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Abstract: An extensive literature review was conducted primarily to develop a comprehensive
understanding of the quantitative behavior of residual stress (RS) distribution in weld joints. Based
on prior data, various levels of the peak RS and distribution profiles were applied to a finite element
analyses (FEA) model as an initial loading to evaluate the effect of RS on the Mode-I stress intensity
factor (SIF), Kj. The RS was not found to have a significant effect on the SIF values when the peak RS
was less than 300 MPa. The enhanced effect of RS on the K values was found to be more pronounced
at a lower crack ratio, while the analytical form of the RS distribution had a minor effect. The effective
boundary corrections function, Fgesig,,1, was derived under the effect of RS for 1T CT specimen for
various crack geometries of the crack ratio, (a/W) of 0.2, 0.40, 0.50, 0.60, and 0.75, and with peak
RS varying from 100 MPa to 600 MPa. The obtained effective function of K; can be employed to
quantitatively evaluate the effect of RS on the fatigue performance of welded joints.

Keywords: stress intensity factor; residual stress; weld; compact tension specimen; boundary correc-
tion function

1. Introduction

The manufacturing of structural engineering components generally requires various
mechanical joining and fastening processes. Among these, welding is the most common
fabrication process utilized for metal joining within the industry. This process is much
more efficient than other mechanical fastening processes such as riveting, bolting, casting,
etc. Welded structures can produce a permanent joint with mechanical properties equal to
or even superior to those of base materials. In addition, welded joints may require fewer
installation steps and provide lower repair costs for engineering structures [1-3]. In general,
the mechanical performance of a weldment is strongly influenced by various parameters of
the welding process such as thermal condition, welding materials, welding speeds, and
the geometrical shape of the groove [4-11]. However, in a comprehensive study analyzing
engineering failures, premature cracking and related failures of structural engineering
components were often observed in weld joints due to high local stress concentration, the
microstructure being heterogenous, and the presence of RS [12-15]. In almost all cases,
the welding RS was found to be the primary contributor [16,17]. Therefore, knowledge of
the mechanical performance of weld joints under the effect of RS is crucial for the reliable
performance of structural components.

The principal generation of RS in weldment is generally attributed to the non-uniform
contraction and expansion of the fusion zone and the surrounding materials under the
effect of temperature variation during the welding process [18-21]. Where RS is present,
the regions around and inside the weld zone have usually experienced thermal cycles such
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as a rapidly increased temperature near the melting temperature followed by a subsequent
drop to a low temperature. Specifically, the material layers near the outer surfaces of the
weldment usually have a higher cooling rate compared with those of the inside region
due to free exposure to an open-air environment. This temperature variation also leads to
heterogeneous expansion and contraction along the cross-section of the weldment. The
interaction between the welding thermal cycle and the metal lattices of the materials may
cause a drastic change in the microstructural characteristics of the materials in the sub-
region of a weld joint, which induces microstructure variations in the heat-affected zone
(HAZ) [22-24]. While the temperature at the region in the core zone of the welding pool
is still high, the nonuniform contraction of the material at a lower temperature region
near the outer surface may generate tensile/compressive stresses: so-called RS at the outer
surface region and in the interior of the weldment, respectively. Therefore, various practical
techniques have been employed to eliminate the effect of heterogeneous microstructures as
well as improve the cracking resistance of the weld joint [25-27].

