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Abstract
Weld residual stress is a critical factor affecting the structural integrity and service life of wind turbine
towers. In this study, a systematic investigation was conducted on the residual stress distribution and
control methods for door corner welds of an in-service wind turbine tower after approximately 20,000
hours of operation. X-ray diffraction (XRD) measurements revealed significant tensile residual stress in
the weld and heat-affected zone, with peak values reaching 315 MPa, particularly concentrated at depths
of 5–7 cm. To mitigate these stresses, two post-weld treatment methods were employed: ultrasonic
impact treatment (UIT) and localized heat treatment. UIT effectively transformed surface tensile stress
into compressive stress, achieving a maximum compressive residual stress of -400 MPa within a depth
of 3 cm, while simultaneously refining grains and increasing surface hardness. In contrast, localized heat
treatment at 460°C for 5 hours led to a broader stress relief effect, reducing residual stress by
approximately 100 MPa without causing significant changes to the macrostructure, but inducing
substructural rearrangements beneficial for stress relaxation. The results of the mechanical
performance tests indicate that both regulation processes improved the strength, plasticity, and
toughness of the welds. The combined findings demonstrate that ultrasonic impact treatment is highly
effective for enhancing fatigue performance at the surface, while localized heat treatment offers
advantages for deep stress redistribution and long-term structural stability. This study provides an
important technical reference and experimental basis for the regulation of residual stress in complex
welded structures of wind turbine towers, and possesses significant engineering application value and
prospects for wider adoption.

1. Introduction
Welding residual stress is a key factor affecting the safety and service life of wind tower structures,
especially in the welds of Door Opening corner Welds area, as shown in Fig. 1. Complex welded regions
such as door opening corner welds are prone to high residual tensile stresses, which can lead to delayed
cracking, fatigue failure, and other issues, thus posing a threat to the stability of the tower. Given this
characteristic of wind towers, conducting systematic testing and control studies of residual stress is
particularly important. Hobbacher et al.[1, 2] proposed a high-precision residual stress testing method,
focusing on analyzing the weld characteristics in door opening corner welds area, providing a theoretical
foundation for subsequent research on testing and control technologies. This study experimentally
verified the spatial distribution and stress gradient of welding residual stress, enhancing the
understanding of complex welded regions.

In terms of residual stress testing methods, various high-precision non-destructive testing techniques,
such as X-ray diffraction (XRD), synchrotron radiation, and neutron diffraction, have been widely adopted
internationally. Pérez et al.[3–5] explored the application of X-ray diffraction technology in detecting
residual stress in welded areas, further verifying its applicability in wind tower structures. Although X-ray
diffraction technology is well-established in the application of thin-walled materials, its application in
thick-walled structures still faces certain challenges, such as high requirements for the sample surface
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condition and the inability to effectively penetrate thicker materials. Schajer et al.[6–8] used synchrotron
radiation to study the variation of residual stress in welded joints and proposed the advantages of this
technology in high-precision stress testing. However, despite the strong material penetration ability of
synchrotron radiation, the high equipment costs and operational complexity limit its application in
practical engineering. To address this issue, Yang et al.[9–11] proposed field application techniques
based on ultrasonic testing and the blind hole method, which facilitate real-time monitoring in field
inspections of larger structural components. Although these methods have high practicality, they still
struggle to provide the same accuracy as high-precision methods, especially when measuring deep
residual stress.

In the control of residual stress, research mainly focuses on methods such as mechanical processing,
heat treatment, and emerging vibration stress relief (VSR) technology. He et al.[12–14] studied laser
shock peening technology, proposing the induction of deep residual compressive stress through a non-
contact method, which has been widely applied in aerospace and wind power fields. Laser shock
peening can effectively improve the fatigue strength of materials and induce deep residual compressive
stress, but its high cost and poor adaptability to complex-shaped components may limit its application,
especially in large welded components of wind tower structures. Additionally, Liu et al.[15–17] also
verified the effectiveness of ultrasonic impact treatment in controlling residual stress in welded areas.
The results showed that ultrasonic impact treatment significantly reduced tensile stress in the weld
region, thereby improving fatigue life. However, although ultrasonic impact technology offers advantages
such as ease of operation and low cost, its control effect on high-stress concentration areas remains
limited, and the results vary in welded joints of different materials and thicknesses.[18, 19] Therefore,
achieving customized control for different welded joints in field environments remains an important
issue in current research.

