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Abstract
This research studies the influence of high-peak loads on local relaxation of residual stress and fatigue damage in high-
strength steel welded joints treated by high-frequency mechanical impact (HFMI) treatment. The joint behavior is simulated 
with elastic–plastic finite element analyses that account for the combined effect of geometry, residual stress, and material 
properties. This simulation uses two treated geometry models: with or without surface roughness on HFMI groove, and two 
material properties: S690QL and AH36 structural steels. The results show that surface roughness and load history, includ-
ing high-peak loads, significantly influence fatigue response. It is revealed that the model neglecting the surface roughness 
cannot represent the amount of residual stress change and fatigue damage at less than 100 µm depth from the surface. In 
addition, the local yield strength in the HFMI-treated zone affects the plasticity behavior near the surface imperfection under 
the high-peak loads, which provides comparatively different fatigue damage between S690QL and AH36 in some cases. 
As a result, this study provides the further understanding needed to develop a robust modeling approach to the fatigue life 
estimation of HFMI-treated welds subjected to high-peak loads.

Keywords  Residual stress · Relaxation · HFMI · High-strength steel · Welded joints · Surface profile · Surface roughness

1  Introduction

Lightweight, high-strength steel structures are demanded 
in various industrial applications such as offshore struc-
tures, ships, and bridges. The engineering challenge for this 
demand is improving the fatigue strength of welded joints 
since it is equal regardless of steel grades in current rules and 
standards [1, 2]. An effective tool to improve fatigue strength 
is the high-frequency mechanical impact (HFMI) treatment 
[3–12]. Applying HFMI treatment introduces compressive 
residual stress in the weld toe and material hardening in 
the surface layer, improving the local weld geometry, and 
removing typical weld defects. As a result, the crack initia-
tion and growth periods within short crack lengths (typically 
with a depth of 0.2 mm) are predominant in the total fatigue 
life, resulting in significant fatigue strength improvement, 
especially for high-strength steel structures; see, e.g., [7, 
13]. Marquis and Barsoum [14] proposed the fatigue design 
curves for HFMI-treated welds to consider this beneficial 
effect. However, these design curves are mainly based on 
experimental data and statistical analyses of fatigue test 
results. Thus, a deep understanding of failure mechanisms 
and phenomenological-based fatigue life estimation methods 
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is still needed to develop a robust design criterion to ensure 
a high fatigue strength in engineering applications.

Welded steel structures in real situations can often expe-
rience a high-peak load, either a single overload or a part 
of variable amplitude loading. This type of loading may 
result in local material yielding and then the reduction in the 
compressive residual stress layer, i.e., relaxation of residual 
stress, which may suppress the effect of HFMI treatment 
[15–18]. To better understand the influence of residual stress 
relaxation on fatigue performance, studies by, e.g., Yon-
ezawa et al. [16] and Loschner et al. [17] conducted exten-
sive experimental measurements of residual stress change 
and stability under different cyclic loadings. In addition, 
numerical studies considering the dynamic elastic–plastic 
analysis of the HFMI process have been carried out by, e.g., 
Schubnell et al. [18] and Ruiz et al. [19]. The simulations 
were utilized for the analysis of residual stress relaxation. 
Mikkola et al. [20], Nazzal et al. [21], and Ono et al. [22] 
assessed fatigue damage related to crack initiation under var-
ious loading scenarios by using local strain and mean stress 
after the residual stress relaxation. The results have shown 
that residual stress relaxation greatly influences fatigue dam-
age. For instance, in the study [22], the crack initiation most 
prone position along the surface of the HFMI groove was 
shown to shift due to a combination of stress concentration 
and residual stress relaxation effect. However, an idealized 
smooth HFMI geometry has been considered in numerical 
models used for these assessments. Thus, the influence of 
local plasticity at surface imperfections in the HFMI-treated 
regions on the residual stress relaxation and fatigue damage 
needs to be clarified for robust modeling of the crack initia-
tion and short crack growth.

