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Abstract

In compact box-shaped steel structures, partial penetration welds are frequently selected as the welding technique, and root
fatigue failure might manifest in these joints. In order to ensure the structural integrity of steel structures, it is necessary to
develop an assessment approach for evaluating the efficacy of post-weld heat treatment (stress relief) in enhancing the fatigue
strength of root-failed welded joints. In this study, bending fatigue experiments employing stress ratios of R=0 and — 1
have been carried out on as-welded and stress-relieved welded joint specimens. The test objects include root-failed plug
weld specimens, as well as toe-failed out-of-plane gusset weld joint and T-joint specimens. The welding residual stresses
near the root notch and weld toe are measured by X-ray diffraction technique. The assessment of the mean stress effect on
fatigue strength has been examined through the utilization of the modified MIL-HandBook-5D equivalent stress range.
The equivalent stress range is evaluated by using two fatigue assessment stresses: structural stress and elastic—plastic local
stress. It has been confirmed that all fatigue test results, irrespective of the failure mode or the joint type, whether from the
as-welded or stress-relieved specimens, can be closely approximated using a single S-N curve with either definition of the
equivalent stress. This outcome indicates the accomplishment of assessing the mean stress effect on the fatigue strength of
welded joints with various failure modes and joint types.
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PW Plug weld

R Stress ratio

p Density

RLS Root local stress

o Normal component of WRS in the x-dir.
0" res Updated WRS near the hot spot

O onst Mean stress excluding WRS

O max The maximum stress in a stress cycle

O min The minimum stress in a stress cycle

SR Stress relief

O res WRS near the hot spot

Stdv Standard deviation

OvMm Von Mises stress (in MPa)

o, Stress component in x-dir.

o, Local stress in x-dir.

O max The maximum local stress in x-dir. in a
stress cycle

Gy min The minimum local stress in x-dir. in a
stress cycle

o Yield stress

T Temperature (in degrees Celsius)

t Time (in seconds)

TEPFEA Thermal elastic—plastic FE analysis

TJ T-joint

WRS Welding residual stress

XRD X-ray diffraction

1 Introduction

In compact enclosed compartments of box-shaped steel
structures, partial penetration welds are frequently selected
as the welding technique. Root fatigue failure might mani-
fest in these joints, and employing post-weld heat treatment
(stress relief (SR)) can improve the fatigue resistance of such
connections. In order to ensure the structural integrity of
steel structures, it is imperative to formulate a quantitative
assessment approach for evaluating the efficacy of SR treat-
ment in enhancing the fatigue strength of root-failed welded
joints. In such assessments, the mean stress effect on the
fatigue strength of root-failed welded joints should be clari-
fied. It would be of great practical value if this assessment
could be performed in a uniform manner regardless of frac-
ture type (toe failure or root failure) and joint type.

Many researchers have investigated the mean stress effect
on the fatigue strength of welded joints. Baumgartner and
Bruder [1] examined the fatigue strength of toe-failed longi-
tudinal stiffeners in as-welded and SR-treated conditions and
tried to transfer the fatigue test results into a single damage
parameter PSWT-N curve. Hensel [2] proposed to combine
cyclically stabilized local residual stress with mean stress to
effective mean stress and applied the fatigue design concept
based on the effective mean stress to longitudinal stiffeners.
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Ahola et al. [3] and Ratfar et al. [4] performed fatigue anal-
yses of welded joints with post-weld treatment by the 4R
method, which is based on the cyclic behavior at the notch
root accounting for local residual stress, and showed that
the 4R method could improve the fatigue evaluation of weld
root failure. However, no method has yet been established
for evaluating mean stress effects on the fatigue strength of
welded joints independent of fracture type and joint type.

The authors [5, 6] investigated the welding residual stress
(WRS) near the root notch of plug weld (PW) specimens
and carried out the fatigue tests of the as-welded (AW) and
SR specimens experiencing root failure. The findings indi-
cated that by examining the equivalent stress range derived
through the modified MIL-Handbook-5D (MIL-HDBK-5D)
method proposed by Matsuoka et al. [7, 8], one could predict
the fatigue strength of the SR specimen subjected to cyclic
loadings with arbitrary stress ratio if the fatigue strength of
the AW specimen is known.

Hereafter, the stress utilized in the fatigue assessment is
called “fatigue assessment stress.” Matsuoka’s method is
effective when structural hot spot stress (HSS) is chosen
as the fatigue assessment stress, thereby enabling the uti-
lization of HSS S—N diagrams for a wide range of welded
joints experiencing toe failure when the HSS determination
technique is established [9]. An estimation technique for the
mean stress effect on the fatigue strength of welded joints
experiencing toe failure, regardless of the joint type, was
established. However, in the case of joints experiencing
root failure, it is essential to conduct fatigue tests on the as-
welded specimen for each unique joint configuration since
the methodology for estimating the fatigue strength of root-
failed joints by using HSS S—N diagrams has not been estab-
lished. It is desirable to develop an estimation technique for
the mean stress effect that can be applied irrespective of the
fracture mode (toe and root failure) and the joint type.

In this study, the WRS measurements in the vicinity of
crack initiation sites of PW, out-of-gusset weld joint (GW),
and T-joint (TJ) specimens are conducted. Bending fatigue
tests are performed on these specimens. The calculation of
the modified MIL-HDBKS5D equivalent stress range (Ao,)
involves the utilization of two fatigue assessment stresses:
structural stress and elastic—plastic local stress. In the former
approach, HSS is employed for the toe-failed GW and TJ
specimens, while the root local stress (RLS), determined by
extrapolating the stress within the root gap, is employed for
the root-failed PW specimen. Regarding the latter approach,
the elastic—plastic local stress cycle (EPLSC), analyzed
using a very fine FE mesh, is applied to both toe-failed and
root-failed specimens. Based on the test results, a compre-
hensive evaluation is conducted to assess the effectiveness
of the modified MIL-HDBK-5D method based on structural
stress in relation to root-failed PW joint. Furthermore, the
validity of the modified MIL-HDBK-5D method based on
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EPLSC for joints experiencing both toe and root failures is
examined.