In general, to accurately assess the performance of welded structures, the lab-scale
tested sample should be machined directly from the welded joint [28]. Figure 1 exhibits a
typical schematic illustration of sampling positions of the fracture toughness and fatigue
crack growth test specimen in a weld joint. The thickness direction of the sample was
machined in parallel to the fusion zone, and depending on the purpose of the tests, the
interested region should be located at either the center of the weld zone or the heat-affected
zone. Specifically, the position of the crack tip and the direction of fatigue pre-crack
initiation should be aligned with the fusion zone. Although a portion of the RS can be
released in small-scale specimens and during the sampling process, RS still has a significant
influence on fatigue crack growth behavior and should be considered [29-31]. It was also
noted that a considerable tensile RS remained in the region surrounding the crack tip region
after performing fatigued pre-crack, and this had a significant influence on the subsequent
fracture, which was reported by Moshayedi et al. [32]. To completely elucidate the influence
of RS on the mechanical performance of welding joints, the state of RS should be clarified
first. A tensile RS was found to be a main factor enhancing the occurrence of brittle fracture,
enhancing stress corrosion cracking, and accelerating the fatigue crack growth (FCG) rate.
Recent results reported in the literature also suggest that RS has an important influence on
the fatigue crack growth behavior rate of welded material, especially at the low-loading
regime near the fatigue crack threshold region [30,33-35]. However, the effect of RS on the
FCGR properties of materials is more complicated due to the continuous redistribution of
RS during the propagation processing of the crack [36]. On the other hand, an RS under a
compressive state will normally enhance the fatigue strength and make the fatigue crack
propagation redundant. Therefore, to eliminate the negative effect of RS, various advanced
welding techniques and pre-welding processes have been employed to release the tensile
RS. Normalizing the heat treatment of welded components has been shown to be the most
effective method for homogenizing the microstructure distribution in different weld zones,
hence improving the performance and fatigue strength of weld joints [37-40].

In general, the remaining life assessment involves step-by-step analysis of crack growth
increment based on knowledge of SIFs resulting from applied and residual stress. Therefore,
an accurate evaluation of SIFs plays a key role in reliable fatigue crack growth assessment.
It is also evident that RS causes unfavorable effects on fatigue crack propagation behavior
as well as on the fracture strength of welded joints. Therefore, investigation of the behavior
of a crack under the effect of residual stress is very important for reliably evaluating fatigue
crack growth data as well as to ensure the long-term safety and reliability of components.
To the best of our knowledge, although there is extensive research on the effect of RS on
the mechanical performance of weldment under various loading conditions, a quantitative
evaluation of RS on the SIFs has yet to be undertaken. In this study, the behavior of RS
distribution on the weld joint is reviewed. Based on the results of prior research, various
peak values and distribution profiles are applied to the FEA model as an initial loading
condition to examine the influences of welding RS on the function of SIFs. A detailed
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investigation of the relationship between RS levels and SIFs assists in evaluating the effect
of RS on fatigue strength and the FCGR properties of materials.

Base metal
Weld speci
O
@)
©)
o
F \.- - - HAZ specimen
usion zone

Figure 1. A typical illustration of sampling positions of the fracture toughness and fatigue crack
growth test specimen in a weld joint.

2. Residual Stress Distribution: A Review

In general, the specification of the RS distribution can be classified based on the scale
(macro-scale and micro-scale) or state (tension and compression) at which they exist within
engineering structures. The macro-scale considers the distribution of RS in a much larger
area than the micro-scale, which may exist either at the grain boundaries or inside a grain
of material. On the other hand, the stress state is dependent on the local position and type
in which non-uniform volumetric change takes place. While a tensile RS often exists in the
fusion zone and heat-affected zone (HAZ), compressive RS mostly generates in locations
toward the base material. The existing literature has indicated that characteristics of RSin a
weld joint are a function of several factors including the structure geometries, the type of
weld joint, the welding passes, heat input, material properties, and many other welding
process sequencing parameters. Table 1 summarizes the RS distribution with the distance
from the weld center of various materials [41-44]. A consistent trend can be seen in that the
RS distribution curves can be schematically divided into two regions that correspond to
tensile and compression states. The peaks of tensile RS for fully welded sections generally
take place at the middle thickness of the weld zone. As the distance from the center of
the weld joint increases, the RS decreases sharply to zero, and, inversely, turns into a
compressive state. The valley of the compression RS is usually located in the vicinity of the
heat-affected zone toward the base materials. However, it should be noted that the stress
distribution also varies, depending on the morphology of the specimen geometries. For
example, the welded plate sample mostly produces residual tensile stress at the weld zone
and compression stress at the HAZ region. For a thin pipe, since temperature distribution is
even across the thickness, the values of radial RS on the outer and inner surfaces are nearly
identical. However, the total difference in the RS distribution can be observed between the
inner and outer surfaces of a thick-wall pipe sample. A compressive RS is often observed at
the inner surface, while the tensile RS exists at the outer surface [41]. Wang et al. reported
that welding using the activated flux tungsten inert gas (A-TIG) method can produce a
lower tensile RS compared with tungsten inert gas for ferritic P92 steel [42]. Deng reported
that insignificant RS exists in the weld joint of low-carbon steel (515C), while a considerable
RS is present in the weld zone of medium-carbon steel (S45C) using tungsten inert arc
welding [43]. It is also apparent that peak tensile RS is proportional to the yield strength of
materials. Farajian indicated that while the portion under the compressive state is nearly
identical, the peak RS under a tensile state of the higher yield strength materials was
significantly higher than that at the lower yield strength grade [44].