Concerning the plasticity behavior in the HFMI-treated 
regions, it is also crucial to clarify the impact of local elas-
tic–plastic material properties on residual stress relaxation 
and fatigue damage. Schubnell et al. [23] showed that the 
steel grades affected the levels of residual stress relaxation. 
In the study [23], the change in residual stress by the com-
pressive peak-loading was higher for the S960 steel grade 
than for the S355 steel grade in relation to the yield strength 
of the base material. It has been known that the degree of 
local hardness increases by work hardening from HFMI 
treatment is varied by different steel grades. For instance, 
experiments have indicated no increase in S960 steel grade 
[23] and slight increases like 1.1–1.4 times in S690 steel 
grades [24, 25], while great increases like 1.6–2.0 times in 
S355 steel grade [23, 24]. This can lead to different behav-
ior of local plastic deformation at the surface imperfection. 
Thus, the local plasticity behavior due to different steel 
grades needs to be analyzed and compared to gain more 
insight into the mechanism of local relaxation of residual 
stress in high-strength steels.

Therefore, this study aims to clarify the local relaxation 
of residual stress in HFMI-treated welded joints made of 
two high-strength steels subjected to high-peak loading. 
The research shown in this paper is a continuation of works 
in [22, 26]. The study [26] experimentally investigated the 
fatigue behavior of HFMI-treated welded joint specimens 
using S690QL and AH36 at constant and variable amplitude 
loadings. Aiming to develop a robust modeling approach 
for fatigue life estimation of HFMI-treated welds, the fol-
lowing study [22] assessed the impact of residual stress 
relaxation on the actual crack initiation site of the HFMI 
groove surface for the S690QL specimens. This assessment 
was based on FE models considering a simplified smooth, 
treated geometry and local strain-based method. This paper 
differs from the previous investigation, taking into account 
an actual treated geometry in the FE models and focusing 
the investigations on the local fatigue response at potential 
crack initiation sites for the S690QL and AH36 specimens.

The workflow of the paper is the following. First, high-
resolution geometry measurements were carried out to char-
acterize HFMI geometry profiles as microstructurally accu-
rate. Then, the local stress–strain response was studied with 
FE analyses to clarify the level of residual stress relaxation 
and mean stress after the residual stress relaxation. The FE 
model included the initial residual stress state, elastic–plastic 
material properties, HFMI-treated weld geometry, and load 
cycles, including high tensile and compressive peak loads. 
Based on the geometry measurements, this study defined 
the two types of HFMI geometry models: simplified HFMI 
geometry and actual HFMI geometry. The elastic–plastic 
material properties for S690QL and AH36 are considered 
in the FE simulation. Finally, the changes in residual stress 
due to the applied loads around surface imperfections, the 
influence of the model definition of HFMI geometry, and 
material mechanical property on residual stress relaxation 
and fatigue damage are discussed.

2 � Experiment

2.1 � Material and specimen details

This study used two types of structural steels, S690QL and 
AH36. The S690QL is the high-strength, quenched, and 
tempered steel. The AH36 is the high-strength shipbuilding 
steel. These steels have a thickness of 6 mm. The nominal 
yield strengths fy for S690QL and AH36 are 832 MPa and 
423 MPa, respectively. Figure 1 shows the configuration 
of the specimen. The constructional detail and data 
investigated in this paper consist of a plate with transverse 
non-load-carrying attachments and fillet welds in HFMI-
treated states [26].
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2.2 � Geometry measurements

Geometry measurements for the S690QL specimens were 
performed with a high-resolution line confocal imaging 
(LCI)-based measurement system. These measurements 
utilized Focalspec Oy’s LCI 1600 sensor device [27]. The 
2D cross-sections of the xy-plane in Fig. 1 were measured 
every 100 µm on each of the four welds of each specimen. 
The accuracy of measurements is about 1 µm, and datapoints 
were measured with 7 µm spacing in the y and x directions. 
A total of 532 cross-sections were used for the geometry 
analysis. Figure 2 shows an example of a 2D geometry 

profile. Microscopic surface roughness introduced by HFMI 
is captured in Fig. 2c. Weld size and HFMI-treated groove 
size were characterized by measuring the weld leg length (lx, 
ly), flank angle (θ), groove radius (ρ), groove depth (d), and 
groove width (w) from the 2D sections; see Fig. 2a and b. 
Table 1 shows the measurement results with average values 
and standard deviations.

