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A B S T R A C T

With the continuous advancement of aerospace technology, ensuring the reliability of aerospace engines after 
testing is critical. While various methods exist for assessing fatigue life, non-destructive prediction based on in- 
situ X-ray diffraction (XRD) residual stress analysis remains underexplored—particularly for low-cycle fatigue in 
welded joints. This study proposes a novel approach that uses in-situ XRD to monitor residual stress evolution 
under fatigue and creep loading in gas tungsten arc welding (GTAW) joints of aerospace-grade austenitic 
stainless steel SUS321. Through metallographic observation, scanning electron microscopy (SEM), electron 
backscatter diffraction (EBSD), and in-situ XRD measurements, we demonstrate a strong correlation between 
longitudinal residual stress at the weld center and fatigue life. Under fatigue loading at 60 % of the ultimate 
tensile strength (UTS), longitudinal residual stress transitions from tensile to compressive with increasing cycles, 
and fatigue fracture occurs once residual stress approaches base metal levels (∼0 MPa). In contrast, under creep 
loading, no clear trend in Y-direction residual stress was observed, limiting its utility for creep life prediction. 
This work establishes a reliable, non-destructive framework for evaluating the service life of welded aerospace 
components, offering a new methodology beyond conventional practices.

1. Introduction

Austenitic-based materials serve as essential high-temperature 
structural materials in various fields, including aviation, aerospace, 
marine engineering, energy, and chemical engineering. Among these 
materials, SUS321 is extensively employed in key components like 
combustion chambers and guide vanes of aero engines, as well as re
action kettles of aerospace hydrogen-oxygen engines. This is due to its 
ability to maintain relatively high tensile strength, fatigue resistance, 
creep resistance, and thermal corrosion resistance at elevated tem
peratures [1]. Welding serves as the primary processing and manu
facturing method for aerospace structural components. However, the 
material properties of metallic alloys can undergo significant altera
tions under welding conditions, particularly their dynamic mechanical 
properties, which experience substantial changes. In structural com
ponents, the dynamic fatigue life of the welded joint often dictates the 
overall service life of the component.

Engine test runs are an indispensable step prior to the launch of a 
spacecraft. During these tests, the engine components endure dynamic 
loads approaching the material's yield strength, as well as significant 
creep effects. Consequently, evaluating the life attenuation of welds 
under low-cycle fatigue with plastic strain amplitude during testing and 
the consumption of high-temperature creep life is critical for ensuring 
the successful execution of the spacecraft launch mission. Welds located 
within the engine are typically inaccessible for removal post-test, and 
the associated components are generally not replaced. Additionally, 
destructive testing of these components is not feasible. Therefore, there 
is an urgent need for an effective non-destructive assessment method to 
determine whether the welds remain capable of withstanding sub
sequent launch tasks following the test run.

The state of weld residual stress is directly associated with fatigue 
loading. Weld residual stress is a self-equilibrating stress that manifests 
as tensile stress in the weld zone, often reaching or even exceeding the 
material's yield strength [2], while exhibiting relatively low 
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compressive stress in regions distant from the weld zone. This implies 
that in an unloaded welded structure, there exists localized tensile 
stress equivalent to the material's yield strength. It is widely accepted 
that residual compressive stress inhibits fatigue crack propagation, 
thereby enhancing material fatigue resistance and extending service 
life, whereas residual tensile stress promotes crack initiation, thus re
ducing the service life of the material [3]. Relevant studies have de
monstrated that even a minor welding residual tensile stress (less than 
10 % of the yield strength) can substantially reduce the material's fa
tigue life (by up to 25 %). Conversely, residual compressive stress not 
exceeding 10 % of the yield strength can enhance the material's fatigue 
life by as much as 75 % [4]. When investigating the relationship be
tween fatigue life and residual stress, researchers often focus on high- 
cycle fatigue life during the elastic deformation stage [5,6], whereas 
fewer studies address the low-cycle fatigue life associated with plastic 
strain amplitude. Moreover, common fatigue specimens, such as plate 
and round bar specimens [7], may experience changes in residual stress 
distribution due to mechanical processing deformation. Thus, it is 
crucial to investigate how to characterize the relationship between low- 
cycle fatigue life in the plastic deformation stage and residual stress. 
The performance of the engine welded joint at high temperatures sig
nificantly impacts the launch safety of spacecraft. During test runs and 
subsequent service, the engine is exposed to high-temperature creep 
loads. Research indicates that residual stress undergoes stress relaxation 
under thermal loading conditions. Nevertheless, regarding the fracture 
behavior of welded joints, there is no consensus on the influence of 
residual stress due to its dependence on factors such as weld type, 
welding process, and external load form.