Since the magnitude and distribution of RS play key roles in the failure mechanisms of
welded structures, an accurate investigation of RS distribution is important for assessing its
influence on the working performance of the engineering structural component. Figure 2
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presents a typical RS distribution of weld joints. The distribution of RS generated by the
butt weld for the infinite plate is represented by a function as follows [45]:

_ 2
UResiduul(x) = 0p€ 0.5x (1 - X2> (1)

where 0 is the peak tensile stress at the middle of the weld zone, and x is the distance from
the center line of the weld zone. Another expression, proposed by Tera and Paris, is as
follows [46]:

1—x2
UResiduul(x) = UOW (2)
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Figure 2. A simplified function of the residual stress distribution that exists in a weld joint.

Table 1. Residual stress distribution behavior in the various weld joints.

Material

Welded Joint Geometry Residual Stress Distribution Behavior Ref.

Stainless steel

The value of tensile RS on the outer is significantly [41]

Thick-walled pipe higher than that at the inner surfaces

Ferritic P92 steel

The peak values of tensile RS on the outer and inner [42]

Thin-walled pipe surfaces are nearly identical

Low-carbon steel (S15C),
Medium-carbon steel (S45C)

Insignificant RS exists in the weld joint of
low-carbon steel (515C)-low strength material,
Plate while a considerable RS is present in the weld zone [43]
of medium-carbon steel (S45C)-higher
strength material

Different steels: S235]RG2,
S355]2G3, P460NL, S690QL,
S960QL, and S1100QL

Peak tensile RS is proportional to the yield strength [44]

Plate of materials

Since the portion of the residual distribution under the tensile state is nearly identical,
employing either Equation (1) or Equation (2) as the function of RS distribution depends
on the characteristics of RS under a compressive state, as well as on the sample geometries,
as the residual distribution strongly depends on sample geometries such as plate and pipe
components. Usually, a tensile RS would be generated at the fusion zone on the weldment
of the steel plate, while compressive RS can be found mostly in the HAZ zone. Therefore,
the investigation of the RS distribution in multi-pass welding is often substantially more
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complicated than in single-welding passes. Once magnitude and distribution are defined,
the RS can be taken into a service loading, as the secondary stresses affect the fracture
mechanisms and increase failure risk.

As shown in Figure 3, there are two important geometrical parameters on the distribu-
tion profile curves. One is the peak value of tensile RS, which depends on various welding
process parameters and especially on the properties of materials. It was reported that a
higher-strength material has a higher RS due to scale with the yield strength of the material.
Another is the ¢ value, which is the distance from the delimitation point between the tensile
and compressive state of RS to the center line of the weld zone. When one of these two
parameters changes, the shape of the RS distribution will be altered, corresponding to
the effective area of RS of the welded sample. Figure 3 illustrates a comparison of the RS
distribution with variations in the peak stress according to Equations (1) and (2). It can be
seen that while the portion under the tensile RS of two data curves is nearly identical, the
absolute values of valley compressive stress expressed in Equation (1) are lower compared
with those in Equation (2). Figure 4 shows a comparison of the RS for various ¢ values. As
shown, the effective area due to the RS is significantly broadened when the delimitation
parameter of the RS distribution curve (c values) is increased.