Despite significant progress in the above testing and control technologies, systematic testing and
control of residual stress still face certain technical gaps in the complex field environment of wind tower
structures, especially in high-stress concentration areas.[20–23]For example, the applicability of existing
testing methods in different materials, thicknesses, and complex structures remains limited, making it
difficult to achieve large-scale, real-time stress monitoring.[24–29] As for the current control
technologies, such as laser shock peening and ultrasonic impact treatment, while they can improve the
residual stress state in welded areas to some extent, their effectiveness in controlling deep residual
stress is limited, and their stability and effectiveness in some special environments have not been fully
verified.[30–34] To meet the growing demand for larger capacity and longer service life of wind power
equipment, conducting in-depth research on the residual stress in door opening corner welds area is of
great engineering significance and practical value.[35–38] By different testing methods and control
technologies, the safety and service life of wind tower structures can be effectively improved, providing
technical support for the sustainable development of the wind power industry.[39, 40]

2. Methods
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In order to obtain the residual stress distribution at different depths of door opening corner welds
surface(Model: 6.25 MW wind turbine), this study uses the layer-by-layer peeling method in conjunction
with an X-ray diffraction device (Model: X-RAY Stress Analyzer) for measurement, as X-ray testing only
measures planar stress. Controlled-depth corrosion was performed on the specimen surface using an
electrolytic polishing machine (Model: EP-5010), with approximately 0.5 cm of material removed during
each step. After each layer was removed, residual stress measurements were conducted on the newly
exposed surface using the X-ray diffraction method. By repeating this process and progressively
removing material to the predetermined depth, the residual stress distribution as a function of depth was
obtained.

In this study, residual stress in the door opening welds of wind turbine towers was regulated using a
combined approach of ultrasonic impact treatment (Model: UIT-200) and local heat treatment (Model:
LWK-I-60KW). The microstructural changes in the welds after both treatments were thoroughly examined
using a metallographic microscope (Model: VERTAl3848000710). The mechanical properties of the
treated specimens were evaluated using a tensile testing machine (Model: ZWICK-Z1200), and hardness
variations before and after treatment were measured with a Vickers hardness tester (Model: KB-30-SR-
FA). The effectiveness of the two regulation methods in optimizing the residual stress distribution and
their associated microstructural evolution were systematically analyzed. By performing stress regulation
and measurement simultaneously, the effects of different control parameters were compared to
determine the most suitable residual stress regulation method and key process parameters for the door
opening welds of wind turbine towers.

3. Residual Stress Measurement

3.1 Specimen Preparation
Figure 2 shows the test sample, which was extracted from door opening corner welds area (material:
Q355). Two base metals were welded to form a corner weld. The welding protective gas used was CO2,

and the welding wire (ER50-6) had a specification of 0.12 cm. Subsequently, electrolytic polishing was
performed to a depth of 0.5 cm to obtain a smooth, defect-free surface, ensuring reliable diffraction
signals for accurate residual stress measurements.

3.2 X-Ray Stress Analyzer Parameter Settings
The residual stress measurements were conducted using an X-ray stress analyzer. The detailed
parameter settings are as follows: The crystal structure was body-centered cubic (BCC), and the
diffraction plane was [41]. A Cr-Kα radiation source was used. The X-ray elastic constants were

=5.81×10-6mm2N-1; =-1.27×10-6mm2N-1.The stress measurement was
performed using the sin²ψ method, and the peak positions were determined by the fitting method. The
tube current and voltage were set to 1.03 mA and 19.78 kV, respectively. A collimator with a diameter of
2 mm was used, and the data acquisition time for each measurement was 40 seconds.