3 � Numerical analysis

3.1 � FE models

FE simulations were performed on the specimens to clarify 
the relaxation of residual stress and fatigue damage. The 
global 2D model of the transverse attachment considered 
in this study is shown in Fig. 3. This study only focused 
on the behavior of HFMI-treated region, i.e., fatigue criti-
cal weld toe of non-load carrying fillet weld. Linear plane 
strain elements were used. Finite strain theory was applied to 
represent the large displacements and material non-linearity.

The FE models include partitions as shown in Fig. 3 to 
consider different material properties: base material (BM), 
weld metal (WM), heat-affected zone (HAZ), and HFMI-
treated zone (HFMI). Combined non-linear isotropic-kin-
ematic hardening parameters, so-called Voce-Chaboche’s 

W = 40 mm

T = 6 mm

H = 40 mm
tg = 6 mm

L’ = 2h + tg = 14.4 mm

h = 4.2 mm

400 mm

XZ
Y

Fig. 1   Configuration of specimen [26]
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Fig. 2   An example of 2D geometry profile around HFMI-treated region

Table 1   Measurement results 
of HFMI groove geometry and 
weld size

Stdv standard deviation based on Gaussian log-normal distribution

The number of sample Flank angle, 
θ (°)

Weld length 
ly (mm)

Weld length 
lx (mm)

Groove 
radius, ρ 
(mm)

Groove 
width, w 
(mm)

Groove 
depth, d 
(mm)

Ave Stdv Ave Stdv Ave Stdv Ave Stdv Ave Stdv Ave Stdv

532 35.1 2.55 4.67 0.43 6.64 0.35 1.87 0.24 2.42 0.30 0.13 0.04
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(VC) parameters, were employed. Table 2 provides the VC 
parameters for each material section of S690QL and AH36. 
These parameters were obtained by calibrating experi-
mental cyclic hysteresis loops with a unique optimization 
algorithm called RESSPyLab [28]. Mikkola et al. [25] car-
ried out fatigue tests using thin steel plates to clarify the 
cyclic response of S700MC BM, coarse-grain HAZ in 
MAG welded S700MC, and HFMI-treated S700MC. Since 
S700MC is similar steel grade to S690QL in this study, these 
fatigue test data were utilized to calibrate the VC parameters 
of BM, HAZ, and HFMI. The calibrations considered the 
first five hysteresis loops up to reaching stability. Young’s 
modulus was pre-defined from the first tensile load of the 
test data [25] and not considered an optimization parameter, 
which better estimates crack initiation life for high-strength 
steel welded joints when little plasticity is involved [29]. As 
shown in Table 2, the cyclic test data for HAZ material show 
high hardening behavior after the first cycle, reflecting larger 
values of isotropic hardening parameters compared to oth-
ers. For AH36, the VC parameters of E35 BM and HAZ in 
MAG-welded E35 as given in Petry et al. [30] were utilized. 
This study considered AH36 equivalent to E35 due to the 
same steel grade, and these VC parameters were similarly 
based on the predefined Young’s modules from the initial 

tensile loads of test data [30]. Because the cyclic test data 
of HFMI for AH36 was not available in the current litera-
ture, the VC parameters were estimated from the BM prop-
erty based on hardness distribution as similar to [31]. The 
cyclic yield strength of HFMI was defined by multiplying 
the hardness increase rate by the cyclic yield strength of BM. 
The hardness increase rate was 1.63 for HFMI, which was 
referred to in the previous hardness test results by Schubnell 
et al. [23]. In this case, an assumption was made that the iso-
tropic and kinematic hardening parameters stayed the same 
as BM. With the same estimation and assumption, the VC 
parameters of WM for S690QL and AH36 were obtained 
based on the hardness test results by Yildirim et al. [26]. In 
the end, the increase rate of cyclic yield strength of HFMI 
compared to BM was about 1.15 for S690 and 1.63 for S355.