According to whether the component is damaged during residual 
stress testing, the methods for measuring residual stress can be cate
gorized into destructive, semi-destructive, and non-destructive techni
ques. Destructive methods include the contour method and the deep 
hole method, among others. Semi-destructive approaches encompass 
the drilling method and the indentation strain method. Non-destructive 
techniques comprise X-ray diffraction, synchrotron radiation X-ray 
diffraction, neutron diffraction, ultrasonic methods, and others [8]. 
Each residual stress testing method possesses distinct advantages and 
disadvantages. Among these, the X-ray diffraction method, which is 
grounded in Bragg's law, stands out as a non-destructive technique 
characterized by mature theoretical foundations and high measurement 
accuracy [9]. This method demonstrates particular advantages in en
gineering applications for non-destructively evaluating surface residual 
stresses.

This paper utilizes the XRD diffraction technique to perform "fa
tigue-in-situ measurement of X-ray residual stress" and "creep-in-situ 
measurement of X-ray residual stress" experiments. A comprehensive 
series of tests clarifies the evolution of weld residual stress under fa
tigue loading and creep conditions, thus offering a robust theoretical 
basis and dependable data support for evaluating the fatigue life and 

creep life of welds using non-destructive XRD stress measurement re
sults.

2. Experimental details

2.1. Materials

The base material is a 4-mm-thick SUS321 stainless steel plate, 
featuring a 35° bevel (70° included angle) with a 1-mm land. The butt 
joint includes a 1-mm gap. Welding is performed in two passes using 
gas tungsten arc welding (GTAW), with a 1.2-mm-diameter TG-S347 
welding wire (AWS ERNiFeCr-2) as the filler material. The composi
tional details of both the base material and the welding consumable are 
presented in Table 1.

To ensure the complete filling of the weld seam and achieve optimal 
structural integrity, the welding process is designed with a backing 
weld, followed by a fill weld and a cap weld, totaling three passes. This 
design significantly enhances the structural integrity of the weld seam. 
Moreover, the welding wire consists of an intricately combined dual- 
material structure, which enhances the efficiency of weld deposition. 
During the welding process, gas protection is implemented via a dual- 
system approach: argon gas supplied externally by the welding torch at 
a flow rate of 10 L/min and internally through the butt welding fixture 
plate at 1.5 L/min. This arrangement ensures complete inert gas cov
erage on both the front and back sides of the weld seam. To minimize 
deformation, the butt plates are firmly clamped during welding, 
thereby preventing any potential distortion from affecting subsequent 
mechanical sample preparation. Prior to welding, the area within 
20 mm around the weld seam is thoroughly cleaned with acetone to 
eliminate contaminants and avoid inclusions. The welding parameters 
are detailed in Table 2.

2.2. Material characterization and mechanical property test

2.2.1. Material characterization
The weld metallographic specimens were prepared using the wire- 

cutting method. Subsequently, they were ground flat, polished, and 
electrolytically etched with a 10 % oxalic acid solution by volume. The 
electrolytic etching was conducted at a voltage of 9 V for 60 s. 
Microstructural characterization was performed using an AXIO Imager 
A2m metallographic microscope. For further analysis, the micro
structure of the stainless steel was examined using a scanning electron 
microscope (SEM, TESCAN VEGA) equipped with a secondary electron 
(SE) detector. Electron backscatter diffraction (EBSD) tissue char
acterization was carried out using a scanning electron microscope 
(TESCAN MIRA3) integrated with an EBSD information acquisition 
system. The experimental conditions included an acceleration voltage 
of 20 kV, an electron beam current of 5 nA, and a working distance of 
18 mm. Scanning ranges and step lengths were adjusted according to 

Table 1 
Chemical compositions of welding base materials and filler materials for GH4169 (wt%). 

Alloys Ni Cr Mo Nb Ti C P S Si Mn Cu Fe

SUS321 9–12 17–19 N/A N/A 0.7 0.08 0.045 0.03 1 2 N/A Bal.
TG-S347 10 19.3 0.07 0.6 N/A 0.05 0.02 0.01 0.4 2.1 0.07 Bal.

Table 2 
Parameters of the GTAW manual welding process. 

Argon flow rate 
(L/min)

Welding current(A) Welding speed 
(mm/min)

Wire feeding speed 
(mm/min)

Arc length(mm)

10 (Torch) 90 (First) 400 500 2.5–3.5
1.5 (Backing) 100 (Second)
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specific requirements. The EBSD data were analyzed and processed 
using AztecCrystal 2.0 software developed by OXFORD. Prior to EBSD 
information acquisition, the specimens underwent accelerated vibra
tion polishing to ensure high-quality surface preparation.