800

—— Terada’s Eq. ) Peak Residual Stress
560 - Tada and Paris’s Eq. Oresiqua~ 600 MPa

400 -

200 -

Residual Stress (MPa)

-200 ~

-400 | | | | | | |
-6 -4 -2 0 2 4 6

Distance from Center of Weld Joint (mm)

Figure 3. Comparison of residual stress distribution with a peak residual stress of 600 MPa according
to Terada’s equation (Equation (1)) and Tada and Paris’s equation (Equation (2)).
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Figure 4. Comparison of residual stress distribution follows Equation (1) with a constant of the peak
residual stress at 600 MPa and various ¢ values from 2 mm to 4 mm.



Metals 2023, 13,1132

6 of 15

3. Finite Element Analyses
3.1. Materials, Specimen Geometries, and Boundary Conditions

The typical standard compact tension specimen (1T CT) geometry used in the current
study is depicted schematically in Figure 5. The configuration of the specimen geometry
was characterized by the non-dimensional parameters of the crack ratio, 2/ W, and specimen
width, W = 62.5 mm. A commercial finite element analysis code, ABAQUS, was used in
this study. Figure 5 also shows an FE model with the detailed meshing of the region
toward the crack-tip region, boundary, and loading condition. A plane strain condition
was employed as the specimen had a real thickness of 25.4 mm. As the specimen was
symmetrical, only half of the specimen was modeled to minimize the simulation time. The
symmetric boundary condition was applied to the uncracked ligament. A concentrated
force was applied to the specimen by a rigid pin. The loading pin was modeled as a rigid
body to avoid any deformations due to mechanical loading. The friction coefficient between
the loading pin’s outer surface and the specimen’s surface was input with a constant value
of 0.2 for all cases. It was determined that the SIF results were not significantly influenced
by the friction coefficient. The concentration force to the loading pin was fixed at 28 kIN.

Loading
Pin

Specimen

Y
z’t" X
Concentrated
Force, P Crack tip region

Y
- X

\
Symmetry surface
(Y=0,UX, UZ=0)

Figure 5. Specimen geometry, boundary conditions, and typical meshing in finite element
analysis model.

Prior to the analyses, a series of FEA models with different mesh sizes were created to
evaluate the optimal element size to achieve convergent SIF values. A meshing method-
ology using the bias mesh algorithm was employed to optimize the smallest number of
elements with a convergence value of SIF. The region in the crack tip vicinity had finer
meshing than other regions. A finer mesh was employed in the vicinity of the crack tip
region to achieve more accurate results. It was found that the element size of 0.2 mm
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around the crack front obtained optimum convergence SIFs. A type of element was CPESR,
which is an eight-node, plane strain, and reduced integration element. The SIF results were
calculated as an average value of the SIFs of five contours surrounding the crack tip. The
material employed in the FEA model was considered as elastic deformation, with Young’s
modulus, E = 200 GPa, and a Poisson’s ratio of 0.3. The RS can be pre-introduced into
the FEA model in the initial step using a predefined field specified by the user (*INITIAL
CONDITIONS, TYPE = STRESS, Type). The RS distribution, following Equations (1) and
(2), were introduced to the FE model with discrete values over every 0.2 mm distance.
Detailed methodology for integrating RS into the FEA model is depicted in Figure 6. The
average RS at (0; + 0; + 1)/2 was introduced to all the elements located at the location from
yi to y;.1. The crack ratio, a/ W, was modified from 0.20 to 0.75 to evaluate the effect of the
crack depth on the boundary correction function. For each analysis of crack ratio, a/W,
various RS distributions following Equation (1) with peak stress varying from 100 MPa to
600 MPa were applied. In addition, three cases of the FEA model with ¢ =2, 3, 4 with a
constant crack ratio, /W = 0.5, were performed to investigate the effect of the c value.

