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Abstract 
This research is dedicated to the experimental investigation of the residual stress relaxation in girth-
welded pipes due to quasi-static bending loads. Ferritic-pearlitic steel pipes are welded with two 
passes, resulting in a characteristic residual stress state with high tensile residual stresses at the weld 
root. Four-point bending is applied to generate axial load stress causing changes in the residual stress 
state. These are determined both on the outer and inner surfaces of the pipes, as well as in the pipe 
wall, using X-ray and neutron diffraction. Focusing on the effect of tensile load stress, it is revealed 
that not only the tensile residual stresses are reduced due to exceeding the yield stress, but also the 
compressive residual stresses for equilibrium reasons. Furthermore, residual stress relaxation occurs 
both parallel and perpendicular to the applied load stress. 
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Introduction 
The residual stress effect on the fatigue behavior of welded steel components has not been quantified 
sufficiently yet. Current fatigue design standards and recommendations, like the ones given by the 
International Institute of Welding (IIW) [1], are based on the assumption of yield strength magnitude 
tensile residual stresses if the actual residual stress state is unknown. This postulate reflects 
uncertainties about the initial residual stress state after welding, which may depend on numerous 
parameters, as well as about the possible relaxation of residual stresses. The latter can occur as a 
result of different effects, such as annealing [2] or the loss of material containing residual stresses due 
to corrosion [3]. The most important effect with regard to the fatigue behavior, however, is the 
interaction of residual and load stresses, which may lead to local plastic deformation when the static or 
cyclic yield strength is exceeded, thus reducing the residual stresses. An overview about relaxation of 
residual stresses resulting from different manufacturing processes and their influence on the fatigue 
behavior is given in [4]. According to a model by Vöhringer [2], static and cyclic effects can occur 
separately or in combined form. In welded joints, significant residual stress relaxation is often 
observed during the first load cycle, followed by only small changes during further cycling [5-11] or no 
changes at all [12,13], as long as no fatigue crack is present. 
It is obvious that information about the amount of residual stresses remaining in a component after 
relaxation, thus acting equivalent to a mean stress, is highly desirable. Since measurements are costly 
and provide only punctual information, great efforts are made in the area of numerical welding 
simulation. However, differences between numerical and experimental results, which are often 
observed as e.g. in a recent round robin organized by the IIW [14], show the need of further research 
in this area. While the current study is dedicated to the experimental characterization of residual stress 
relaxation in girth-welded steel pipes, it will serve as a reference for numerical computations of the 
residual stress state both after welding and after subsequent loading. Due to the fact that relaxation in 
welded joints is mainly observed in the first load cycle [4-13], this study will focus on the effects of 
quasi-static one-time loading. The experimental investigation of residual stress relaxation due to cyclic 
loading and of the fatigue performance of the pipe welds, as well as the results of the numerical 
computations, will be matter of future work. 
The residual stress state in girth-welded pipes differs significantly from the one observed in plates. It 
has been shown that the pipe geometry and the heat input are the governing factors for the residual 
stress development [15,16], apart from material parameters. The characterization of the welding 
residual stresses in the pipe welds analyzed in the current paper has already been carried out by the 
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authors [17-19], using mainly X-ray and neutron diffraction. It was found that the circumferential 
contraction of the weld and the highly heated areas in its vicinity during cooling is constrained by the 
adjacent material, thus causing tensile hoop residual stress in the former and compressive hoop 
residual stress in the latter areas. Due to the self-constraining tubular geometry, the contraction of the 
weld also leads to necking of the pipe and thereby to pipe wall bending, which accounts for 
characteristic axial residual stresses, being highly compressive near the weld toe and tensile at the 
weld root. Since both spots are potential crack initiation sites due to the notch effect, residual stress 
relaxation is of special interest at these locations. 
 

Experimental work 

General remarks 
In order to investigate the residual stress relaxation under load, the residual stresses must be 
analyzed both before and after loading. Ideally, the measurements would be taken on the same 
samples to study the residual stress evolution as accurately as possible. However, this was only 
possible for the X-ray diffraction measurements on the outer surface of the pipes. For the 
measurements on the inner surface, as well as for the neutron diffraction measurements, different 
samples were used to study the residual stresses in the two states. Nevertheless, it is expected that 
this fact does not affect the results significantly, as extensive analyses had shown that the scatter of 
the residual stresses after welding is rather small in different nominally identical samples. 