2.2.2. Tensile tests at room and elevated temperatures
Based on the actual service conditions of the hydrogen-oxygen re

actor in aeroengines, the fatigue loading requirement was established at 
60 % of the ultimate tensile strength (UTS). To determine the fatigue 
and creep load, tensile tests were conducted on weld samples under 
both room temperature and elevated temperatures (750 ℃, 800 ℃, and 
850 ℃). The testing procedure adhered to the standard GB/T 
2651–2008. The sampling schematic is illustrated in Fig. 1. Tensile tests 
were performed at a strain rate of 1 mm/min, and three replicate 
samples were tested to ensure data repeatability and reliability.

2.2.3. High-frequency low-cycle fatigue test at room temperature
Although the service temperature of the test material is high, no 

phase transformation occurs within the operational temperature range, 
and the temperature has negligible effects on the material's physical 
properties. Consequently, the stress variation law obtained at room 
temperature can be considered equivalent to that obtained at high 
temperatures. Three fatigue samples were randomly selected from dif
ferent positions of the weld for room-temperature high-frequency low- 
cycle fatigue testing. The sampling schematic is presented in Fig. 2. The 
fatigue testing was conducted using a CRIMS® GPS100 machine with a 
vibration frequency of 110 Hz. The loading mode was tension-tension 
fatigue with a stress ratio (R) of 0.1.

2.2.4. Creep test
Three creep samples from different positions along the weld seam 

were randomly selected for high-temperature creep testing. Given that 
the primary service temperature range of the component is 750 ℃ to 
850 ℃, the test temperatures were set at 750 ℃, 800 ℃, and 850 ℃, 
respectively. The sampling locations for the creep tests are illustrated in 
Fig. 2(a), while the dimensions of the creep samples are detailed in 
Fig. 2(c). The high-temperature creep tests were conducted using the 
testing machine manufactured by China National Machinery Test & 
Inspection Co., Ltd., with the applied load set at 60 % of the material's 
high-temperature tensile strength. To ensure reliable testing, the sam
ples were securely fastened to the machine to prevent interruptions 
caused by loosening during creep loading. Additionally, the alignment 
of the clamping system was verified prior to testing.

2.3. In-situ measurement of X-ray residual stress

According to GB/T 7704–2017, the residual stress distribution of 
fatigue specimens was analyzed using the X-ray non-destructive testing 
method. The XRD residual stress measurement equipment employed 
was a PROTO® fixed XRD residual stress measuring instrument. Prior 
to conducting the measurements, the weld area of the sample was 
electrolytically polished to eliminate surface stresses induced by sample 
preparation, thereby enhancing the accuracy of the data. The electro
lytic polishing process was performed at a voltage of 10–15 V for ap
proximately 1 min.

From the perspective of sample processing, stress release in the x 
direction is relatively significant due to less constraint, whereas in the y 
direction, higher residual stress is expected because of the retained 
substrate's constraint. Given that the specimen size in the x direction is 

Fig. 1. Schematic and dimensions of tensile specimens at room and elevated temperatures:(a) Schematic diagram of the tensile specimen, (b) Dimensions of room- 
temperature tensile test specimens, (c) Dimensions of elevated-temperature tensile test specimens.

Fig. 2. Schematic of sampling and fatigue and creep specimens: (a) Schematic diagram of fatigue and creep specimens, (b) Dimensions of fatigue test specimens, (c) 
Dimensions of creep test specimens.
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smaller, it is more susceptible to cutting effects compared to the y di
rection. Consequently, greater attention is focused on the relationship 
between fatigue life and residual stress in the y direction of the weld. To 
explore the potential correlation between residual stress and fatigue life 
as comprehensively as possible, residual stress was measured at nine 
position points perpendicular to the weld in the plate plane (y), as il
lustrated in Fig. 3. Specifically, points 1, 5, and 6 are located at the weld 
centerline; points 2 and 7 are situated in the weld area 1 mm away from 
the fusion line; points 3 and 8 are positioned on the base metal side 
1 mm away from the fusion line; point 4 is located within the base 
metal; and point 9 is at the center of the weld back. This arrangement of 
measurement points aims to validate the influence of measurement 
location on the results and provide data support for selecting sub
sequent measurement points through confirmatory tests. By applying a 
certain number of fatigue or creep cycles and supplementing with XRD 
residual stress measurements, the variation law of residual stress at 
each weld position under fatigue loading is determined.

2.4. Residual stress calculation method

For polycrystalline materials, the macroscopic stress-induced strain 
is regarded as the statistical average of lattice strains within the cor
responding region. Consequently, residual stress can be determined by 
evaluating the lattice strain using the principles of X-ray diffraction. 
Based on the classification of residual stresses, the procedures for cal
culating two-dimensional planar residual stress and three-dimensional 
residual stress are outlined as follows [10]:

Under the plane stress state, 0B 22 33= = = , it can be derived 
that:

S S( ) 1
2

( sin )hkl hkl hkl
1 11 22 2

2= + + + (1) 

The differential of the square of sin2 in Eq. (1) can be obtained as 
follows.