Theoretical
distribution

\
\\

Inputted FEA
data

Tensile|
stress

+)

Distance from
weld center line

Compressive
Stress (-)

Element matrix around crack tip
Figure 6. Methodology for integrating residual stress into the FEA model.

To verify the reliability of the value of the SIFs calculated by the FEA element results,
the SIF estimated by the FEA model was compared with the value estimated by the existing
analytical equations as recommended in ASTM E1280 for CT specimen [47,48]. From
Figure 7, it was found that the SIF values obtained by the FEA model were very well con-
formed with those evaluated using the analytical solutions. The SIF calculated by Abaqus
2016 was greater than the theoretical value; however, the maximum percentage error of the
estimated K values by FEA compared with the analytical results was approximately about
4.48%, which was calculated in the case of a/W = 0.75. It can be concluded that the FEA
model with optimized meshing can accurately predict the SIFs of the cracked model.
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Figure 7. Comparison of SIF, K; of 1T CT specimen without the effect of RS between the values
calculated using analytical solutions and FEA results.

3.2. Estimation of Stress Intensity Factor using FEA

Figure 8 presents the resulting value of SIF, K] for various crack ratios, and that of
a/W from 0.2 to 0.75 when the peak RS varied from 0 to 600 MPa. A general trend can
be observed that the K values increased significantly when the crack ratio varied from
0.20 to 0.75 in all cases of the peak RS level. The K] values increased alongside the peak
RS at a constant crack ratio, a/ W. However, the rates of increasing K; were not consistent
according to the crack ratio, a/W. As shown, there were only a few differences between K;
values under the effect of the high and low peak RS at the crack ratio, a/W = 0.75. As the
crack ratio decreased, the difference between the K; values at the high and low peak RS
became more pronounced, especially when the crack ratio was less than 0.4. For example,
in the case of a crack ratio of 0.75, the K; value under the effect of RS with a peak value of
600 MPa was about 187.8 MPa.m!/2, only 6.7% higher than the crack model without RS
with K; = 176.1 MPa.m!/2. However, when the crack ratio was 0.2, the K; value with a peak
RS of 600 MPa was 33.4, which was significantly higher by about 51% compared with the
crack model without employing RS. It is argued that the effect of the peak RS on the K;
values at a lower crack ratio is more pronounced compared with that at a higher crack ratio.
It was also noted that K; values were near comparable when the peak RS was less than
300 MPa in all cases of the crack ratio.

Figure 9 shows the results of K; values of the crack model with a constant crack ratio
of 0.50 and various levels of the peak RS. For each peak RS value, two models following
Equations (1) and (2) were applied to clarify the influence of RS distribution on the K;
values. It can be seen that the K; values obtained using the FEA model with the applied
RS distribution following Equation (1) were in strong agreement with those evaluated
with the FEA model in which the RS distribution followed Equation (2). Specifically, the
SIF calculated using the FEA model with Equation (1) was only slightly greater than the
results obtained with the FEA model employing Equation (2) RS distribution. However,
the maximum percentage difference of the estimated K; values between the two models
was approximately 6.5%, which was calculated in the case of a/W = 0.75. It is argued that
the effect of the function of RS distributions on the Kj values was insignificant.
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Figure 8. Results of SIF, K] values for various crack geometries and various levels of the peak RS.
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Figure 9. Effect of the function of RS distribution on the results SIF, K of the 1T CT specimen with a

constant crack ratio, a/W = 0.5.