Figure 4 shows two types of HFMI geometry models. 
This study chose a representative HFMI geometry close to 
the average value among the measured profiles in Sect. 2.2. 
The simplified geometry model has the smooth geometries 
of the HFMI groove, which are 1.91 mm radius (ρ), 0.15 mm 
depth (d), and 2.8 mm width (w). In contrast, the actual geom-
etry model directly incorporates the corresponding measured 
profile with surface roughness. The weld size of both models 
was the weld leg length of 4.75 mm for the base plate side (lx), 

Fix (Ux, Uy, URz) Fix (Uy, URz)

Loading
HFMI

WM

BM

HAZ

Material section

10 mm

1 mm

(a) Model shape and boundary condition (b) Material section

Fig. 3   Global model of transversal attachment

Table 2   Voce-Chaboche’s (VC) parameters for each material section

E Young modulus, Q maximum increase in size of yield surface due to hardening at saturation, q how quickly the increase of yield surface 
approaches the saturation, σy yield stress at zero plastic strain, C initial kinematic hardening modulus, γ rate at which the kinematic hardening 
modulus decreases with increasing plastic deformation

Material Section E [MPa] σy [MPa] Isotropic hardening Kinematic hardening

Q [MPa] q C1 [MPa] γ1 C2 [MPa] γ2

S690QL Heat-affected zone (HAZ) 208,000 530 140 104 16,448 285 13,233 285
Base material (BM) 226,000 745 1 1 12,846 198 12,846 198
Weld metal (WM) 226,000 781 1 1 12,846 198 12,846 198
HFMI-treated zone (HFMI) 249,000 853 1 1 10,550 255 15,915 255

AH36 Heat-affected zone (HAZ) 209,000 404 1 1 13,511 167 11,026 167
Base material (BM) 205,000 344 1 1 10,502 125 12,348 125
Weld metal (WM) 205,000 468 1 1 10,502 125 12,348 125
HFMI-treated zone (HFMI) 205,000 560 1 1 10,502 125 12,348 125
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6.55 mm for the gusset plate side (ly), and the flank angle (θ) 
of 36°. These weld geometries were applied to both S690QL 
and AH36 models to compare the residual stress relaxation 
behavior at the same levels of stress and strain localization. 
This study investigated the stress–strain response at/near three 
target locations at weld toe, A, B, and C. A is the reference 
location corresponding to the HFMI groove bottom. B and 
C are the locations that can be possible crack initiation sites, 
according to the study by Ono et al. [22], and preliminary 
elastic stress analysis shows higher stress concentrations com-
pared to other surfaces. To model local stress–strain behav-
ior sufficiently in local surface imperfections, the element 
size around three locations was set to about 0.5 µm for the 
actual geometry models and then the size gradually increased 
towards the other global parts. In the case of the simplified 
model with smoother geometry, the element size was about 
10 µm based on the results of the convergence study. The 
results showed that the mesh size of less than 10 µm provided 
almost the same stress gradient and less than 5.0% differences 
in the peak stress value. The required minimum element size 
is relatively larger as local surface imperfections do not exist.

Initial residual stress distributions implemented in the 
FE model are shown in Fig. 5. These residual stress distri-
butions were based on the experimental measurement for 
HFMI-treated welded joints and represented by means of a 
predefined temperature field in Abaqus; see Ono et al. [22]. 
The changes in temperature through the plate thickness were 
applied at the nodes for three paths at x =  − 3.5 mm, 0 mm, 
and 3.5 mm, which created the self-equilibrated stress field 
in the treated area. The amounts of temperature changes for 
these three paths were calibrated by trial and error to find the 
best fit with the measured residual stress in the x-direction 
corresponding to the longitudinal direction of the specimen. 
The calibrated residual stress is the average value of scatter 

in measurement results from the study [22]. In addition, the 
residual stress field was compared with the experimental 
measurement data in the y and z directions. The compari-
son shows an agreement with the lower bound of scatter in 
measurement results. In-depth residual stress distributions 
at x = 0 had high surface compressive residual stresses of 
about − 0.60 fy within 0.5 mm depth, and then residual stress 
was gradually changed from compressive to tensile stress to 
be in equilibrium through plate thickness. Very near the sur-
face, there is some variation (max 17%) in residual stresses 
between simplified and actual geometry models because of 
the roughness and imperfection effects. The distribution cor-
rected by the yield strength fy of the base material is used for 
both steels to have a solid comparison of the results. The fy 
values for the correction are 832 MPa for S690 and 423 MPa 
for AH36. According to the previous study by Ono et al. 
[22], the residual stress close to the surface was similar for 
different steel grades if it is normalized by fy.