S
1

(1/2) sinhkl

hkl

2
2=

(2) 

where hkl represents the normal strain in the ( , ) direction; is the 
angle between the strain vector and the z-axis, and also denotes 
the angle between the projection of onto the xOy plane and the x- 
axis; S h k l

1
{ , , } and S h k l

2
{ , , } are the x-ray elastic constants of the hkl{ } crystal 

plane, which are related to the material's Young's modulus E and 
Poisson's ratio v; indicates the orientation of the stress to be mea
sured.

When the three-dimensional stress is distributed, the functional re
lationship between hkl and sin2 exhibits an elliptical curve. Based on the 
formula below, and can be determined using the least squares method.

S S S( ) 1
2

( sin ) 1
2

( sin 2 )hkl hkl hkl hkl
1 11 22 2

2
2= + + + + + (3) 

Under three or more distinct values, several ± angles are re
spectively designated for measurement, enabling the calculation of the 
stress tensor.

When preferred orientation exists in the material, both hkl{ } and 

sin2 exhibit a significant oscillatory distribution. The peak shape re
mains largely unchanged, while the diffraction peaks show a gradual 
broadening trend. For different angles, the variation in peak intensity 
is substantial, and the choice of radiation and crystal planes sig
nificantly influences the accuracy of residual stress X-ray test results. A 
higher multiplicity factor of the crystal plane reduces the impact of 
texture on the accuracy of the test results. The non-random grain or
ientation in anisotropic materials has a pronounced effect on the shape 
or relative intensity of the peaks. If the sampled area contains large 
grains, such as well-developed dendrites or coarse-grained welds, and 
the stress level is high, the limited number of grains participating in 
diffraction leads to low peak intensity and poor accuracy of the peak 
position at various angles. Since X-ray residual stress testing is based 
on elastic theory and assumes that the material is homogeneous, con
tinuous, and isotropic, real materials often deviate from these as
sumptions due to their inherent anisotropy. Consequently, the relative 
change in crystal plane spacing is measured only on some surface 
grains. In conclusion, the accuracy of X-ray residual stress test results is 
significantly influenced by factors such as the test site, grain size, and 
degree of preferred orientation.

3. Results and discussion

3.1. Microstructure

To avoid the influence of the non-uniform and unstable micro
structure of the welded joint on the fatigue and creep test results, a 
detailed study and analysis of the microstructure of the welded joint 
were conducted. Visual inspection of the welded joint reveals no cracks, 
collapses, burn-throughs, or other defects in the weld. The metallo
graphic microstructure of the base metal for austenitic stainless steel 
SUS321 is presented in Fig. 4(a). At room temperature, the micro
structure exhibits a single-phase austenite structure with twins. After 
solution treatment, SUS321 austenitic stainless steel demonstrates low 
hardness, excellent toughness, high plasticity, and superior corrosion 
resistance. The microstructure of the SUS321 austenitic stainless steel 
welded joint is illustrated in Fig. 4(b-c). The weld and the base metal 
are well bonded. In the heat-affected zone (HAZ), the grains exhibit a 
tendency to grow; however, this growth is not pronounced. The weld 
zone displays a typical columnar crystal structure.

Inverse pole figure (IPF) and Kernel Average Misorientation (KAM) 
diagrams of the SUS321 stainless steel welded joint are presented in 
Fig. 5. In the IPF map (Fig. 5(a)), regions with different colors corre
spond to grains and sub-grains with distinct crystallographic orienta
tions. Adjacent to the fusion line (marked as a pink dotted line in 
Fig. 5(a)), the weld microstructure comprises coarse columnar grains 
that predominantly grow along the <  100  >  direction and are or
iented approximately perpendicular to the fusion line. The heat-af
fected zone (HAZ) and base metal display typical massive austenite 
structures with isotropic grain orientation, exhibiting no preferred or
ientation due to the influence of the welding thermal cycle. Stress 
concentration within the HAZ and weld primarily occurs at grain 
boundaries, particularly on the side adjacent to the fusion line. During 
welding, high temperatures and thermal stresses in the HAZ promote 
dislocation movement. Consequently, dislocations of the same type on 
the same slip plane glide and accumulate at the grain boundaries, 
forming dislocation walls. With continuous accumulation and en
tanglement, these dislocations progressively develop into cellular block 
structures and eventually evolve into substructures.

Fig. 5(b) presents the local orientation difference distribution map 
near the fusion line of the welded joint, also referred to as the KAM 
map. The local orientation difference serves as an indicator for mea
suring the degree of grain deformation and dislocation density. It is 
calculated based on a core point consisting of 24 nearest neighboring 
points, where each core point (100 nm × 100 nm) is assigned a scalar 
value representing its local orientation difference. The KAM value can 

Fig. 3. Schematic diagram of sampling points for XRD residual stress mea
surement (units in mm).
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be determined using the following formula [11]

KAM
N

KAMexp[ 1 ln
i

L i1 ,= (4) 

Where KAML i, is the local KAM value at point i, and N is the number of 
points in the test area.