Sample preparation 
Pipes of the ferritic-pearlitic structural steel S355J2H+N were used in this study. The chemical 
composition of the steel was 0.190 C, 0.266 Si, 1.131 Mn, 0.0092 P and 0.0067 S in mass% with a 
balance of Fe, resulting in about 3 mass% cementite. According to tensile tests, the upper yield stress 
of the base material is 355 MPa; its nominal stress-strain curve is shown in Figure 1. The tubular 
specimens were machined on the inner and outer surface in order to remove geometrical 
imperfections, resulting in an outer diameter of 100.5 mm and a wall thickness of 7.75 mm. Two 
different types of samples were prepared: Relatively short pipes of 200 mm length were mainly used 
for the residual stress analysis in the as-welded state, whereas samples with a total length of 550 mm 
served for investigations under load. While the former were made from one piece with a v-shaped 
groove being introduced at half-length as a weld preparation, see [17,18] for details, the latter consist 
of two halves as shown in Figure 2. Before welding, all pipes were stress relieved thermally at 600 °C 
for 30 minutes and cooled uniformly at about 1 °C/min. 
 

  
Fig. 1 Nominal stress-strain curve of the 

base material 
Fig. 2 Half of a sample used for studying residual 

stress relaxation with weld preparation 
 
Two sample halves as depicted in Figure 2 were aligned coaxially with no gap, manually tack-welded 
at four points, each 90° apart, and welded in the same way as the short samples. All specimens were 
metal active gas (MAG) welded with the filler wire ISO 14341-A-G 4Si1 of 1.0 mm diameter using a 
shielding gas of 82 % Ar and 18 % CO2. Mechanized welding was performed in flat position with a 
fixed welding torch and the sample being mounted on a motor-driven rotary table. Two passes were 
applied at room temperature, the second one with a pulsed current, resulting in nominal energy inputs 
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of about 9 kJ/cm for the root pass and 12 kJ/cm for the second pass. The welding parameters can be 
taken from Table 1. Both passes were welded in the same direction, the second pass being slightly 
offset circumferentially. 
After welding, cross-sections of the weld and its vicinity were metallographically prepared in order to 
determine the microstructure and the hardness in the weld seam, the heat-affected zone and the base 
material. The two-dimensional hardness distribution was determined by the Ultrasonic Contact 
Impedance (UCI) method with a measuring point distance of 0.2 mm in both axial and radial direction 
of the pipe. 
 
Table 1 Welding parameters for girth welds 

Pass 
No. 

Welding 
speed 

[cm/min] 

Wire 
feed 

[m/min] 

Ground 
time  
[ms] 

Pulse 
time  
[ms] 

Ground 
current 

[A] 

Welding 
current 

[A] 

Pulse 
voltage 

[V] 

Welding 
voltage 

[V] 

Heat 
input 

[kJ/cm] 

1 60 12.4 - - - 287 - 30.1 8.6 

2 35 8.9 3.4 2 53 223 39 28.0 11.8 
 

Residual Stress Analysis 
The residual stresses in the welded samples were determined both in the non-loaded state and after 
releasing the load using X-ray diffraction (XRD) and neutron diffraction (ND). The measurements were 
taken at points along lines perpendicular to the welding direction at φ = 90°, where φ is the 
circumferential angle marking the welding direction and the start/stop location at φ = 0°. Due to the 
symmetry, measurements were only performed on one side of the weld centerline up to a distance of 
60 mm. The axial distance between two measurement points was chosen to be between 0.5 and 1 
mm in close proximity to the weld, and between 2.5 and 5 mm far away from the weld. The coordinate 
x specifies the axial distance of a certain point from the weld centerline, see also Figure 5 a. 
An Ω-diffractometer was used to determine the residual stresses in hoop and axial direction on the 
outer and inner surfaces of the pipes by XRD. The inner surfaces were only accessible after sectioning 
the tubes into four quarters, the released stresses being monitored by strain gauge measurements. 
Interference lines of Cr-Kα radiation originating from the {211} lattice planes of ferrite, bainite or 
martensite were recorded in a 2θ interval of 151° to 161° using a point detector that was moved in 
steps of 0.1° and held for 2 s at each position. This was done for eight tilt angles ψ of 0°, 13°, 18°, 27°, 
33°, 39°, 42° and 45°, allowing for an analysis of the shift of the interference line’s center of gravity by 
the sin²ψ method. Previously, the Kα2 doublet was eliminated using the Rachinger technique [20] and 
the remaining Kα1 peak was smoothed with a Savitzky-Golay filter [21]. Exemplary raw peaks are 
shown in Figure 3 a for every region of the weld. For all measurements, a collimator of 2 mm in 
diameter was used. The average penetration depth in steel is about 5 µm for Cr-Kα radiation. 
 
a) 

 

b) 