2 Fatigue tests
2.1 Test specimens

In this study, WRS measurements and bending fatigue tests
are carried out on PW specimens experiencing root failure,
as well as GW and TJ specimens experiencing toe failure.
Figure 1 illustrates the shape and dimensions of the PW
specimen. The thickness of the main plate is 16 mm, while
that of the backing plate is 9 mm. The base metal is mild
steel JIS: SS400, and the weld metal is JIS: YGW11. A slit
is introduced at the center of the base plate and subsequently
filled by MAG (100% CO2) welding, utilizing the backing
plate. The welding process comprises three consecutive
passes, without any inter-pass cooling duration. The mean
gap between the base metal and the backing of AW speci-
mens is approximately 1 mm, while the average radius of
the root notch measures around 0.5 mm. Those gaps and
radiuses are measured by photographing the cross-sections
of the specimens. PW specimen exhibits the following
characteristics: (1) despite the small size of the specimen,
it is capable of accommodating substantial WRS; (2) it

Fig. 1 Plug weld (PW) speci-
men

Fig.2 Out-of-plane gusset weld
(GW) specimen

experiences root failure; (3) the WRS near the root notch
can be measured by X-ray diffraction (XRD) method after
removing/cutting backing plate. By utilizing this specimen,
one can explore the correlation between WRS and the root-
failure fatigue strength.

The shape and dimensions of the GW specimen are
shown in Fig. 2. The base and gusset plates are mild steel
JIS: SS400 with a thickness of 16 mm. The weld metal is
JIS: YGW11. The mean toe radius measures approximately
0.5 mm. This specimen shows high tensile WRS along the
loading axis at the weld toe and experiences toe failure.

The shape and size of the TJ specimen are presented in
Fig. 3. The base and rib plates comprise a steel plate JIS:
SM490A with a thickness of 19 mm. For the weld material,
welding wire JIS: YGW15 is utilized. The rib is welded to
the center of the base plate, measuring 500 mm X400 mm,
through the employment of MAG welding with Ar-20% CO2
gas. Subsequently, the specimens are extracted from that
joint via electrical discharge machining. The mean toe radius
measures approximately 0.5 mm. This specimen experiences
toe failure in fatigue tests.

The mechanical properties and the chemical compo-
nents of the base and welding materials are presented
in Table 1, and the welding conditions are outlined in
Table 2. The mechanical properties of base and filler met-
als are measured by cutting a specimen from the base

-
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Fig.3 T-joint (TJ) specimen

: :

plate and weld bead of the welded joints. Alongside the
as-welded (AW) specimens, stress-relieved (SR) speci-
mens were fabricated for PW, GW, and TJ specimens,
employing holding temperatures ranging from 500 to
600 °C, accompanied by holding durations of 1.5 h.
Henceforth, the identifiers SR500, SR550, and SR600
are employed to refer to the SR specimen subjected to a
holding temperature of 500, 550, and 600 °C.

2.2 WRS measurement

Regarding each specimen prepared in Section 2.1, the
WRS in the proximity of the root notch in the PW speci-
men, as well as that in the vicinity of the weld toe in both
the GW and TJ specimens, are measured utilizing X-ray
diffraction (XRD) method [10-12]. This measurement
is conducted for both the as-welded (AW) and stress-
relieved (SR) specimens.

XRD measurements are performed based on the cosa
method [13—15] using Pulstec u-X360s. The collimator
diameter is 1 mm. The X-ray irradiation range is about
3 mm, and the distance from the toe or root notch to the
nearest measurement point is 1.5 mm. The surfaces of the
measurement region are smoothed by electropolishing to
a metallic luster to avoid the effects of oxide scale and
surface roughness.

As the weld root of the PW specimen is concealed
by the backing plate, direct assessment of the WRS is
unfeasible. Consequently, the overhanging section of the
backing plate is removed via electrical discharge machin-
ing, as depicted in Fig. 4. The presence or absence of
the excised portion minimally affects the rigidity of the
region adjacent to the root notch, and the impact on WRS
caused by the excision is negligible [1, 2].

@ Springer

2.3 Fatigue tests

In order to investigate the correlation between the WRS
in the region near the root notch or the weld toe, and the
fatigue strength of specimens under as-welded (AW) and
stress-relieved (SR) conditions, a series of four-point bend-
ing fatigue tests are conducted. The bending fatigue tests
are preferred due to the ease of controlling the local mean
stress, even in the presence of welding distortion. For the
cyclic loading, a Shimadzu Servo Pulser hydraulic fatigue
testing machine with a capacity of 50 kN is employed. The
specimen is supported by two pins at both ends, positioned
at intervals of 350 mm, while two additional pins are used to
drive upwards and downwards at intervals of 150 mm within
the end pins, as depicted in Fig. 5. A constant amplitude
fully reversed sinusoidal load with stress ratio (R) of — 1 and
0 is applied at a frequency of 8 Hz.

JSSC fatigue design guideline [16] stipulates that the
nominal stress range Acused in fatigue assessment is calcu-
lated as Ao = Ao, + y Ao, regardless of joint type, where
Ao, and Aoy are membrane and bending components of
the nominal stress range. The correction factor for the bend-
ing component, y, is given to be 0.8 in the guideline. The
validity of this correction under the specified test conditions
(R= —1 and 0) is confirmed by Araki et al. [17].

2.4 Thermal elastic-plastic FE analysis (TEPFEA)

The WRS in both PW and GW specimens is examined
through the utilization of thermal elastic—plastic finite
element analysis (TEPFEA). The TEPFEA is carried
out employing JWRIAN-ISM, an implicit TEPFEA code
based on the iterative sub-structuring method developed by
Murakawa et al. [18, 19]. The finite element (FE) meshes
employed for the analysis are illustrated in Figs. 6 and 7.
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Table 2 Welding conditions of specimens

Specimen Bead Current (A) Voltage (V)  Welding
speed (cpm)
PW Istpass 300 28 45
2nd pass 350 34 30
3rd pass 400 38 30
GW Fillet 250 28 30
TJ Fillet 350 35 35

The shape of the weld bead is determined based on mac-
roscopic observations. In the case of the PW specimen, a
1-mm gap is set between the base metal and the backing
plate, while the radius of the root notch is set to 0.5 mm, as
per the measurements. As for the GW specimen, the radius
of the weld toe is also set to 0.5 mm, based on measure-
ments. The minimum element edge length in the vicin-
ity of the root notch or weld toe is set at 0.15 mm. This
specific length is determined through the mesh sensitivity

Fig.4 WRS measurement
method near the root notch

Backing plate  Cytting area

analysis conducted by the authors [20]. In the welding and
SR treatment analyses, rigid motion suppression boundary
conditions are applied to the FE models.