The geometric dislocation density can be calculated by the following 
formula [12]

ub
2GND i= (5) 

Where i is the average value of the local orientation difference of the 
selected area, μ is the step size, and b is the Burgers vector.

It is evident that significant residual strains exist in the weld seam 
and HAZ. By integrating the information from the IPF mapping and 
KAM diagram, it can be observed that stress concentration in the HAZ 
and weld seam predominantly occurs at the grain boundaries, parti
cularly in the HAZ adjacent to the fusion line. Macroscopically, this 

manifests as a relatively high level of residual stress in the weld seam 
and the HAZ near the fusion line.

3.2. Tensile property

The stress-strain curves of SUS321 austenitic stainless steel at both 
room temperature and high temperature are presented in Fig. 6. Dy
namic recrystallization [13] was observed during the tensile deforma
tion process of SUS321 austenitic stainless steel. As a result, the stress- 
strain curve exhibited a wavy pattern due to the alternating effects of 
dynamic recrystallization and work hardening. For the room tempera
ture tensile tests, the UTS of the three samples were measured as 
664 MPa, 680 MPa, and 718 MPa, respectively, yielding an average UTS 
value of 687.3 MPa. By calculating the cross-sectional area to be 
40 mm², the load corresponding to 60 % of the UTS was determined to 
be 16.5 kN. The stress-strain curves obtained at 750 °C, 800 °C, and 
850 °C are presented in Fig. 6(b). The ultimate tensile strength (UTS) 
values were measured as 156 MPa at 750 °C, 108 MPa at 800 °C, and 

Fig. 4. Microstructures of SUS321 stainless steel welded joint in different regions: (a) OM microstructure of base metal, (b) SEM microstructure near the fusion line, 
(c) SEM microstructure in the weld.

Fig. 5. EBSD analysis results near the fusion line: (a) IPF, (b) KAM. 
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85 MPa at 850 °C. Upon calculating the cross-sectional area to be 
40 mm², the corresponding 60 % UTS loads were determined to be 
6.24 kN at 750 °C, 4.32 kN at 800 °C, and 3.4 kN at 850 °C. The fracture 
position of the tensile specimen is located near the fusion line. Based on 
the aforementioned analysis of the microstructure of the welded joint, 
the weld microstructure near the fusion line consists of interlaced co
lumnar crystals. The boundaries of these columnar crystals are regions 
where impurities, shrinkage cavities, and pores tend to accumulate, 
making them weak points in terms of mechanical performance. Ad
ditionally, stress concentration in the heat-affected zone (HAZ) near the 
fusion line is pronounced, ultimately resulting in the tensile specimen 
fracturing at this location.

3.3. Analysis of in-situ fatigue- X-ray residual stress

Fig. 7 shows the calculation results of residual stress variation with 
fatigue cycle numbers for three parallel samples. It can be seen from 
Fig. 7 that the base metal position (point 4) has a stable microstructure. 
The residual stress remains essentially unchanged with increasing fa
tigue cycles and stays below 50 MPa. Points 2 and 8, located near the 
fusion line on the base metal side, experience a welding thermal cycle 
process, which acts like stress-relief annealing and results in a stress 
state similar to that of the base metal. As a result, their residual stress 
states are largely unaffected by the number of fatigue cycles. In con
trast, the residual stress at point 9 shows no clear trend. Since it is 
located on the back of the weld, where the microstructure is unstable, 
point 9 is not suitable as an X-ray residual stress measurement point for 
evaluating fatigue life.

The residual stress states at points 2 and 7, located in the weld area 
near the fusion line, gradually align with the stress state of the base 

metal. However, the XRD residual stress test results for these points are 
significantly influenced by columnar crystal structures and micro
structural texture. Points 1, 5, and 7 are all situated on the weld cen
terline, corresponding to the highest point of the weld reinforcement, 
and exhibit similar trends: they transition from tensile stress states to
ward a stress level approaching 0 MPa. Nevertheless, points 5 and 7, 
being positioned at the sample edges, are substantially affected by re
sidual stress release during sample preparation, leading to less pro
nounced changes in residual stress levels compared to point 1. 
Additionally, the XRD residual stress test result for point 1 is less sus
ceptible to interference from columnar crystals and microstructural 
texture.