 
Fig. 3 Exemplary diffraction peaks from the different microstructural zones: a) XRD, b) ND 
 
The neutron diffraction measurements for the residual stress analysis within the pipe wall were carried 
out using the 2nd Generation Neutron Residual Stress Mapping Facility (NRSF2) beam line [22] at the 
High Flux Isotope Reactor (HFIR), Oak Ridge National Laboratory. The diffraction of neutrons with a 
wavelength of λ ≈ 1.72 Å on the {211} lattice planes was analyzed, in order to attain a diffraction angle 
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2θ close to 90°. This plane was chosen due to its similarity to the expected bulk stress/strain response 
of ferritic steel. Additionally, this reflection is reported to be the least-sensitive to intergranular strains 
[23]. The peaks were recorded by seven line detectors that are vertically arranged. The data from 
each detector were corrected, e.g. for peak shifts due to the shape of the diffraction cone, combined to 
a single peak and fitted with a pseudo-Voigt function to determine the peak position. Exemplary raw 
peaks are shown in Figure 3 b for every region of the weld. 
The stress-free lattice spacing D0 was separately determined in the base metal (BM), the weld metal 
(WM) and the heat-affected zone (HAZ) to take composition gradients into account. To this end, a 
sample comprising the different zones was cut out of a welded pipe, see Figure 4, and subjected to 
the same stress-relieving heat treatment as described in the previous section. Since the 
measurements were taken during different reactor cycles and slight variations of the neutron 
wavelength can occur from cycle to cycle, the following strategy was adopted to determine the stress-
free lattice spacings. The relative differences between the different microstructural zones were 
determined for each cycle and averaged over the involved reactor cycles. Thereby, the same relative 
differences could be used for the evaluation of all the measurements, using D0 in the base metal as a 
cycle-specific reference. The results of this analysis are summarized in Table 2. Since the absolute 
stress-free lattice spacings are about 1.170 Å, the relative difference between base and weld metal is 
significant, but smaller than the change of the lattice parameter due to residual stress, which can be in 
the order of up to about 0.0014 Å. 
 

 
Fig. 4 Specimen geometry (thickness 2 mm) for the determination of the stress-free lattice 

spacings 
 
 
Table 2 Relative differences of the stress-free lattice spacing D0 compared to the base metal in 
Å 
 Heat-affected zone (HAZ) Weld metal (WM) 
Cycle 1 -0.000171 -0.000250 
Cycle 2 -0.000133 -0.000407 
Cycle 3 0.000230 -0.000027 
Average -0.000024 -0.000228 
 
For strain mapping, measurements were taken at five points that were evenly distributed across the 
wall thickness at each axial position. At every point, the strain was determined in hoop, axial and radial 
direction, assuming that these are the principal directions, in order to compute the multiaxial residual 
stress state. The measurement volume was cubical with an edge length of 2 mm. A measurement 
uncertainty of 100 µm/m was assumed for the strains computed from the lattice spacings, resulting in 
residual stress uncertainties of about 30 MPa. The assumed uncertainty is based on an experimental 
analysis of the instrument’s absolute resolution [24], which is more comprehensive than taking only the 
fitting error into account. 
For both the XRD and the ND measurements, the residual stresses were computed from the strains 
determined in the ferrite phase by means of the elastic constants E{211},α-Fe = 210500 N/mm2 and 
ν{211},α-Fe = 0.28. These values were experimentally determined by XRD for a specimen made of the 
same steel grade under uniaxial load. Due to its low mass percentage, the cementite phase was not 
analyzed in this study. 
 
Four-point bending was applied to the samples of 550 mm length as shown in Figure 5 a and b to 
generate an axial load stress. To this end, a servohydraulic testing machine with a nominal maximum 
load of 630 kN was used, fabricated by the company walter+bai ag. The load was introduced by four 
sleeves that were put over the pipe and featured an interface with the testing machine. The axial 
contact length of the pipe and the sleeves was 9 mm in order to prevent local plasticity and buckling of 
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the pipe, see Figure 5 a. The samples were mounted in a way that the maximum tensile load stress 
due to bending occurred at φ = 90°, whereas the location of the maximum compressive load stress 
was φ = 270°. The maximum nominal load stress was determined by a strain gauge that was applied 
at x = 50 mm and used for a generalized computation of the load stress distribution according to  
 

𝜎"#$ 𝑧 = 𝐸 ∙ 𝜀 ∙ *+,-
*.