Because many researchers (e.g., [21-23]) have suc-
cessfully implemented the assumption of elastic perfectly
plastic material model in the WRS analysis, a bilinear
hardening material model with Von Mises yielding criteria
and small tangent modulus is adopted in this study. Bhatti
et al. [24] investigated the influence of thermo-mechanical
material properties of different steel grades (S355-S960)
on WRS in T-fillet joints. They concluded that the tem-
perature dependence of yield stress has the most decisive
influence on the accuracy of WRS calculations. Murakawa
et al. [18, 19] optimized the temperature dependence of
material properties so that the calculated AW WRS agreed
with those measured for steel materials nearly identical to
those used in this study.

From the above discussion, the material parameters for
TEPFEA are determined by the following procedure: the

U
fo v,

Gap:Ilmm

Filler metal

RooI notch

» Residual stress
measurement direction

Base metal

Fig. 5 Fatigue testing setup S K
pecimen

400
Loading

100
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Fig.6 FE model of PW speci-

men Front side B

Back side

Fig.7 FE model of GW speci-
men

500 E PW specimen
Base metal
S 400 3 - - - - Backing plate
E \ — - — Filler metal
<~ EAY \ GW specimen
€ 300 I\ . Base metal - Gusset plate
= PNV~ — Filler metal
5 200 j N
= E .
o ]
5100 N\
0:""""'I|||||||||I|||||_||||
0 500 1,000 1,500

Temperature, 7 (°C)

Fig.8 Temperature dependence of yield strength

mechanical properties at room temperature are determined
based on measurements conducted at room temperature
(Table 1(a)); the ratio of properties at room temperature to
those at elevated temperature is approximated to be the same
as that those in Refs. [18, 19]; following Refs. [18, 19], the
hardening coefficient # is set to 1/1000 of Young’s modulus.

The yield stresses (") of the materials used for the PW
and GW specimens are assigned temperature dependency,
as illustrated in Fig. 8. The temperature dependencies of
specific heat (c), Young’s modulus (E), coefficient of ther-
mal expansion (a), convective heat transfer coefficient (f),
thermal conductivity (1), Poisson’s ratio (v), and density (p)
are also considered as shown in Fig. 9.

The shapes of the filler metal regions in the FE model are
determined to match the measured cross-sectional shape of

B =4

Filler metal A-A  Filler metal

.\Base metal

Filler metal

25
1 B=75.7%10°: temperature independent
20 ] E (%10 GPa) ¢ (% 10%J/kg/°C)
g 4
8
g 15 qatn )
oI SR R
> R e S
I ]
= 10 1
R S St i A E
< _ >
51 -
Poaey T 7(X 10 J/m/s/°C)
0 rrrrrrrrrrrrrrrrrrrrr e rrrrrrreory
0 500 1,000 1,500

Temperature, T (°C)

Fig. 9 Temperature dependence of physical constants

the weld layer. The welding heat is applied as a moving heat
source, which follows the trajectory of the welding torch. The
amount of heat is determined through calculations based on
the welding current, voltage, and torch speed, as provided in
Table 2. The distribution of heat input is approximated by a
rotating ellipsoid, where the radii differ before and after the
heat source. The dimensions of the heat source and the heat
input efficiency (1) are adjusted in order to achieve agree-
ment between the calculated weld penetration shape and the
measured ones. These adjusted parameters are documented in
Table 3. As shown in Fig. 10a, the temperature histories in PW
specimens are measured by K-type thermocouples with a wire
diameter of 0.65 mm at four points (TC-1~4). An example of
the comparison between the calculated and measured thermal
cycles of a PW specimen is depicted in Fig. 10a.

@ Springer
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Table 3 Welding heat input

i Specimen Bead Heat source Heat source width Heat source depth Heat input
parameters length (mm) (mm) (mm) efficiency 5
PW 1st pass 20 12 7 0.9
2nd pass 35 14 10 0.9
3rd pass 35 16 15 0.9
GW Fillet 20 13 6 0.9
Fig. 10 Thermal cycles in PW 1 - -
specimen during the welding Base metal Root notch I . Welding end side
process back side O0LLOLG I
Backing plate

(a) The arrangement of temperature measurement points for PW specimen

800
700

o 600

< 500

5

S 400

5

2 300

5

=200
100
0

—— Measured TC-1
— —-Measured TC-2
Calculated TC-1
Calculated TC-2

']
'}

0

100 200

Time, 7 (s)

300 400

(b) Comparison of measured and calculated temperature histories

In the case of PW specimens, creep deformation is incor-
porated into the TEPFEA. This is due to the relatively low
heat capacity of these specimens and the sustained high tem-
peratures of 400 °C or higher in the vicinity of the weld for an
extended duration. The Norton-Bailey model [25] is employed
to simulate the creep deformation, and the corresponding creep
strain (¢°) is calculated using Eq. (1).

e = CO(O'VM)Cl ;Czexp<_%>

9]
C,>1,0<C, <10, ;0=27315+T

where oy, is the von Mises stress (in MPa), ¢ denotes time
(in seconds), T signifies temperature (in degrees Celsius),
and C,, C|, C,, and Cy are the material properties associated
with creep. Those properties, obtained from the references
[5], are presented in Table 4.
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Table 4 Norton-Bailey creep
model parameters (stress in
MPa)

Co G G G

1.43E-07 19 046 23158

Conversely, creep is not taken into consideration for GW
specimens since the elevated temperature exceeding 400 °C
is of short duration.