With the increase in fatigue cycle times, dislocations are activated, 
and residual stress is gradually released. This phenomenon is primarily 
attributed to the presence of a large number of twin boundaries in the 
matrix, which reduces the total interfacial energy of the system. 
Dislocations can glide on twin planes. Moreover, dislocations bypass 
precipitated phases, maintaining the number of mobile dislocations, 
while dislocation reorganization simplifies the dislocation configura
tion. When the load reaches 60 % of the UTS, it exceeds the yield 
strength of SUS321 stainless steel, causing cyclic strain to enter the 
plastic deformation range. Cyclic plastic deformation occurs in regions 
with localized stress or stress concentrations. As cyclic loading con
tinues, cracks initiate in the weaker regions of these localized plastic 
zones and subsequently propagate within the plastic area, gradually 
evolving into macroscopically detectable cracks. Under cyclic stress, 
cracks further traverse through the plastic region, continuing to grow 
until final fracture.

When the stress reaches equilibrium throughout the workpiece or 
within a large macroscopic region, it is referred to as macroscopic stress 

Fig. 6. Engineering stress-strain curves of SUS321 stainless steel GTAW welds: (a) At room temperature, (b) At elevated temperatures. 

Fig. 7. The calculation results for residual stress variation with fatigue cycle numbers for three parallel samples, respectively: (a) SUS321–1, (b) SUS321–2, (c) 
SUS321–3.
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or the first type of stress. Fundamentally, the presence of welding re
sidual stress can primarily be attributed to the extremely high tem
peratures during welding and the rapid cooling that follows. This sub
stantial temperature variation inevitably induces thermal expansion 
and contraction effects. his represents the fundamental reason for the 
presence of welding residual stress. Additionally, during the welding 
process, temperature variations occur across different regions of the 
material, which also constitutes a critical factor contributing to the 
significant level of welding residual stress. The residual stress perpen
dicular to the weld direction results from the combination of residual 
stress induced by longitudinal shrinkage in the plastic deformation zone 
near and within the weld, as well as the residual stress caused by non- 
simultaneous transverse shrinkage in the same plastic deformation 
zone. During the welding process, the welding zone is rapidly heated at 
a significantly higher rate compared to the surrounding areas, causing 
partial melting. The materials in the welding zone expand thermally, 
but this expansion is constrained by the cooler adjacent regions, leading 
to the development of elastic thermal stress. As the temperature in the 
heated area increases, the yield strength decreases, allowing the 
thermal stress to partially exceed the yield limit. Consequently, plastic 
thermal compression is induced in the welding zone. Upon cooling, this 
region becomes relatively contracted, narrowed, or reduced in com
parison to the surrounding areas, resulting in tensile residual stress 
within this zone. As illustrated in Fig. 7, the residual stress in the weld 
zone of the specimen without fatigue cyclic loading (i.e., 0 fatigue cy
cles) manifests as residual tensile stress. Based on the research findings 
of Masubuchi and Martin [14], the distribution of longitudinal residual 
stress x can be calculated using the following formula:

y y
b

y
b

( ) 1 exp 1
2x m

2 2
=

(6) 

Where, m is the maximum residual stress, and b is the width of the 
longitudinal residual stress zone.

It can be derived from the formula that the residual stress value at 
the weld center is the highest. In conjunction with the project's test 
results, it is evident that the residual stress at point 1 in the weld center 
position exhibits the most significant variation under the application of 
fatigue loads. Furthermore, the geometric dimensions of the weld seam 
play a crucial role in influencing the fatigue strength of the welded 
structure. Ninh et al. [15] experimentally demonstrated that increasing 
the transition angle can effectively enhance the fatigue strength. Tai
wanese scholars [16] argue that increasing the transition angle yields a 
more significant improvement compared to enhancing the transition 
radius. However, research findings in the literature indicate that the 
weld transition radius also plays a crucial role in the fatigue strength of 
the joint. Specifically, when the transition radius is increased while 
keeping the transition angle constant, the fatigue strength of the joint 
improves. Johan [17,18] performed a fatigue life assessment of the butt 
joint with reinforcement, and scholars from MIT [18] also investigated 
the influence of the reinforcement. They unanimously concluded that 
removing the reinforcement enhances fatigue strength. Notably, point 1 
at the weld center corresponds to the location with the largest re
inforcement size. In summary, greater attention should be directed to
ward the variation in residual stress levels at the weld center (i.e., the 
position with the largest reinforcement size) as the number of fatigue 
cycles increases. As shown in Fig. 7, under a dynamic fatigue load of 
60 % UTS, during the early stage of fatigue loading (< 50,000 cycles), 
the residual stress level exhibits a pronounced downward trend. 
Xie et al. [19] conducted experimental research demonstrating that the 
release of welding residual stress is influenced by factors such as the 
initial residual stress distribution, yield stress, fatigue load amplitude, 
and the number of cycles. Dehkordi et al. [20] experimentally con
firmed that the majority of welding residual stress release occurs during 
the first few load cycles. In general, the release of welding residual 
stress is also affected by the magnitude, direction, and duration of static 

