopted to compare the HD and 

XRD methods as shown in Figures 18 and 19. With the HD method, we get the principal stresses and 

the direction/angle of the principal stresses, and to get the residual stresses in the direction we want, 

Moore circles are used. Thereby, a direct comparison of the residual stresses long (Figure 18) and tran 

(Figure 19) is possible. The biggest differences between methods were noted in WM and HAZ 

because the XRD method has the disadvantage that when it encounters a coarse grain the scattering 

of results is significant, as it was observed also in the case of S960QL steel. The difference is also in 

type of residual stresses which both methods measure (HD – type I, XRD – type I + type II).  
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Figure 18. Comparison of longitudinal residual stresses between HD and XRD methods. 

 

Figure 19. Comparison of transverse residual stresses between HD and XRD methods. 

 In order to compare all three methods at once, all residual stress results should be converted to 

give the subtractions of longitudinal and transverse stress for each measurement point. In the MAS 

method, the disadvantage is that the residual stress is obtained by the subtraction of the principal 

stresses. By measuring the principal stresses, we can get in one direction the stress in the plus and the 

other in the minus which results in obtaining large residual stresses, which is not favourable, and 

makes interpretation of the results more difficult. A comparison of all three methods as a subtraction 

of longitudinal and transverse residual stress (long – tran) is shown in Figure 20.   

 

Figure 20. Comparison of subtractions of longitudinal and transverse residual stresses long −tran between all 

three measurement methods. 

The difference is also in type of residual stresses which each of these methods measures (HD – 

type I, XRD – type I + type II, MAS – type I + type II + type III + type IV) and the sizes of areas where 

each of these method measure. The biggest difference in residual stresses is in areas of high gradients 

of residual stresses, due to averaging of the result on the whole measuring area (HD – area of the 
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grids of strain gauges in rosette – diameter of the rosette 5.13 mm, and 1 mm in depth, XRD – 1 mm2 

and MAS – circle with diameter 25 mm, and 0.5 mm in depth). The areas with high gradients of 

residual stresses are HAZ and WM, while in BM there are no areas exhibiting so high gradients of 

residual stresses, and therefore, no significant differences in results occur (Figure 20).  

5. Conclusions 

The superposition of the welding residual stresses with working stresses caused by operating 

condition can lead to extending of the defects or cracks initiation and their propagation up to the up 

to the point where the structure needs to be repaired or even withdrawn from use. Therefore, 

knowing the residual stresses is very important for designing and prediction of the life of welded 

structures. In this paper, residual stresses were measured by using three different methods on V- 

shaped butt weld joint. These methods were the magnetic method, X-ray diffraction method, and the 

hole drilling method. At the end results of the residual stresses were compared. The highest tensile 

residual stresses were obtained in the HAZ and the weld metal. In other areas (base material), tensile 

or compressive residual stresses appeared. Comparison of the residual stress measurements in the 

same measuring point needs to be done by taking into account measuring volume and depth where 

residual stresses are averaged during measurement, and what exactly each of methods really 

measure (types of residual stresses). Consequently, comparison of the methods is not so easy. The 

additional difficulties are microstructural changes in HAZ, and newly formed coarse columnar grains 

in weld metal, which both significantly decrease the reliability of the XRD method.  Nevertheless, 

with appropriate adaptation of results, direct comparison of all three methods is possible. In future 

work, we plan to use the same three methods of residual stress measurement, mutual comparison, 

on a welded joint of high-strength anti-ballistic steel. 
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