3 Experimental and analysis results

3.1 Fatigue test results

The visual representation, fracture surface, and trajectory of
fatigue crack propagation in the PW specimens are depicted
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in Fig. 11. Likewise, Figs. 12 and 13 illustrate those of the
GW and TJ specimens, respectively. The measurement loca-
tions for WRS in the PW and GW specimens, as detailed in
Section 2.2, align with the points of crack initiation. The
correlation between the nominal stress range Ao and the
failure life NV; is presented in Fig. 14.

The fatigue lives of the SR600 data exhibit approximately
3.5 times greater longevity than the AW data in the PW
specimens and about 2.5 times greater longevity in the GW
specimens, signifying an enhancement of approximately two

Fig. 11 PW specimen after
fatigue test (a appearance, b
fracture surface, ¢ crack propa-
gation path)

Fig. 12 GW specimen after
fatigue test (a appearance, b ;

AW-@) |
/&3/0 ?“-C—RQ

fracture surface, ¢ crack propa-
gation path)

Fig. 13 TJ specimen after
fatigue test (a appearance, b
fracture surface, ¢ crack propa-
gation path)

and one classification grades, respectively, within the JSSC
fatigue strength grade A-D. The fatigue strength at 2 x 10°
cycles (FAT value) for JSSC grade A-D is 190, 155, 125,
and 100 MPa.

The test data for PW specimens with R=0 is depicted
using solid circle markers for AW and solid square mark-
ers for SR600. In these instances, the increment in fatigue
strength resulting from SR in comparison to AW is marginal.
The test data for TJ specimens with R= —1 is illustrated
with open diamond markers for AW and solid diamond

"; :;Sl?oko - ("—

! .:1;&‘ : :.té\(cN AwD

? ' 708340 B

08
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markers for SR600. The fatigue strength of both cases is
comparable.

3.2 WRS at crack initiation sites
3.2.1 Root notch in PW specimens

The X-coordinates presented in Fig. 4 are utilized in the sub-
sequent analysis. Consider d as the distance measured along
the X-axis from the root notch, and let 6, denote the normal
component of WRS in the X-direction. The region where d
is less than 8 mm corresponds to the interior of the root gap.
Within the AW specimen, the a(r)x in the root gap exhibits
tensile characteristics, ranging from approximately 80 to
200 MPa. Figure 15 shows 6®_ for the SR500 and SR600
specimens, where N is the number of test specimens with the
same conditions. In this measurement, multiple specimens
(N=2 or 3) are prepared for each SR condition. WRS is
measured in all specimens, and they are plotted in Fig. 15.
The significant variation in WRS measurements is caused by
a combination of individual differences in the specimens and
uncertainties in the XRD measurements. In this figure, the
tensile 6 induced in AW specimens decreases through SR
at a temperature of 500 °C for a duration of 1.5 h. Further-
more, it is observed that SR at a temperature of 600 °C for
1.5 h leads to complete relaxation of the stress (<50 MPa).
This decrease in the WRS is considered to be accountable
for the enhanced root failure fatigue strength of the SR600
specimens.

3.2.2 Weld toe in GW and TJ specimens
In this subsection, d signifies the distance measured along

the X-axis from the weld toe. Figure 16 exhibits the rela-
tion between 6", and d for six AW GW specimens. 6", is

300

OPW-AW (N=3)
S & Calculated AW with creep
200 o APW-SR500 (N=2)

E OPW-SR600 (N=2)

100 % ©

Residual stress, o, (MPa)

100 E

Distance from root notch, d (mm)

Fig. 15 Relation between WRS’s X-component ¢ and distance
from the root notch d of PW specimens

tensile near the weld toe in AW specimens, with an aver-
age value of approximately 320 MPa at d=1.5 mm. o(r)x
for SR550 (six specimens) and SR600 (three specimens)
cases are also plotted in this figure. It is shown that the
tensile 6, generated in AW specimens is reduced by 550
°C, 1.5 h of SR, and completely relaxed (< 50 MPa) by
600 °C, 1.5 h of SR. Similar to Fig. 15, multiple spec-
imens (N =3 to 6) are prepared for each SR condition,
and WRS is measured in all specimens. The significant
variation in WRS measurements in Fig. 16 is caused by
a combination of individual differences in the specimens
and uncertainties in the XRD measurements.

o™ _is measured at d= 1.5 mm along the center line of
the base metal. 6™, in SR600 specimens approaches insig-
nificance, and the disparity in WRS pre- and post-SR is neg-
ligible. The fatigue strength of AW specimens and SR600
specimens exhibit no discernible distinction.

Fig. 14 Fatigue test results of 300 R=0 R=-1
PW, GW, and TJ specimens . ® PW-AW OPW-AW
s 9 B PW-SR600 APW-SR500
S @ COPW-SR600
5 e OGW-AW
4 E 400 SO AGW-SR550
g 2 SUNESIPNE? FIGW-SR600
g 3 R OTI-AW
2 5,2 T X B 0w 9 TJ-SR600
g 2 Sgpee® "hpn
8 Cog~e a0 s O JSSC-A=FAT190
= o <1 Seo ~e Nl e e e \
2 N @é ~~__ 7710 _JSSC-B=FATI55
g < ™ \\\\\\ \‘}\\\\ \@;@ % Hj
Z. pA}-\.\\SSQ S. O~ 0 0 0
100 71N, ST NISSCCERATI2S
1.E+05 1.E+06 1.E+07
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400
® GW-AW (N=6)

= ¢ Calculated AW without creep
S 300 AGW-SR550 (N=6)
= @6, ZGW-SR600 (N=3)
e” o @
® 200 58 L 8
8 ge 2 o o
=100 9
!
S ®

-100 ;

5 10 15 20

Distance from toe, d (mm)

Fig. 16 Relation between WRS’s X-component ¢ and distance

from the toe d of GW specimens

X

4 Mean stress effect evaluation by hot spot
stress

Matsuoka et al. [7-9] conducted an assessment of the fatigue
life of weld joints that failed at the weld toe, employing
the MIL-HDBK-5D method [18], which incorporates the
influence of mean stress resulting from WRS. Within this
methodology, the fatigue capacity is appraised using hot spot
stress (HSS)-based equivalent stress range Ao, calculated

by Eq. (2),
« AU l—a
A%q = (Ao) <7 + 0ons t ams> ca = 0.6485 )

where Ac is HSS range, o, is the mean stresses excluding
WRS, and o, is the WRS near the hot spot. This formula
was originally proposed in US Military Standard [26], and
a is determined by the experiments [7, 8].