The applied load cycles are depicted in Fig. 6. Three load-
ing cases were compared to understand the impact of load-
ing conditions on the residual stress relaxation and fatigue 
damage. Loading Case 1 is 20 cycles of constant amplitude 
loading (CAL) with Smax = 0.47 fy and Smin = 0.11 fy. Loading 
Cases 2 and 3 include a high-peak load cycle with Smax = 1.0 
fy and Smin =  − 0.43 fy and Loading Case 1. Loading Case 
3 has the reversed order of tensile and compressive peak 
load compared to Loading Case 2. These loading histories 
were referred to as the highest and equivalent stress ranges 
used in variable amplitude loading in the study by Yildirim 
et al. [26]. The first single load assumed an extraordinarily 
large loading case in a part of service loading, such as in an 
earthquake, storm, or heavy sea wave. The following smaller 
20 cycles are intended to represent the stress ranges due to 
cyclic fatigue loading that leads to high cycle fatigue and 

ρ

AB

C

AB

C

(a) Simplified geometry model

(b) Actual geometry model

ρ = 1.91 mm, = 36 deg, w = 2.80 mm

d = 0.15 mm, ly = 4.75 mm, lx = 6.55 mm

ρ = 1.91 mm, = 36 deg, w = 2.80 mm

d = 0.15 mm, ly = 4.75 mm, lx = 6.55 mm

Fig. 4   HFMI geometry models and surface imperfections at Locations A, B, and C
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stabilized mean stress behavior. The same magnitude load-
ing scaled with fy was applied for both steels.

3.2 � Fatigue‑effective stress

After the FE simulation, this study assessed the effect of 
residual stress relaxation on fatigue damage required to 
initiate a microcrack. The fatigue damage can be repre-
sented by the Smith–Watson–Topper (SWT) parameter, as 

given in (1). The SWT allows for handling the mean stress/
residual stress influence.

where �eff,max is the fatigue-effective maximum stress and 
Δ�eff is the fatigue-effective strain range. Figure 7 shows 
the definition of fatigue-effective stress in this study. The 
fatigue-effective stress can be defined as an average value 

(1)PSWT = �eff,max

Δ�eff

2
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Fig. 5   Implemented initial residual stress distribution in FE model (the left picture is S690QL simplified geometry model)

(a) Loading Case 1 (b) Loading Case 2 (c) Loading Case 3
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Single high-peak 
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Fig. 6   Applied load cycles for residual stress relaxation assessment
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over the representative volume element (RVE). The contin-
uum-based modeling for RVE allows us to describe fatigue 
damage causing microscopic crack initiation and growth; see 
Remes et al. [32]. The equation for fatigue-effective stress 
is given in (2).

where d99% is the grain size at a probability level of 99% 
as a material characteristic length, and σ is the maximum 
principal stress. In the actual geometry model, maximum 
principal stress distribution was averaged over d99% = 5 µm 
in the direction of axis y that starts from the tip of surface 
imperfection and is perpendicular to the direction of maxi-
mum principal stress. The fine grain size of d99% = 5 µm was 
determined with reference to grain size measurement results 
based on S700MC from Mikkola et al. [25] and S690QL 
from Garcia [33] and applied to all target locations. In the 
simplified geometry model, the maximum stress at 5 µm 
depth is considered fatigue-effective stress, corresponding to 
the stress at an integral point located in the center of 10-µm 
mesh. For simplicity, in this study, the results are compared 
distances from 5 to 100 µm, covering distances from short 
crack length to macro crack length.

4 � Numerical results

4.1 � Fatigue response in global regions

The change of residual stress can be divided into global 
and local behavior. In this section, the overall trend, i.e., 
global behavior of the residual stress change from HFMI-
treated surface to mid-plane with respect to the applied load 
cycles, is presented. The local behavior near the surface 

(2)�eff =
1

d99%
∙ ∫

d99%

0

�dy

imperfection in target locations is discussed in detail in 
Sect. 4.2.

Figure 8 shows the amount of residual stress change Δ�RS 
from the initial residual stress state to two geometry models, 
three loading cases, and two steel grades. The contour plots 
in Fig. 8 are expressed as

where �RS,BL is the initial residual stress before loading and 
�RS,AL is the residual stress after loading. The difference in 
residual stress before and after loading is normalized by 
nominal yield strength fy for the comparative comparison 
between S690QL and AH36. Positive value for Δ�RS is the 
decrease of compressive residual stress (i.e., relaxation) in 
the HFMI region, while the negative value is the increase 
of compressive residual stress in the HFMI region or the 
decrease of tensile residual stress above the deeper region 
than 1.2 mm from the HFMI groove bottom.