,  (1) 
 
where E = 206000 N/mm² is the bulk elastic modulus of a low-carbon steel, ε is the strain measured by 
the strain gauge, z is the distance from the inner surface, and ri and ro are the inner and outer radius of 
the pipe, respectively, see Figure 5 a. Equation 1 reflects the fact that the bending load induces axial 
stresses that vary linearly across the wall thickness. 

 
a) 

 
 

b) 

 

Fig. 5 Tubular sample under four-point bending: a) schematic drawing (not 
to scale) with locations of diffraction measurements, b) picture of the setup, 

showing the circumferential position of the pipe  
 
 
For the quasi-static one-time loading the force was increased slowly by 2 kN/s up to maximum loads of 
F = 132 kN or F = 248 kN, where it was held for at least 30 seconds before being released with the 
same slope. The load levels were chosen to attain maximum nominal load stresses of 50 % and 95 % 
of the yield strength, respectively. The residual stresses were analyzed after unloading. 
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Experimental results 

Optical microscopy and hardness distribution 

Figure 6 shows a macrograph of the weld cross-section as well as the hardness distribution in the 
weld and its vicinity. It can be observed that the highest hardness values occur in the coarse-grained 
zone close to the fusion line. Here, the hardness reaches values of up to 285 HV1, whereas in the 
base metal about 140 HV1 are found. 
 
a) 

 

b) 

 
Fig. 6 Cross-section of the weld and its vicinity at φ=135°: a) macrograph, b) hardness 

distribution 
 
In Figure 7, micrographs of the different microstructures are depicted. The base material consists of 
ferrite and pearlite, which has formed in bands, see Figure 7 a. In the HAZ and the weld metal, 
especially in the coarse-grained zone depicted in Figure 7 c, a predominantly bainitic structure can be 
observed. Computations using the predictive software WeldWare [25], where the temperature-time 
curve measured in the HAZ at the surface and the chemical composition of the base material were 
input, revealed a martensite content of about 5 %. The hardness in the coarse-grained zone as shown 
in Figure 6 b also indicates a small amount of martensite. 
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a) 

 

b) 

 
 
c) 

 

 
d) 

 
Fig. 7 Micrographs: a) base material, b) HAZ (fine grain), c) HAZ (coarse grain), d) weld metal 

 

Residual stress relaxation parallel to the applied load stress 
The behavior of the axial residual stresses, which are oriented parallel to the applied load stress, 
under quasi-static loading will be analyzed in the following. Figures 8 a and b depict the residual 
stresses on the outer surface before and after axial load stresses of 182 and 337 MPa were applied, 
respectively. The measurements were each taken on the same samples using XRD. A load stress of 
about 50 % of the yield stress does not result in any change of the residual stresses, as shown in 
Figure 8 a. The very small variations that can be observed are within the measurement uncertainty, 
represented by error bars. A load stress equivalent to about 95 % of the yield stress, however, does 
affect the residual stress state on the outer surface, see Figure 8 b. For |x| < 18 mm, i.e. in the weld 
seam, the heat-affected zone and the base material close to the weld, the compressive residual 
stresses are reduced. For instance, the values are about 80 MPa lower at the compressive maximum 
at x = -9 mm, and differ by 100 MPa at the weld centerline. At 40 mm < |x| < 50 mm, a relaxation of the 
tensile residual stresses can be observed, resulting in almost zero residual stress. 
The axial residual stresses on the inner surface for the as-welded state, as well as after a load stress 
of 285 MPa was applied, are depicted in Figure 9. Since the inner surface was only accessible after 
sectioning and thus destroying a sample, the residual stress states were determined in two different 
samples. It can be seen that the tensile residual stresses in the vicinity of the weld, which reach up to 
300 MPa in the as-welded state, are significantly reduced by the load equivalent to 80 % of the yield 
stress. In the weld seam and its immediate vicinity, the formerly tensile residual stress is completely 
removed and even takes slightly compressive values. It should be noted that the weld geometry of the 
two samples varies slightly, as reflected by the dashed lines indicating the respective width of the weld 
root. The largest relaxation occurs at the residual stress maximum, which is 250 MPa lower than in the 
initial state. Far away from the weld, i.e. for |x| > 30 mm, there are only small differences between 
residual stresses determined in the two states. The residual stress states in both samples were 
affected by the sectioning process. Strain gauge measurements on the inner surface revealed a 
decrease of the tensile residual stresses of about 125 MPa at x = 6 mm in the as-welded state and of 
about 50 MPa at x = 7 mm after quasi-static loading. 