The localized maximum and minimum stresses, account-
ing for both mean stress and WRS, can be computed utiliz-
ing Eq. (2). Let o,,,, and o, be the maximum and mini-
mum in a stress cycle. In the event that the absolute value
of either 5,,, or G, surpasses the yield stress ", the WRS

0., is updated to o, given by Eq. (3).

GY - (Gwnst + %) (Emax > GY)
=40 (otherwise) 3)

res res

Y Do\ = Y
-0 - (O-canst -9 > Omin < =0

Subsequently, we proceed to examine the equivalent
stress range given by Eq. (2) to approximate the fatigue
test results through the utilization of a unified S—N dia-
gram encompassing various joint configurations and fail-
ure modes (namely, root failure and toe failure). Equa-
tion (3) is derived by approximating that the material is
elastic-fully plastic material. Matsuoka et al. [7, 8] showed

experimentally that even with this simplification, the
equivalent stresses in Eq. (2) can be used to accurately
estimate the mean stress effect on the fatigue strength of
welded joints subject to variable amplitude loadings. In
Eq. (3), the external stress is evaluated by HSS. Since the
WRS is an elastic—plastic stress field and no elastic stress
singularity occurs. Therefore, the stress concentrations of
HSS and local WRS are comparable, and it is acceptable
to use them together.

0, 18 derived from the XRD data obtained in the vicinity
of the root notch or the weld toe. The HSS of the GW and TJ
samples is determined using the elastic FEA and the IIW’s
0.4h-1.0h two-point extrapolation technique [27]. The HSS
of the TJ specimen exhibits a nearly identical value to the
nominal stress.

For a PW specimen, an examination is conducted on the
stress distribution along the central axis of the base metal
in the vicinity of the root notch using elastic FEA. The FEA
results reveal that the principal direction coincides with the
X-axis, which is the loading direction. The stress compo-
nent o, exhibits an elastic singularity at d=0, gradually
decreasing and converging towards the nominal stress as d
increases. The relationship between d and o,, as determined
through calculations, is depicted in Fig. 17.

This stress distribution bears resemblance to that
observed near the gusset end of a GW specimen. Conse-
quently, in the context of the structural stress approach,
the “root local stress (RLS)” is adopted as the fatigue
evaluation stress. RLS is determined by IIW’s 0.4h-1.0h
two-point extrapolation method [27], which involves
extrapolating the back face stress of the base metal to
the root notch.

When calculating the Ao, the values of Ao and 6,
are obtained through the computation of HSS or RLS.
These values are then multiplied by the bending cor-
rection factor y=0.8. The resulting Ao, is presented
in Table 5.

Figure 18 depicts the correlation between the structural
stress-based Ao, and N;. It is noteworthy that the AW
fatigue test results with R= — 1 for various specimen types,
characterized by different joint geometries and failure modes
(root failure and toe failure), can be effectively represented
by a unified S-N diagram. This indicates the validity of the
IIW’s extrapolation method for GW and TJ specimens, ena-
bling the estimation of fatigue life for PW specimens experi-
encing root failure through the utilization of root local stress
(RLS) and the HSS S-N diagram.

Figure 18 additionally illustrates the fatigue test results of
SR specimens, featuring a stress ratio of R= — 1, as well as
those of PW specimens in AW and SR conditions with R=0.
Remarkably, all test results can be effectively approximated
using the same S—N diagram employed for R= —1.
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Fig. 17 Stress X-component o, near the root notch of PW specimen
by the external load

This indicates that irrespective of variations in joint
geometry and failure modes (root failure or toe failure), the
MIL-HDBK-5D method is capable of quantitatively assess-
ing the influence of mean stress caused by alterations in
stress ratio (R) and/or WRS under the conditions chosen.

The results show that the mean stress effect due to
the WRS relaxation caused by SR can be quantitatively
evaluated.

Figures 16 and 17 demonstrate that the WRS near the
root notch (for PW specimens) and the weld toe (for GW
specimens) in the AW state can be reliably approximated
by TEPFEA. By substituting these estimations of ¢, into
Egs. (2) and (3), the impact of mean stress can be evaluated
without the need for XRD measurements. The mean value
of WRS for the same SR condition is listed in Table 5, and
itis used as o, in Eq. (2).

In the case of SR specimens, if the alteration in WRS
caused by SR treatment can be precisely estimated by TEP-
FEA, taking into account creep phenomena, the influence of
mean stress resulting from the SR treatment can be exclu-
sively assessed through numerical simulation. This method-
ology proves especially advantageous for root-failed welded
joints, where direct measurement of WRS poses challenges.
To accomplish such an analysis, it is imperative to ascertain
the creep characteristics that can replicate the creep defor-
mations occurring during the SR process.

5 Mean stress effect evaluation by local
elastic-plastic stress cycle

In Section 4, it is exemplified that the mean stress effect
arising from variations in stress ratio and/or WRS can be
assessed using the MIL-HDBK-5D equivalent stress range,
relying on structural stress (HSS or RLS), irrespective of

@ Springer

disparities in joint geometry and failure modes. Never-
theless, it is postulated that the fatigue test data cannot be
approximated by the integrated S—N diagram depicted in
Fig. 18 when the toe profile is modified through grinding or
HFMI treatment.

In the PW specimen, the structural stress (RLS) can be
determined. It is deemed that this accounts for the capabil-
ity to approximate the root-failed PW specimen’s test result
through the HSS S—N diagram. Nevertheless, in the major-
ity of root-failed joints, the stress distribution near the root
notch deviates considerably from that observed near the
weld toe, where the validity of IIW’s two-point extrapola-
tion method prevails. In such instances, the evaluation of
root-failed fatigue strength becomes unattainable through
the HSS S—-N diagram. The regressed S—N curve with a
slope of 4.049 is plotted in this figure. The Stdv of log(Ny)
is fairly small at 0.033.