loads, as well as the material properties of the structure. This phe
nomenon can be attributed to the activation of dislocations with in
creasing fatigue cycle times, leading to the gradual release of residual 
stress. Specifically, the presence of a large number of twin boundaries 
in the matrix reduces the total interfacial energy of the system, allowing 
dislocations to slip on twin planes. Additionally, dislocations bypass 
precipitated phases, maintaining a sufficient number of mobile dis
locations, while dislocation reconstruction simplifies the dislocation 
configuration. These factors collectively contribute to the release of 
residual stress and the reduction of residual stress levels under dynamic 
fatigue loading. Furthermore, when the residual stress value at point 1 
approaches that of the base metal (approximately 0 MPa), fatigue 
fracture is initiated. It can be observed from Fig. 7 that as the number of 
fatigue cycles increases, the tensile stress at point 1 of the fatigue 
specimen gradually decreases and transforms into a lower stress level 
before eventually releasing completely. Specifically, the residual stress 
at point 1 transitions from tensile stress to low stress and then gradually 
dissipates. When the residual stress at point 1 reaches a value equiva
lent to that of the base metal (approximately 0 MPa), fatigue fracture 
occurs. This phenomenon is attributed to the fact that the 60 % UTS 
fatigue load applied to the SUS321 specimen exceeds its yield strength, 
thereby causing cyclic strain to enter the plastic deformation range. 
Consequently, cyclic plastic deformation occurs in localized stress or 
stress concentration areas. As cyclic loading continues, cracks initiate in 
the weaker regions of these localized plastic zones and subsequently 
propagate within the plastic zone, gradually growing into macroscopic 
cracks detectable by conventional means. Under the influence of cyclic 
stress, these cracks further penetrate through the plastic zone and 
continue to propagate until final fracture occurs. Overload treatment 
can effectively reduce the residual stress in structures. The primary 
mechanism involves the superposition of the non-uniform welding re
sidual stress field with the stress field induced by an externally applied 
load. This superposition causes certain regions with higher residual 
stresses to reach the material's yield stress, leading to localized plastic 
deformation. As loading continues, the region undergoing plastic de
formation gradually expands. After unloading following a sustained 
period of overload, the residual stress is significantly diminished. The 
extent of welding residual stress reduction through overload treatment 
depends on the magnitude of the applied overload. The residual stress 
remaining after overload treatment can be expressed as σγ [21]: 

s ov= (7) 

Where σs is yield strength; σov is stress produced by overload.
When the stress induced by the external load on the welded part is 

superimposed with residual stress and exceeds the yield limit, plastic de
formation occurs in a localized area of the welded part. If the external load 
is removed at this point, the component cannot return to its original geo
metric shape and the distribution of residual stress is altered. Consequently, 
during the 60 % UTS fatigue loading - in-situ X-ray residual stress test of the 
SUS321 specimen, after a certain number of cycles under dynamic fatigue 
loading exceeding the yield strength, the load is unloaded. This results in 
changes to the external load acting on the weld and redistribution of stress. 
During the application of external loading, the specimen experiences tensile 
stress. After unloading, to prevent deformation of the specimen, the residual 
stress transforms into compressive stress.

To summarize, for SUS321 specimens subjected to fatigue loads 
exceeding the yield strength (e.g., 60 % of the UTS), the longitudinal 
residual stress at the weld center gradually decreases with increasing 
fatigue cycles. Notably, within the first 50 000 cycles, the residual stress 
level exhibits a significant drop. Furthermore, the stress transitions 
from tensile to compressive. Ultimately, when the residual stress aligns 
with that of the base metal (approximately 0 MPa), fatigue fracture 
ensues. In conclusion, as long as residual stress remains present, the 
specimens retain fatigue life, which is independent of the material 
properties of the tested samples.
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3.4. Analysis of in-situ creep- X-ray residual stress

This section investigates the potential of using the XRD residual 
stress method for predicting high-temperature creep life, paralleling 
our approach for fatigue. The evolution of residual stress in the Y- 
direction for three SUS321 specimens under creep loading at 750 ℃, 
800 °C, and 850 °C is presented in Fig. 8(a-c). A consistent trend is 
observed across all temperatures: after the application of a 60 % UTS 
creep load, the residual stress in the weld area rapidly relaxes to a 
low-stress state (0–50 MPa). This relaxation occurs early in the creep 
life and remains stable until fracture, with no systematic variation 
that correlates with the remaining creep life (31 h at 750 °C, 28 h at 
800 °C, and 15 h at 850 °C).