∫
{hkl}

2
dx

1
2

∫
{hkl}

1
dx
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3.3 Residual Stress Distribution at Various Depths
In this study, three measurement points (test1, test2, and test3) were selected, as illustrated in Fig. 3(a),
and the corresponding stress-depth distribution curves were obtained, as shown in Fig. 3(b). As shown in
the figure, residual stresses at all measurement points remained in a tensile state within the 0 ~ 10 cm
depth range, indicating a significant accumulation of welding-induced residual tensile stress in the weld
region. Among the three, test1 exhibited the highest stress peak, reaching approximately 315 MPa, which
was notably higher than those at the other two measurement points, suggesting the presence of a local
stress concentration in this area. Along the depth direction, the residual stress demonstrated a general
trend of initially increasing and then gradually decreasing, with pronounced stress peaks observed at
depths of approximately 5 cm and 7 cm. This pattern was consistently observed across all three
measurement curves, indicating its representativeness. Therefore, the 5 ~ 7 cm depth range can be
identified as a critical region for stress regulation, which should be specifically targeted for treatment
and monitoring during subsequent control procedures to effectively lower the residual tensile stress
peaks, enhance the mechanical performance of the weld, and prevent the initiation and propagation of
delayed cracking.

4. Regulation of Residual Stress by Ultrasonic Impact Treatment and
Local Heat Treatment

4.1 Ultrasonic Impact Treatment

4.1.1 Specimen Preparation and Ultrasonic Impact
Machine Parameter Settings
The ultrasonic impact treatment was carried out using the specimens tested for residual stress in
Section 3.1, and the areas not subjected to electrolytic corrosion in Section 3.1 were selected for the
impact operation. This specimen selection approach allows for a direct comparison of residual stress
data before and after ultrasonic impact treatment, providing a more intuitive and effective evaluation of
the treatment’s effectiveness and applicability in residual stress regulation.

The door opening welds of the wind turbine tower were treated using an ultrasonic impact machine
(Model: UIT-200). The ultrasonic impact treatment was performed at a frequency of 27 kHz, with an
amplitude of 25 µm and an applied pressure of approximately 20 N. A multi-pin impact tool was
employed to uniformly process the weld and heat-affected zone, with the feed rate maintained at 20
mm/s. An impact duration of approximately 15 seconds was applied at each treatment point to ensure
stable and uniform stress regulation.

4.1.2 Residual Stress Results After Ultrasonic Impact
Treatment
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In this test, three different test points (test1, test2, test3) were selected on the impacted sample, and
three points (test4, test5, test6) were selected at non-impacted locations. The comparison curves of
residual stress versus measurement depth are shown in Fig. 4. As seen from the figure, after ultrasonic
impact treatment, the weld surface region exhibits a distinct residual compressive stress state. The
maximum compressive stress value occurs at the surface layer, approximately − 372 MPa, indicating
that ultrasonic impact has induced a strong compressive stress field on the material surface. The three
stress-depth curves exhibited highly consistent trends with good repeatability and representativeness,
confirming the stability and reliability of the stress regulation achieved through the treatment.

From the perspective of depth variation trends, the stress gradually transitions toward the neutral axis as
the depth increases. Compressive stress gradually weakens and transitions to tensile stress at
approximately 3 cm, indicating that the influence range of compressive stress is about 3 cm, and the
residual stress decreases by up to approximately 600 MPa. Compared to the untreated condition,
ultrasonic impact treatment significantly reduced the surface tensile stress and generated a
compressive stress layer within a certain depth range, thereby effectively regulating the residual stress in
the weld. Based on the analysis of the stress distribution characteristics, the 0 ~ 3 cm depth range can
be identified as the primary compressive stress zone, further confirming that the effective regulation
depth of ultrasonic impact treatment is approximately 3 cm.

4.2 Local Heat Treatment

4.2.1 Heat Treatment Furnace Parameter Settings
The heat treatment process parameters were set as follows: 200°C for 3 hours, 200°C for 50 hours,
350°C for 50 hours, and 460°C for 5 hours.