8 

a) 

  

b) 

 
Fig. 8 Axial residual stresses on the outer surface: a) before and after an axial load of 182 MPa, 

b) before and after an axial load of 337 MPa 
 
 

 
Fig. 9 Axial residual stresses on the inner 
surface before and after an axial load of  

285 MPa, after sectioning 
 
Changes of the residual stress state inside the pipe wall were determined using neutron diffraction. To 
this end, different samples were used to study the initial axial residual stresses, see Figure 10 a, as 
well as after maximum load stresses of 182 MPa and 337 MPa, see Figures 10 b and c, respectively. 
Each diagram displays the cross section of the whole pipe wall; the white areas reflect the fact that the 
center of the fully immersed measurement volume had to be at least 1.5 mm away from the surfaces. 
The center positions of the measurement volume at each measuring point are also given. The dashed 
lines indicate the regions for which the three different stress-free lattice parameters were used. Due to 
the linear load stress distribution across the pipe wall, cf. Equation 1, the respective load stresses on 
the inner surface amount to 154 MPa and 285 MPa. After a load of 182 MPa on the outer surface, the 
residual stresses in the pipe wall, see Figure 10 b, are almost identical to the as-welded state depicted 
in Figure 10 a, except for the area close to the weld root, where the tensile residual stresses are 60 to 
110 MPa lower. This effect becomes even more pronounced when a load stress of 337 MPa (outer 
surface) is applied, leading to a residual stress relaxation that is most distinct at the measuring points 
closest to the inner surface, where it amounts to 170 MPa, see Figure 10 c. In contrast to the lower 
load, a relatively high load stress does not only result in a severe reduction of the tensile residual 
stresses near the weld root, but also in a relaxation of the compressive stresses originally occurring in 
and close to the weld zone near the outer surface. Furthermore, the tensile residual stresses near the 
outer surface and the compressive ones near the inner surface that are originally found at a larger 
distance from the weld centerline are still present, but are distributed more evenly along the x 
coordinate, not exhibiting distinct maxima at about x = -30 mm as seen in Figure 10 a. 
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   a) 

 
b) 

 
 
 

c) 

 
Fig. 10 Axial residual stresses in the pipe wall: a) as welded, b) after an axial load of 182 MPa 

(outer surface), c) after an axial load of 337 MPa (outer surface) 
 

 

Residual stress relaxation perpendicular to the applied load stress 
The hoop residual stresses on the outer surface are shown in Figures 11 a and b before and after load 
stresses of 182 and 337 MPa were applied, respectively. The measurements were each taken on the 
same samples. It can be seen that a load stress of about 50 % of the yield strength does not result in 
significant stress relaxation, see Figure 11 a. The absolute values of the tensile residual stresses in 
the weld seam as well as at the compressive maximum near x = -16 mm are reduced by about 30 
MPa; however, the measurement uncertainty is between 10 and 25 MPa in these areas. A load stress 
of 337 MPa leads to a more pronounced effect on the residual stresses, see Figure 11 b. In the base 
material, a shift of the residual stress curve towards the tensile regime of about 60 MPa can be 
observed for 14 mm < |x| < 40 mm. Thus, the compressive residual stresses in this area are either 
reduced or even become tensile. Close to the weld centerline, the tensile residual stresses in the weld 
seam are about 40 MPa lower than in the initial state. 
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a) 

 
 
 

b) 

 
Fig. 11 Hoop residual stresses on the outer surface: a) before and after an axial load of 182 

MPa, b) before and after an axial load of 337 MPa 
 
The hoop residual stresses on the inner surface are depicted in Figure 12 for the as-welded state, as 
well as after a load stress of 285 MPa was applied. The measurements were taken on different 
samples. The main effects of the load are found near the weld, where high tensile stresses occur in 
the as-welded state. Within the weld seam, a decrease of the tensile residual stress by about 100 MPa 
was determined, whereas the residual stress maximum of almost 500 MPa is reduced to about 200 
MPa. Moreover, the curve taken from the loaded sample exhibits a minimum at the weld root notch, 
where the residual stress is about 0 MPa, which cannot be observed in the as-welded state. For 12 
mm < |x| < 20 mm, the residual stresses are slightly less compressive after loading; however, almost 
the same maximum compressive stress of about -200 MPa is reached. For |x| > 20 mm, where the 
compressive residual stresses asymptotically approach 0 MPa with increasing distance from the weld, 
the two curves coincide almost perfectly. The influence of the sectioning process was monitored by 
strain gauge measurements on the inner surface, which revealed a decrease of the tensile residual 
stresses of about 100 MPa at x = 6 mm in the as-welded state and of about 35 MPa at x = 7 mm after 
quasi-static loading. 
 