The creep deformation mechanism of austenitic stainless steel at 
high temperatures is governed by dislocation motion [22]. Hence, for 
the X direction, we can expect the residual stress evolution under creep 
loading to be consistent with that in the y direction, based on the 
structural constraint characteristics and the high-temperature creep 
mechanism of SUS32. This consistency is attributed to the fact that 
high-temperature creep of SUS321 is dominated by dislocation self- 
diffusion and climb, a mechanism with no directional dependence. 
Thus, the stress relaxation effect acts uniformly in both the x and y 
directions, leading to consistent evolutionary trends. Below the yield 
stress, the primary mechanisms involve dislocation self-diffusion and 
climb, which are associated with relatively low creep activation energy. 
The pre-existing dislocation structure facilitates multi-directional slip 
during creep, effectively releasing stress, preventing stress concentra
tion, and ultimately delaying the initiation and propagation of cracks. 
At temperatures of 750 ℃, 800 ℃, and 850 ℃, three SUS321 specimens 
were subjected to a creep load equivalent to 60 % of the UTS. The XRD 
residual stresses at each test point were fully relaxed to the range of 
0–50 MPa. This is primarily attributed to the fact that the 60 % UTS 
creep load for the SUS321 alloy at high temperatures is lower than its 
yield strength, leading to creep deformation mechanisms dominated by 
dislocation activity. Below the yield stress, the primary processes in
volve self-diffusion and climb of dislocations, which effectively con
tribute to stress relaxation. To summarize, under a 60 % UTS creep load 
at various high temperatures, the change trend of residual stress in the 
Y direction within the weld area remains consistent. Consequently, it is 
challenging to assess the creep life state through non-destructive eva
luation of residual stress in the weld zone. Nevertheless, given that the 
high-temperature creep life of SUS321 austenitic stainless steel sig
nificantly exceeds its service life, attention should be directed toward 
investigating the variation pattern of residual stress in the weld area 
under fatigue loading conditions. When the residual stress value at 
point 1 approaches that of the base metal (approximately 0 MPa), fa
tigue fracture is initiated. As the core focus of this study is to establish 
the non-destructive evaluation method based on residual stress, the 
detailed fatigue fracture mechanism is not elaborated in depth. 

However, combined with the existing microstructural and residual 
stress evolution data, the fatigue fracture process can be reasonably 
inferred: The crack initiates at the weld center (point 1), where the 
initial residual tensile stress is the highest and weld reinforcement is the 
largest. Cyclic plastic deformation activates dislocation slip along twin 
planes, leading to microcrack initiation at columnar crystal interfaces 
and high-dislocation-density regions. During propagation, the stable 
release of residual stress (tensile → compressive → ∼0 MPa) regulates 
crack growth, resulting in fatigue striations on the fracture surface. This 
inferred fracture behavior further supports the correlation between 
weld center residual stress and fatigue life. Similar to the fatigue ana
lysis, the detailed creep fracture mechanism is not the research focus of 
this work; instead, we emphasize the residual stress evolution law 
under creep loading. Notably, the residual stress has been fully relaxed 
to 0–50 MPa in the early creep stage (Fig. 8), so creep fracture is 
dominated by microstructure evolution rather than residual stress, 
which explains the non-correlation between residual stress and creep 
life.

4. Conclusions

Aerospace engine structural components typically must endure the 
combined effects of centrifugal force, vibration stress, rapid tempera
ture fluctuations, and gas corrosion, among others, making them highly 
susceptible to low-cycle fatigue failure. To effectively assess whether an 
aerospace engine after a test run is capable of fulfilling subsequent 
spacecraft launch missions, a fatigue life prediction method based on X- 
ray diffraction is proposed. Through the in-situ measurement test of 
fatigue-induced X-ray residual stress, the following conclusions are 
drawn: 

(1) The feasibility of assessing the fatigue life state through non-de
structive residual stress measurement in fusion weld seams has been 
demonstrated. The longitudinal residual stress at the weld center 
exhibits a strong correlation with the fatigue life of the welded 
component. This location experiences the most significant changes 
in residual stress under fatigue loading, and XRD stress measure
ments at this point are less influenced by columnar crystals and 
microstructural texture, making it an appropriate measurement 
point for evaluating fatigue life.

(2) The longitudinal residual stress at the weld center exhibits a strong 
correlation with the fatigue life of the welded component. Under a 
fatigue load of 60 % UTS, as the number of fatigue cycles increases, 
the longitudinal residual stress at the weld center transitions from 
tensile to compressive. Fatigue fracture occurs when the residual 
stress value reaches equilibrium with that of the base metal, cor
responding to a stress level of 0 MPa.

(3) When the fusion welding seam is subjected to high-temperature 
creep loading, the XRD residual stress at each test point is relieved to 

Fig. 8. The residual stress in the y direction of SUS321 changes with creep loading at different temperatures: (a) 750 °C, (b) 800 °C, (c) 850 °C. 
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approximately 0 MPa. The change trend of residual stress in the y 
direction within the weld zone exhibits no significant difference, 
making it challenging to predict the creep life based solely on the 
variation trend of the residual stress level in the fusion welding seam.
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