Figure 10 presents the effect of the delimitation parameter of the RS distribution curve,
¢, on the K values of the crack model with the crack ratio equal to 0.50. According to the
variation of ¢ from 2 mm to 4 mm, the RS distributions following Equation (1) with the peak
stress of 600 MPa were changed as per Figure 3. As shown, the SIF at a higher ¢ (=4 mm)
was only 10% higher than that with ¢ = 2 mm. The slightly higher SIF, K; can be attributed
to the expansion of the area affected by the tensile RS when the delimitation parameter, c,

was increased from 2 to 4 mm, as shown in Figure 4.
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3.3. Suggested Equation for Stress Intensity Factor under the Effect of RS

In general, FCGR data are usually represented in the relation of crack growth rate,
da/dN, against the SIF range, AK, where K is the linear elastic crack parameter which
represents the amplitude of the crack tip singularity. It is a function of various factors such
as specimen geometry, crack configuration, and loading conditions. The FCGR properties
in terms of Paris’s law can be expressed in the relationships between da/dN and AK, as
follows in Equations (3) and (4) [49]:

da

S = CAK™

N - € @)
AK = Kmax — Kmin = AU’Y\/& (4)

where AK is the applied range of the K; values during the fatigue crack growth test. N
denotes the number of cycles, and da is an increment of crack extension/growth per cycle.
C and m are material properties for specific materials and experimental conditions. The
most common analytical function of the SIF solution for the CT specimen is written as
follows [47,48]:

) 5)

p
(=
BVW ( W
where P denotes the concentrated-applied force, B is the specimen thickness, a is the crack
length, and W is the specimen width. The Fy(a/W) function is called a boundary correction

function for a specific specimen geometry. For CT specimen, the Fy(a/W) function is
generally expressed as follows [47]:

Ki—o =

2_+7V£V3 {0.886 +a64(i0) - 13.32(%)2 + 14.72(%)3 - 5.60(&,)4} ©)

—~
=
~—
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As expressed in Equations (3) and (4), it is suggested that the effect of the RS on the
fatigue life based on the fracture mechanics approaches can be quantitively taken into the
change of the SIF values, denoted by an effective SIF, Ky gesigual, as:

Ki_Residual = Ki—0FResidual (‘TResiduul/ %) (7)
where Kjg is the SIF value due to the external loading, and Kj gesig,qr is the additional
SIF value due to the RS. Fresigyal (UResidW,, %) is a boundary correction factor under the
effect of peak RS, 0resiguai- The Fresidquar function can be quantitatively evaluated using
the ratio between Kp_g,sigua and Kjg. A variation of normalized SIF values KJ_gesiguai / Ki-0
as a function of crack ratio, a/W, and peak stress, 0resigyq1, is shown in Figure 11 and
Table 2. It is noted that the peak RS values, oresigyuqi, in Figure 11 are substituted by
an equivalent RS value, Crguipatent = 103 X OResiduai/ E- The estimated function for the

Fresidual (%, ‘TEquz‘valent) function can be expressed in the form of Equations (4) and (5)
using the least-squares regression method, as follows:

1 i

FRresidual (%/ UResiduul) = Z() Aj (‘TEquivalent) = Ao+ A (UEquivalent) (8)
1=
1 2 AN & a a\2
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Figure 11. Variation in normalized SIF, (K].Residual/ K1-0), for various crack geometries and the level
of the peak RS.

Equation (5) can be written in matrix form, as follows:

1
{Ao] _ [Boo Bo: Boz] v | a/w (10)
Ay By Bun B (a/W)?

In the correlation between Equations (8) and (10), the final expression of the Fregjgya1
function can be rewritten in matrix form, as presented in Equation (6):

FResidual(%i UResiduul) = [S] T X [B] X [R] (11)
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1
} and [R] = | a/W
(a/W)?
The coefficient matrix, [B] should be determined for various crack ratio, a/W, and out-of-
plane crack separation. The least-squares fitting method was employed to evaluate the

coefficient matrix [B].
1 0 0
B = | } )

where the matrixes [S] and [R] are expressed as: [S] = {a
Equivalent

0281 —-0.512 0.224

To verify the reliability of the estimating equation, the predicted Fresjg,, results using
Equation (11) were compared with those estimated with FEA for various peak RSs and
crack ratios (a/ W), as shown in Figure 12 It can be shown that all data points posited within
the 95% prediction interval region of a diagonal line represent equivalence between the
predicted Freg;g,q1 results and those values calculated using the FEA. It can be argued that
the estimation Equation (11) for Fresig,.1, With interpolation coefficient matrixes derived
for a wide range of crack parameters, can be employed for the SIF, K} estimation under the
effect of RS.