 
Fig. 12 Hoop residual stresses on the inner 

surface before and after an axial load of  
285 MPa, after sectioning 

 
The hoop residual stress distributions inside the pipe wall in the as-welded state and after axial load 
stresses of 182 MPa and 337 MPa (outer surface) have been applied are presented in Figures 13 a to 
c, respectively. The original distribution in the as-welded state is characterized by tensile residual 
stresses in the vicinity of the weld, i.e. for |x| < 14 mm, whereas at larger distances only compressive 
residual stresses are found, see Figure 13 a. The lower one of the two load levels only results in small 
changes of the residual stresses, as can be seen in Figure 13 b. Most notably, the tensile residual 
stress in the weld region is reduced by up to 100 MPa at the measuring points closest to the inner 
surface, whereas the tensile residual stresses near the outer surface are not affected at all. For |x| > 
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14 mm, a partial relaxation of the compressive residual stresses can be observed, being most distinct 
at the compressive maximum values, which is reduced by about 75 MPa in the center of the pipe wall. 
Far away from the weld, a small area of tensile residual stresses develops near the outer surface. 
The effects described for the low load level are also present in the sample subjected to the higher 
load, but to a larger extent, see Figure 13 c. Here, the tensile residual stress near the weld root is 
reduced by up to 130 MPa, whereas the compressive residual stresses are up to 170 MPa lower. The 
compressive maximum near the inner surface is reduced by 110 MPa and slightly shifted towards the 
weld. The area of tensile residual stress far away from the weld has both increased in size and 
features higher values than after applying the lower load. 
 
   a) 

 
b) 

 

 
 
 
 
 
 
 
 

c) 

 
Fig. 13 Hoop residual stresses in the pipe wall: a) as welded, b) after an axial load of 182 MPa 

(outer surface), c) after an axial load of 337 MPa (outer surface) 
 
Finally, the radial residual stress distributions inside the pipe wall are presented in Figures 14 a to c. 
On the surfaces, this stress component is zero and will therefore only be discussed for the neutron 
diffraction measurements. In general, the absolute residual stress values are relatively low in the radial 
direction compared to the other components. In the as-welded state, a residual stress gradient can be 
observed across the pipe wall, featuring values in the range of the measurement uncertainty near the 
outer surface and compressive values of up to -200 MPa near the inner surface, see Figure 14 a. 
Within the weld metal, very small residual stresses are found across the whole wall thickness. 
Applying axial loads has no significant consequences on the radial residual stress state, as almost 
identical distributions are found after loading, see Figures 14 b and c. 
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   a)                          

 
b) 

 
 
 

c) 

 
Fig. 14 Radial residual stresses in the pipe wall: a) as welded, b) after an axial load of 182 MPa 

(outer surface), c) after an axial load of 337 MPa (outer surface) 
 

Discussion 
It is well-known that residual stress relaxation due to mechanical loading occurs when the elastic 
strains accounting for the residual stresses are transformed into plastic strains [2]. To this end, the 
yield stress must be exceeded locally by the combined effect of residual and load stresses. Since the 
as-welded residual stress state in the tubular welds investigated in this study is highly multiaxial, an 
equivalent stress must be computed in order to discuss possible locations of plastic deformation and 
its effect on the residual stress state. For this purpose, the von Mises yield criterion is used, comparing 
the equivalent stress  

𝜎𝑣𝑀 =
1

2
𝜎𝑟𝑅𝑆 − 𝜎𝜑𝑅𝑆

2
+ 𝜎𝜑𝑅𝑆 − 𝜎𝑎𝑅𝑆 + 𝜎𝑎𝐿𝑆

2
+ 𝜎𝑎𝑅𝑆 + 𝜎𝑎𝐿𝑆 − 𝜎𝑟𝑅𝑆

2
  (2) 

 
to the yield stress σy, see also [2]. In Equation 2, 𝜎*;$, 𝜎<;$ and 𝜎";$ are the residual stress components 
in radial, hoop and axial direction, respectively, whereas 𝜎"#$ is the axial load stress computed 
according to Equation 1. In order to discuss the results presented in the first part of this paper, the 
equivalent stress is determined at every point of measurement, applying two simplifications. First, the 
yield stress σy is assumed to be 355 MPa in the base material, i.e. its upper yield point, and 460 MPa 
in the weld metal, not taking local changes of the yield stress due to structural hardening in the heat-
affected zone into account. Second, the nominal load stress determined through strain gauge 
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measurements, see Equation 1, is used independently of the distance from the weld centerline x, i.e. 
stress concentration effects at the weld toe and weld root, as well as the fact that the cross-sectional 
area is larger in the weld seam, are not considered. 
In general, it should be noted that the residual stress analysis by XRD is susceptible to uneven 
surfaces as they occur in welded joints. Therefore, the XRD results from those areas where the incline 
with respect to the pipe surface is high should be used with care. This is specifically true for the weld 
root, as can be seen in Figure 6 a. 
  