Let “elastic—plastic local stress cycle (EPLSC)” denote
the localized stress cycle at the crack initiation site, specifi-
cally the weld toe or root notch. This cycle is determined by
employing a fine FE mesh that accurately replicates the local
profile of either the weld toe or the root notch. The calcula-
tion of EPLSC involves welding TEPFEA, followed by a
cyclic elastic—plastic FE analysis (EPFEA). In this analy-
sis, the WRS in the AW condition and its relaxation during
fatigue loading are thoroughly investigated. The analysis of
EPLSC can be applied to any root-failed welded joint with
arbitrary root geometry. It is anticipated that the fatigue test
results can be approximated using a unified S-N diagram,
regardless of joint geometry and failure mode, by evaluating
the MIL-HDBK-5D equivalent stress Ao, derived from the
EPLSC. This fatigue assessment approach is referred to as
the “EPLSC method.”

In the EPLSC method, the mesh sensitivity of the local
stress converges at a relatively coarse mesh size due to the
occurrence of plastic deformation and the elimination of
elastic stress singularity. Consequently, the EPLSC method
obviates the necessity of incorporating artificial notch geom-
etries, as is required by the effective notch stress (ENS)
approach [28].

In this chapter, the determination of Ac,, using the
EPLSC method is carried out for both PW and GW speci-
mens, followed by an examination of the relationship
between Ao,y and N;. The FE mesh presented in Figs. 6
and 7, as employed in the TEPFEA outlined in Section 2.4,
serves as the model for the cyclic EPFEA. The minimum
element edge length is 0.15 mm. The mesh sensitivity
of EPLSC converges at this particular mesh size, under
the conditions chosen. The cyclic loading analysis is
conducted as a restart analysis from the AW condition,
wherein a constant amplitude four-point bending load is
applied, with a nominal stress range Ac and a stress ratio
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Table 5 Fatigue test results and stress assessment methods