4.2.2 Residual Stress Results After Heat Treatment at
Different Temperatures
Figure 5:(a); (b) shows the residual stress distribution under different heat treatment temperatures and
holding times. Compared to the untreated samples in Section 3.3, the heat treatment conditions of
200°C for 3 hours, 200°C for 50 hours, and 350°C for 50 hours had little effect on performance, as the
parent material consisted of normalized ferrite and pearlite microstructure, and tempering below 460°C
had minimal impact. However, under the condition of 460°C for 5 hours, residual stress was significantly
controlled. The overall stress level decreased, with a control range of about 100 MPa. Notably, at depths
of 5 cm and 7 cm in the weld, the residual stress peak was significantly reduced. It indicates that this
heat treatment condition has a more significant effect on optimizing welding residual stress compared
to the ultrasonic impact method.

5. Experimental Verification of Residual Stress Regulation
Effectiveness
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5.1 Microstructural Analysis
Figures 6(a)-(d) show the microstructure of the weld surface and internal plastic deformation layer
formed after ultrasonic impact treatment. As seen in Fig. 6(b), the weld microstructure consists of
blocky acicular ferrite + bainite. After ultrasonic impact, the microstructure exhibits a deformed
streamline distribution, perpendicular to the direction of impact. According to the image, there is an
obvious deformed layer, which is consistent with the regulation through residual stress testing in Section
4.1.2. A significant change in the microstructure can be observed by comparing Fig. 6(c) and Fig. 6(d) in
different areas. In the undeformed region, the grains are relatively large, with a columnar or irregular
shape, loosely arranged, and the grain boundaries are clearly visible. In contrast, at the surface (Fig. 6(b))
and in the deformed region (Fig. 6(bd)), the grains are significantly refined, the spacing between them is
reduced, and the microstructure tends to become denser, with grain size refined from 100 µm to below
20 µm. These changes indicate that significant plastic deformation and grain redistribution occurred in
the material under ultrasonic impact loading.

Figure 6(e) and (f) shows the microstructure before and after heat treatment, respectively. It is observed
that the microstructure remains as blocky acicular ferrite + bainite both before and after heat treatment.
The macro-grain morphology of the material remains largely consistent, with no significant grain growth
or recrystallization, indicating that localized heat treatment did not significantly affect the overall
microstructure. However, at the microscopic scale, rearrangement and subtle changes within the
substructure of the grains are observable, reflecting that the material underwent a recovery process. This
substructure adjustment helps release the residual stresses introduced during the processing, enabling
effective stress control without damaging the stability of the original grain morphology.

5.2 Hardness Analysis
As shown in Fig. 7, Vickers hardness testing was conducted on untreated samples, ultrasonic impact
samples, and locally heat-treated samples. The testing used the metallographic specimens described in
Section 5.1. As shown in Fig. 7(a), the hardness measurements were conducted in a zigzag pattern
under a test load of 300 g, the holding time was 15 s.

Figure 7(b) presents the hardness profiles before and after ultrasonic impact treatment. The comparison
demonstrates a significant increase in surface hardness following ultrasonic impact, with the maximum
hardness reaching 333 HV, indicating substantial plastic deformation. As the testing depth increased, the
hardness gradually decreased, exhibiting a transition from the plastically deformed surface layer to the
undeformed base material. Beyond a depth of approximately 3 cm, the hardness stabilized at around
216 HV, suggesting that this region corresponded to the original substrate and was no longer affected by
the ultrasonic impact treatment.

Figure 7(c) presents the hardness curves obtained before and after heat treatment. The comparison
shows that local heat treatment reduced the material hardness by 60 HV. This observation suggests
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significant substructure rearrangement and a decrease in dislocation density occurred during heat
treatment, which would be expected to weaken the work hardening effect. Such softening behavior is
considered to be closely related to residual stress relief. As the dislocation network is eliminated and
lattice internal stresses are relaxed, the internal stress field tends to become more uniform, which
presumably contributes to the effective reduction in residual stress.