a) 

 
 
 

b) 

 
Fig. 15 Von Mises equivalent stress on the outer surface: a) before, during and after an axial 

load of 182 MPa, b) before, during and after an axial load of 337 MPa 
 
In Figure 15, the equivalent stress curves on the outer surface are shown for the initial residual 
stresses in the as-welded state, the stress state during loading, and the residual stresses after 
unloading. For the lower load of 182 MPa, it can be seen that the von Mises stress during loading 
does not reach the yield stress at any point, see Figure 15 a, thus explaining why no relaxation effect 
can be observed in the residual stresses as shown in Figures 8 a and 11 a. The fact that the residual 
stresses surpass σy at x = -9 mm even though no load is applied can be ascribed to structural 
hardening in the heat-affected zone, leading to a locally increased yield strength. 
A load stress of 337 MPa, however, results in an exceeding of the yield stress for 14 mm < |x| < 50 
mm. In this area, the equivalent residual stress after unloading is smaller than in the as-welded state, 
indicating a relaxation effect. Interestingly, the residual stress components are affected to different 
extents. For 14 mm < |x| < 40 mm, changes can only be observed for the hoop residual stress, see 
Figure 11 b, whereas for 40 mm < |x| < 50 mm only the axial component is affected, as shown in 
Figure 8 b. For |x| < 14 mm, i.e. in and close to the weld seam, the equivalent stress of residual and 
load stresses takes rather low values, since the tensile load stress is compensated by the 
compressive axial residual stress. Nevertheless, the absolute residual stress values in the weld area 
are reduced after unloading, especially in the axial direction, see Figure 8 b. As the yield strength is 
not exceeded here, this effect can be attributed to a residual stress redistribution due to relaxation 
occurring at or near the inner surface, which will be analyzed in the following. 
For the inner surface, the results of the equivalent stress analysis are presented in Figure 16. It can be 
seen that the yield stress is considerably exceeded at 3 mm < |x| < 25 mm, i.e. in the base material 
and the heat-affected zone, when an axial load stress is applied. Accordingly, the equivalent residual 
stresses before and after loading differ significantly in this area, documenting the strong relaxation 
effect observed both in axial and hoop direction, see Figures 9 and 12. However, although the 
equivalent stress under load does not surpass σy at the weld root notch, both the axial and the hoop 
residual stresses are reduced to about 0 MPa. One reason for that behavior is the stress concentration 
due to the notch effect, resulting in higher actual load stresses than those assumed in the equivalent 
stress analysis. A similar observation can be made to a lesser extent within the weld seam, where 
residual stress relaxation occurs despite the fact that the von Mises stress does exceed the yield 
strength of the weld metal. However, this phenomenon cannot be explained by a notch effect. Rather, 
it was found through strain gauge measurements that the sectioning of the pipes influences the 
residual stress state on the inner surface, see also [18,26]. In fact, the original residual stresses at the 
weld root were higher, thus resulting in equivalent stresses that have surpassed the yield strength in 
combination with the load stress. This conclusion is also confirmed by the neutron diffraction 
measurements that will be discussed in the following.  
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Fig. 16 Von Mises equivalent stress on the 
inner surface before, during and after an 