SR Yeild WRS Load Nominal stress RLS or HSS MIL-HDBK-5D EPLSC
Specimen Temp | Hold | oy Grs | Poes | Poin | Omae | Gomin A | 08°A6 | Omew | Omin | 0846 | Gu* | Ak | Owmax | O Ao | Ao, (Cj’cflc) mcltll-a:i:n
(C) | (b | (MPa) | (MPa) | (kN) | (kN) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa)
PW |AW-1 — | = 297 128 12.75] 0.5 187 7 179 144 246 10 213 89 239 551 92, 643 609  892,603|  root
R0 |AW-2 — | = 297 128] 1275 0.5 187, 7, 179 144 246, 10 213 89 239 551 92, 643 609  741857|  root
AW-3 — | = 297 128 10[ 05 146, 7 139 111 193, 10 165, 128 201 512] -33) 545 533 1,558,551  root
AW-4 — | — 297 128 10[ 05 146, 7, 139 111 193, 10 165, 12| 201 512] -33, 545 533|  1,504,187|  root
AW-5 — | - 297 128 9 05 132, 7, 125, 100 174 10 147, 128 184 499) 35 463 476|  2221577| oot
AW-6 — | - 297 128 13] 05 190 7 183 146 251 10| 217 84 242 554 -102 656 618|  784426|  root
AW-7 — | - 297 128 12.5) 05 183 7, 176, 141 241 10 208 93 236) 544 -87 631 599| 933614 root
SR600-1 600 1.5 297 4] 1275 05 187, 7, 179 144 246 10 213 44 26 — — — — 1,034,659|  root
SR600-2 600 1.5 297 44 9 05 132, 7, 125, 100 174 10 147, 44 162 — — — — 2325261  root
SR600-3 600 1.5 297 44 10/ 05 146, 7 139 111 193 10| 165 44 I — — — 1,769,619|  root
SR600-4 600 1.5 297 44 95| 05 139 7 132, 105 183 10 156 44 170, — — — — 2280339|  root
PW |AW-1 — | - 297 128 6 -6 92 92 184 148 e[ -116 185 128] 197, 467|375 842 684| 2291783  root
R—1|AW-2 — | = 297 128 5| -5 77 -77, 154 123 96| -96| 154 128 170 452 270 722] 613| 2,561,350  root
AW-3 — | = 297 128 71 7 108 -108 215 172 135 -135 216| 128 223 481 -436) 916| 731| 1013290  root
AW-4 — | — 297 128 g 8 123 -123 246 197, 154 -154 247, 12| 248 495|483 979) 770| 705340  root
AW-5 — | - 297 128 9 9 138 -138 277, 221 174 -174 278 128 274 509 -522| 1,031 805| 476088  root
AW-6 — | = 297 128 g -8 123 123 246 197 154 -154 247, 128 248 495 -483 979 770| 424086  root
AW-7 — | — 297 128 6 -6 92 92| 184 14| 16|  -116 185, 128] 197, 467|375 842 684 1400982  root
AW-8 — | = 297 128/ 10[ -10 154 -154 307 246| 193] -193 308 128 299 523 -554 1,077 835 314223 root
AW-9 — | — 297 128 5| s 77 -77, 154 123 96| -96| 154 128 170 452 270 722] 613|  3,050030[ root
AW-10 — | - 297 128 9 9 138 -138 277, 221 174 -174 278 128 274 509 -522| 1,031 805|  414207|  root
AW-11 — | - 297 128 717 108 -108 215 172 135 -135 216 128 223 481 -436| 916 731 1,071,019  root
AW-12 — | — 297 128 10[ -10 154 -154 307 246| 193] -193 308 128 299 523 554 1077 835| 286,688 root
AW-13 — | = 297 128 12[ -12 184 -184 369 295 231 231 370| 112 343 551 -603| 1,154 890| 241211  root
SR500-1 500 1.5 297 95| 10/ -10] 154 -154 307 246| 193] -193 308 95 286 — — — — 519474 root
SR500-2 500 1.5 297 95 6 -6 92 92| 184 148 16|  -116 185, 95 186 — — — — 2296,755|  root
SR500-3 500 1.5 297 95 g 8 123 -123 246, 197, 154 -154 247 95 236 — — — — 905,716|  root
SR500-4 500 1.5 297 95 5| -5 77 -7, 154 123 96| -96| 154 95 160 — — — — 3223,671|  root
SR600-1 600 1.5 297 0| 6 -6 92 92| 184 148 16| -116 185, 0| 145 — — — — 6488426|  root
SR600-2 600 1.5 297 0 5| -5 77 -7, 154 123 96| -96| 154 0| 21 — — — — 5,159,724|  root
SR600-3 600 1.5 297 0| 71 7 108 -108 215| 172 135|135 216 0| 169 — — — — 3314,805|  root
SR600-4 600 1.5 297 0 g -8 123 123 246, 197 154 -154 247, 0| 193] — — — — 2,045,019|  root
SR600-5 600[ 1.5 297 0 9| -9 138 -138 277 221 174 -174 278 0 218 — — — — 1,440,675 root
SR600-6 600 1.5 297 o 10[ -10 154 -154 307 246 193] -193 308 0| 242 — — — — 1,044354|  root
SR600-7 600 1.5 297 0 5 -5 77 -7, 154 123 96| -96| 154 0| 21 — — — — 9,566,632|  root
SR600-8 600 1.5 297 o 12 -12 184 184 369 295 231 231 370| 0| 29| — — — — 633,684|  root
SR600-9 600 1.5 297 o 1| -1 169 169 338 271 212|212 339 0| 266 — — — — 714964|  root
GW |AW-1 — | — 297|325 9 9 133 -133 266, 213 167 -167 267 164 277 521 -415 937, 762|  374719|  toe
R—1[AW-2 — | - 207 323 1| -1 162 -162 325 260) 204 204 326 134 315 544 -492| 1,036 826 220653  toe
AW-3 — | — 297|325 717 103|103 207 165 130] 130 207 193 235 498 217, 714 629| 1073074  toe
AW-4 — | = 297 325 g -8 1| -118 236, 189 148 -148 237, 179 257, 509 317, 826 697 743,183 toe
AW-5 — | = 297|325 10[ -10) 148 -148 295| 236 185 -185 296| 149 296 533 -460) 993 798 184,161 toe
AW-6 — | — 297 325 6 -6 89 -89) 177, 142] 111 -111 178 208| 213 487 117, 604 560| 1371328  toe
AW-7 — | - 297|325 12| -12] 177 177 354 283 22| 222 355 119 334 55|  -523| 1,079 855 112,885 toe
AW-8 — | = 297|325 10/ -10 48] 148 295| 236| 185|185 296| 149) 296| 533 460 993 798| 223207|  toe
AW-9 — | - 297 325 g -8 1| -118 236, 189) 148 -148 237, 179) 257, 509 317 826 697 502,704] toe
AW-10 — | = 297 325 6 -6 89 -89) 177, 142 111 -111 178 208| 213 487 117 604 560| 1,706,344  toe
AW-11 — | — 297|325 1 -1 162|  -162 325 260) 204 204 326 134 315 s44) 492 1,036 826 222879  toe
AW-12 — | - 297 325 9 9 133 133 266, 213 167 -167 267, 164 277, 521 -415 937, 762| 338043  toe
AW-13 — | — 297|325 71 103|103 207 165 130[  -130 207 193 235 498 217 714 629 952978  toe
SR550-1 550 1.5 297 8| 10| -10 148 -148 295| 236 185 -185 296 80 270 — — — — 540,663  toe
SR550-2 550| 1.5 297 so| 12| -12 1771 177 354] 283 22| 22 355 80 317 — — — — 247210 toe
SR550-3 550 1.5 297 80 6 -6 89 -89) 177, 142 111 -111 178 80 175 — — — — 2,407,026 toe
SR550-4 550 1.5 297 80 g -8 18l -118 236, 189 148 -148 237, 80 223 — — — — 1069243 toe
SR600-1 600 1.5 297 21 9 9 133 133 266, 213 167 -167 267, 21 220 — — — — 1,083,052 toe
SR600-2 600 1.5 297 21 71 7 103|103 207 165 130 -130 207 21 173 — — — — 2381,658|  toe
SR600-3 600 1.5 297 21 g -8 1| -118 236, 189 148 -148 237, 21 197 — — — — 1,791,595 toe
SR600-4 600 1.5 297 21 6 -6 89 -89) 177, 142 111 -111 178 21 150 — — — — 5653579 toe
SR600-5 600 1.5 297 21 1| 11 162|  -162 325 260) 204 204 326 21 266 — — — — 395,610 toe
SR600-6 600 1.5 297 21[ 10/ -10] 148 -148 295| 236) 185  -185 296) 21 243 — — — — 550,134 toe
SR600-7 600 1.5 297 21 71 7 103|103 207, 165 130] 130 207, 21 173 — — — — 2,533018|  toe
SR600-8 600 1.5 297 21 g -8 18| -118 236, 189) 148 -148 237, 21 197 — — — — 1,384,096 toe
SR600-9 600 1.5 297 21[ 10/ -10] 148 -148 295| 236 185 -185 296 21 243 — — — — 701,103|  toe
SR600-10 600 1.5 297 21 12| 12 1771 177 354 283 2| 22 355 21 290 — — — — 312504 toe
T |AW-1 — | - 422 18 14 14 233 233 465 372 233 233 372, -18 282 — — — — 462831 toe
R—1|AW-2 — | — 422 18] 16| -16 266 -266 532 425 266 -266 425 -18] 323 — — — — 152841 toe
AW-3 — | - 422 18] 13) -13 216|216 432 346) 216|216 346| -18| 261 — — — — 353841 toe
AW-4 — | = 422 A8l 12[ -1 199 -199 399) 319 199 -199 319 -18] 2400 — — — — 527934|  toe
SR600-1 600 15| 422 of 14 -14 233 233 465, 372] 233 233 372 0| 202 — — — — 227,033 toe
SR600-2 600 15| 422 o 12 -12 199 -199 399 319) 199 -199 319 0| 250 — — — — 382,720 toe
SR600-3 600l 15| 422 o 10[ -10 166|  -166 332 266) 166|  -166 266, 0| 208 — — — — 926484|  toe
SR600-4 600 15| 422 0| 9 9 150 -150 299) 239 150 150 239 0| 188 — — — — 1263543 toe
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Fig. 18 The relation between failure lives N; and modified MIL-
HDBK-5D equivalent stress ranges Ao, for cases with various speci-
mens and WRS

of R=0. In these scenarios, the maximum nominal stress
experienced, o,,,,, is given by o,,,, = Ac. The number of
loading cycles is three.