Table 2. Boundary correction factor, Fregigual, for different crack geometries of a/W from 0.2 to 0.75
and a peak residual stress from 100 MPa to 600 MPa.

Peak RS Crack Ratio, a/W
(MPa) 0.2 0.3 0.4 0.5 0.6 0.75
600 1.55 1.43 1.33 1.24 1.16 1.07
500 1.46 1.36 1.27 12 1.14 1.06
400 1.37 1.29 1.22 1.16 1.11 1.05
300 1.28 1.22 1.17 1.12 1.09 1.04
200 1.19 1.15 1.11 1.09 1.06 1.03
100 1.1 1.08 1.06 1.05 1.03 1.02
15

Comparison of F, between the value

Residual

E - obtained by FEA and Suggested Equation

T 14

g

.

|

s 13

-

©

S

o

w 2

°

3

o Crack Ratio, a/lW

T

© 11 @ o020 @ 050

o A o030 ® 060
v 040 © 0.75

1.0 | ] | |
1.0 1.1 1.2 1.3 1.4 1.5
FEA— FResidual

Figure 12. Comparisons of interaction factors obtained using FEA with the values obtained by

Equation (8).

It is obviously well-known that the tensile RS presents detrimental effects on fatigue
crack propagation behavior as well as on the fracture strength of the welded joints. There-
fore, fatigue life assessment of welded joints under effect of the RS plays a key role in
designing and maintaining welded structures. The obtained results of the boundary cor-
rection, Fresigua, described here provide some useful information for designing as well
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as servicing appliance and maintenance adjustments of welded structures. Based on the
results shown in Figures 8 and 11 the tensile RS remarkably enhanced SIF values of the
welded joint. A minor effect of RS on the SIF values when the peak RS was less than 300
MPa indicated that the secondary loads enhanced by RS were not sufficient to dominate the
portion of the primary load in the SIF values. However, it should also be noted that only
the peak RS had a remarkable effect on SIFs values, while the function of RS distribution
may have played a lesser role. It is also reasonable to note that the FCG properties are
primarily considered a function of SIF range, AK. Therefore, the effective function of Kj,
as shown in Equation (7), can be employed to quantitatively evaluate the effect of RS on
the fatigue performance of welded joints, then improve the reliability of the crack growth
measurements and the accuracy of fatigue life estimation.

4. Conclusions

The distribution behavior of the RS was strongly dependent on various factors such
as the welding sequences, sample geometries, and the welded materials. The peak RS
in welded components was found to be proportional to the yield strength of the materi-
als. Several simplified models of RS distribution can be described accurately with some
analytical functions, which were summarized in this paper.

The peak RS had a significant effect on the SIF values, while the function of RS
distribution played a lesser role. The effect of RS on SIF values and K was negligible when
the peak RS was less than 300 MPa. When the peak RS was greater than 400 MPa, the lower
the crack ratio, a/ W, the more strongly the SIF and Kj values were impacted. The effect of
the expressed function of RS distribution on the K values was less pronounced than the
effect of the peak values of RS.

The effective boundary corrections function, Fresjg,., under the effect of RS for 1T
CT specimen, was derived. These equations were valid for various crack geometries of
the crack ratio—0.2, 0.40, 0.50, 0.60, and 0.75—and the peak RS varied from 100 MPa to
600 MPa. The analytical solutions for estimated SIF under the effect of the multiple RSs
were derived in a matrix form and the accuracy of the estimated equation was verified.
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