axial load of 285 MPa 
 
Contour plots showing the equivalent stress inside the pipe wall in the as-welded state, as well as 
during and after the two different loads are applied, are presented in Figure 17. It can be taken from 
Figure 17 a that initially, the highest equivalent residual stresses occur in the highly-heated area in 
and close to the weld and at 18 mm < |x| < 30 mm. When loading is applied, these areas are most 
susceptible to plastic yield. It can be seen in Figure 17 b that, according to the equivalent stress 
analysis, the yield stress of the base material is exceeded due to a load stress of 182 MPa (outer 
surface) near the outer surface at x = -25 mm and near the weld root notch. However, the equivalent 
stress near the outer surface in the weld zone and the HAZ has decreased, which is due to the 
different signs of the local axial residual and load stresses. Accordingly, residual stress relaxation 
close to the weld can only be observed near the inner surface both in axial and hoop direction, see 
Figures 10 b and 13 b, respectively, which is also reflected by the equivalent residual stress 
distribution shown in Figure 17 c. In the region of 18 mm < |x| < 30 mm, the hoop residual stresses are 
reduced across the whole wall thickness, see Figure 13 b, although the equivalent stress analysis 
suggests only near-surface yielding. However, the von Mises stress values in this zone are close to 
the yield stress for a relatively large area, so that they might actually surpass the yield strength, taking 
the uncertainty of the von Mises stress of about 40 MPa into account. 
When a load stress corresponding to 95 % of the yield strength on the outer surface is applied, the 
equivalent stress analysis shows an extensive exceeding of the base material’s yield strength in 
almost the whole area under consideration, see Figure 17 d. The highest values are again reached at 
the locations already highlighted for the lower load stress, whereas the lowest values can be found 
close to the weld near the outer surface. While the first finding explains the relaxation of the 
compressive hoop residual stress at 18 mm < |x| < 30 mm, see Figure 13 c, and of both axial and 
hoop residual stresses near the weld root, as shown in Figures 10 c, 13 c and 17 e, the latter finding 
seemingly contradicts the significant reduction of the compressive axial residual stresses in the weld 
and its vicinity near and at the outer surface, see Figures 10 c and 8 b, respectively. However, it can 
be inferred that the pronounced reduction of the axial residual stress at the weld root results in a 
redistribution of the axial residual stress across the whole pipe wall in the weld, since the equilibrium of 
forces and moments in axial direction must still be satisfied after relaxation has taken place. It should 
be noted that after applying a bending load the residual stress state is not axisymmetric anymore, as it 
is after welding, see [17,18].  
A similar case can be made for the hoop component, where compressive residual stresses are 
significantly reduced in the area of 18 mm < |x| < 30 mm. Since this effect is more pronounced than 
the simultaneous relaxation of tensile hoop residual stresses near the weld root, and equilibrium must 
also be satisfied in the hoop direction, stress redistribution leads to the formation of a small area of 
tensile residual stresses near the outer surface, which can be seen in Figures 13 c and 11 b. 
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Fig. 17 Von Mises equivalent stress in the pipe wall: a) as-welded, b) during an axial load of 182 
MPa (outer surface), c) after an axial load of 182 MPa, d) during an axial load of 337 MPa (outer 

surface), e) after an axial load of 337 MPa 
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Summary and Conclusions 
Residual stress relaxation in girth-welded steel pipes subjected to quasi-static tensile load stresses 
due to bending has been investigated using both X-ray and neutron diffraction. The main conclusions 
are summarized in the following: 
• Tensile load stresses can lead to significant residual stress relaxation, which is most distinct at the 

weld root and at intermediate distances from the weld centerline. The higher the load stress, the 
more pronounced is the relaxation effect. 

• Residual stress relaxation depends on the magnitude and direction of both load stress and 
residual stress. Therefore, a multiaxial analysis involving all stress components must be 
performed. It has been shown that the von Mises equivalent stress can be used to identify the 
locations where plastic yield and thus residual stress relaxation occurs, despite the simplifications 
that were assumed concerning stress concentration and structural hardening effects. 

• However, changes in the residual stress state were also observed in areas where the equivalent 
stress did not reach the yield stress. This can be attributed to a redistribution of the residual 
stresses as the equilibrium of forces and moments must be satisfied. 

• Changes in the residual stress distribution were observed both parallel to the load stress, i.e. in 
axial direction, and perpendicular to it, i.e. in hoop direction. The radial residual stress component, 
exhibiting relatively low values, was not affected. 

• In general, the findings on the surfaces obtained by XRD and the results of the ND measurements 
in the pipe wall agree well. An exception to this is the residual stress state close to the weld root. 
Here, the XRD measurements on the inner surface of pipe sections yield different results than the 
ND measurements on intact pipes for both the original residual stresses after welding, see also 
[19], and the residual stress state after loading. In both cases, the ND measurements prove that 
the highest axial and hoop residual stresses occur in the weld metal or at the weld root notch, 
whereas the XRD measurements underestimate these stresses due to a relaxation effect 
occurring during the sectioning process. Moreover, the weld root geometry may affect the XRD 
measurements. Thus, ND measurements provide useful complementary information regarding the 
residual stresses in pipes. 

• Due to stress concentration, the weld root notch is a potential location of fatigue crack initiation. 
Since the tensile residual stresses that were found there after welding can adversely affect both 
crack initiation and crack propagation, intentional overloading, i.e. applying a higher load stress 
than during service, can be used to improve the fatigue performance. Thereby, the tensile residual 
stresses are reduced by a higher amount than it would be the case due the load stress during 
regular service, thus resulting in a lower total stress. 

The results of this study concerning the relaxation of residual stresses can be used to discuss their 
influence on the fatigue performance of girth-welded pipes, which will be the subject of future work.  
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