Figure 19 illustrates the computed EPLSC, specifi-
cally referring to the local stress in the x-direction (o, ),
at the point of crack initiation (the root notch for PW
specimens, weld toe for GW specimens). Subsequently,
Fig. 20 depicts the distributions of o, at two distinct
instances: the as-welded (AW) condition and the end
of the initial load cycle, both in proximity to the crack
initiation sites.

In Fig. 19, the relaxation of the WRS takes place dur-
ing the initial loading cycle, leading to an alteration in
the WRS distribution as depicted in Fig. 20. However,
this alteration almost converges after the second cycle.
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(a) Root notch of the PW specimen
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Based on these findings, the EPLSC is evaluated from
the time history of o, in the third cycle for each loading
condition.

The EPLSC is determined for each loading condition of
the fatigue tests conducted on the PW and GW specimens,
employing the aforementioned procedure. For each condi-
tion, the equivalent stress (Ao,) is computed from the maxi-
mum and minimum o, observed in the EPLSC, utilizing
Eq. (4). The utilization of the bending correction factor y
mentioned in Section 4 is not employed since the change in
the stress gradient in the direction of thickness, as a result
of bending loading, is inherently considered in the EPFEA
with a very fine FE mesh.

l-a —_ —_ —
) ) Ao-x = Oy max — Ox,min,

a =0.6485

“
where, o .., and o, are the maximum and minimum &,
in a stress cycle. The difference in equivalent stress (Ac,,)
calculated using Eq. (4) from the EPLSC in the AW fatigue
tests of the PW and GW specimens is presented in Table 5.
The correlation between Ao, and N; is depicted in Fig. 21.
The regressed S—N curve with a slope of 5.917 is plotted
in this figure. The Stdv of log(NVy) is fairly small at 0.020.
Remarkably, irrespective of variations in joint geometry,
failure modes, stress ratio (R), and the WRS employed, the
relationship between Ao, and Ny can be approximated by
a single S-N diagram, analogous to Fig. 18. This outcome
demonstrates the validity of the EPLSC-based mean stress
effect evaluation for the AW specimens with differences
in joint geometry and failure modes under the conditions
chosen.

Once the creep characteristics of the material are
established, it becomes feasible to assess the impact of
stress relief (SR) on the enhancement of fatigue strength

O x max

Ao, = (AEX)Q(
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VoV

(b) Weld toe of the GW specimen
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Fig. 19 The calculated time histories of o, at the root notch of the PW specimen and that at the weld toe of the GW specimen subject to the

cyclic loadings with the load amplitude of AP, (R=—1)

max
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Fig.20 The distributions of

o, near the root notch the PW
specimen and that near the weld
toe of the GW specimen in AW
condition and at the end of the
1st loading cycle (R= —1; unit,
MPa)
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Fig.21 The relation between failure lives N; and modified MIL-
HDBK-5D equivalent stress ranges Ao, estimated from the calcu-
lated elastic—plastic local stress cycles

through the EPLSC method. Moreover, the application
of the EPLSC method can be extended to evaluate the
fatigue strength improvement resulting from variations
in the toe profile and the compressive WRS induced by
high-frequency mechanical impact (HFMI). The compre-
hensive validation of these analyses will be the focal point
of future investigations.

6 Conclusions

The measurement of the welding residual stress (WRS) in
the vicinity of crack initiation sites of specimens with dif-
ferent types of joints, such as plug weld (PW), out-of-gusset
weld (GW), and T-joint (TJ) specimens, is conducted. Bend-
ing fatigue tests are performed on these joint specimens.
The calculation of the modified MIL-HDBKS5D equivalent
stress range (Ac,,) involves the utilization of two fatigue
assessment stresses: structural stress and elastic—plastic local
stress. In the former approach, the structural hot spot stress
(HSS) is employed for the toe-failed GW and TJ specimens,
while the root local stress (RLS), determined by extrapo-
lating the stress within the root gap, is employed for the
root-failed PW specimen. Regarding the latter approach, the
elastic—plastic local stress cycle (EPLSC), analyzed using
a very fine FE mesh, is applied to both toe-failed and root-
failed specimens. Based on the test results, a comprehensive
evaluation is conducted to assess the effectiveness of the
modified MIL-HDBK-5D method based on structural stress
in relation to root-failed PW joint. Furthermore, the validity
of the modified MIL-HDBK-5D method based on EPLSC
for various joints experiencing both toe and root failures is
examined.
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The findings of this study can be summarized as follows:

(1) Under the conditions chosen, all fatigue test results can
be approximated by a unified S—N diagram regardless
of the joint type, failure mode, and stress ratio when the
fatigue assessment stress is evaluated by the Ao, based
on structural HSS (for toe-failed joints) or RLS (for root-
failed joints). The Stdv of log(V;) is fairly small at 0.033.

(2) Under the conditions chosen, fatigue test results of PW and
GW specimens in AW condition with a stress ratio of R<0
can be approximated by a unified S—N diagram regardless
of the joint type, failure mode, and stress ratio R <0 when
the fatigue assessment stress is evaluated by the Ao, based
on EPLSC. The Stdv of log(/Vy) is fairly small at 0.020.

The aforementioned findings indicate that the modified
MIL-HDBK-5D methodology can accomplish an assessment
of the influence of mean stress on weld fatigue, regardless of
the geometry of the joint and the mode of failure.
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