5.3 Mechanical Properties Evaluation
Tensile specimens (Φ5 cm) and V-notch impact specimens (10 cm × 10 cm × 55 cm) were prepared
from the welds after local heat treatment, and room temperature tensile and impact tests were
conducted. As shown in Table 1, after heat treatment, the weld specimens exhibited excellent strength,
ductility, and toughness, significantly exceeding the minimum specification requirements. The tensile
strength remained consistently above 540 MPa, while both elongation and reduction of area values
maintained high values. In addition, a significant improvement in impact energy was observed.

Table 1
Tensile and Impact Test Results

Specimen Type Tensile

Strength(MPa)

Yield
Strength(MPa)

Elongation
(%)

Reduction of
Area (%)

Impact
Energy
(J)

Weld 1 543 424 21.5 70 64, 78

Weld 2 544 428 23 67 36, 81

Specification
Requirement

470–630 ≥ 355 ≥ 20 / /

6. Conclusion
In this study, a systematic investigation was conducted on the residual stress issues present in the door
opening welds of wind turbine towers, focusing on both measurement and regulation. residual stress
measurements using X-ray diffraction revealed high residual tensile stresses in door opening corner
welds, with the maximum stress reaching 315 MPa. Significant stress concentrations were identified at
depths of 5 cm and 7 cm within the weld, which may serve as potential initiation sites for fatigue
damage.

For residual stress regulation, two typical process routes -- ultrasonic impact treatment and local heat
treatment -- were employed in this study. The regulation effects were systematically evaluated through
metallographic analysis, mechanical property testing, and hardness distribution measurements.
Ultrasonic impact treatment induced significant plastic deformation in the surface layer, effectively
converting residual tensile stress into residual compressive stress within a depth of 3 cm, with a
maximum regulation amplitude of 600 MPa. In addition, this method resulted in pronounced grain
refinement, microstructural densification, and surface hardness enhancement, thereby effectively
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improving the fatigue resistance of the weld surface. Under the conditions of local heat treatment at
460°C for 5 hours, deeper stress relief and redistribution are achieved, exhibiting good stress
homogenization capability, while exerting a relatively mild impact on the overall microstructure and
mechanical properties of the material, demonstrating deep and wide-ranging regulatory advantages.

Comprehensive analysis indicates that ultrasonic impact treatment is highly effective in enhancing the
fatigue performance of the weld surface and delaying crack initiation and propagation, making it well-
suited for surface strengthening in fatigue-sensitive areas. In contrast, local heat treatment is more
appropriate for overall stress optimization in macrostructures and for improving long-term service
reliability. Each regulation method has distinct advantages in terms of application scope and underlying
mechanisms, thereby complementing each other effectively. The findings of this study provide reliable
experimental evidence and technical guidance for multi-scale and hierarchical residual stress regulation
in complex welded structures such as door opening welds of wind turbine towers, offering considerable
engineering significance and promising application prospects.
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Figure 1

Weld location of door opening corner welds: (a) Door opening position on the wind turbine tower ; (b)
Corner welds location of the door opening

Figure 2

Weld seam testing location of door opening corner welds: (a) Sample collection location; (b) Test
Sample
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Figure 3

Residual stress measurement results prior to treatment: (a) Measured locations; (b) Residual stress
values with different depths
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Figure 4

Comparison Chart of Residual Stress Before and After Ultrasonic Impact

Page 15/18



Figure 5

Test results after heat treatments at various temperatures:(a) Section 3 Results of Residual Stress
Before Regulation;(b) Residual Stress Results After Heat Treatment
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Figure 6

Microstructural changes before and after ultrasonic impact treatment or heat treatment: (a) Weld
subjected to ultrasonic impact; (b) Enlarged microstructure of (a)--around the surface; (c) Enlarged
microstructure of (a)--undeformed erea; (d)Enlarged microstructure of (a)--ultrasonically impacted
deformed erea; (e) Metallographic structure before heat treatment; (f) Metallographic structure after
heat treatment
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Figure 7

Hardness profile: (a) A diagram of measured points with Zigzag pattern; (b)Line chart of hardness before
and after Ultrasonic impact;(c)Line chart of hardness before and after heat treatment
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