Loading Case 1 (CAL), typical for high-cycle fatigue 
ranges, did not show the residual stress change entirely; see 
Fig. 8a, d, g, and j.

For Loading Case 2 in Fig. 8b, e, h, and k, there were 
positive changes in residual stress inside of HFMI zones 
about 0.14 to 0.50 fy, that is, the relaxation of compres-
sive residual stress, especially beneath Locations A and 
B. However, the distribution of relaxation through the 
depth in the HFMI zone is different between S690QL 
and AH36. For instance, the simulation results in Fig. 8e 
and k showed, for S690QL, almost no change of residual 
stress near the surface and some degrees of relaxation at 
the subsurface of 0.2 to 0.5 mm depth, while for AH36, 
the significant relaxation from the surface to 0.8 mm 
depth. The area around Location C did not have a signifi-
cant change of residual stress in any simulation results. 
About 1.2 to 3.0 mm depth from the surface indicated 

(3)Δ�RS = (�RS,AL − �
RS,BL

)∕fy

(a) Grain-based homogenization of a
theoretical stress distribution [31] (b) Example of averaging maximum stress 
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negative changes in residual stress in HAZ and BM zones 
about − 0.22 to − 0.40 fy, that is, the reduction of tensile 
residual stress. According to the distribution of contours, 
the residual stress relaxation for AH36 tended to occur 
more significantly and widely than S690QL.

Loading Case 3 resulted in similar distributions of 
residual stress changes to Loading Case 2 in any simulation 
results. As one difference from Loading Case 2, the results 
for S690QL in Fig. 8c and f confirmed that the relatively 
wider near-surface regions in HFMI zones over Locations 
B and C have negative residual stress changes, i.e., inducing 
additional compressive residual stress.

In summary, the global trend in the change of residual 
stress is that the application of high-peak loading gives 
the residual stress towards zero, i.e., reducing compressive 
residual stress in the HFMI zone and tensile residual stress 
in the HAZ and BM zone. The effect of load sequence is the 
increase of compressive residual stress in the near-surface 

of the HFMI-treated region, which is apparent for S690QL 
mainly. The steel grades greatly affect the degree of residual 
stress relaxation and the area where the relaxation occurs. 
Both simplified and actual geometry models give similar 
results regarding the global behavior; thus, only the differ-
ence is due to load history and steel grades.

4.2 � Fatigue response in local regions

To study the local fatigue response at the potential crack 
initiation sites, Fig. 9 presents the amount of residual stress 
change near the surface imperfection. Figure 10 shows the 
stress–strain responses extracted at the nodes with values 
close to fatigue-effective stress, which explains the mecha-
nism of local change of residual stress. Only the data for 
Location B, the most critical among the three target loca-
tions, are shown in Figs. 9 and 10. Below, the main findings 
of these results are discussed.

Fig. 8   The amount of residual 
stress change around HFMI-
treated regions

(a) Simplified geometry model
Loading Case 1, S690QL
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4.2.1 � Effect of surface imperfection and load history 
on residual stress relaxation in S690QL

For the simplified geometry, the stress–strain responses 
remained the elastic behavior in Loading Case 1 (see 
Fig. 10a), and thus the change of residual stress did not occur 
as shown in Fig. 9a. The localized change occurred only 
for the actual geometry model in Fig. 9d. In this case, the 
surface imperfection at Location B generated high stress and 
strain localization. Thus, a 3.0 times increase in the result-
ing maximum stress and a 1.9 times increase in strain range 
compared to the simplified geometry model is observed. 
However, the change of residual stress is still so localized 
for the actual geometry model that the fatigue-effective 
stress–strain responses remained almost the elastic behav-
ior; see Fig. 10d.

As Fig. 10b shows, the single peak load of Loading Case 
2 resulted in the minor tensile yielding for the simplified 

geometry model. Thus, no significant change in residual 
stress before and after loading was found in Fig. 9b. In 
Fig. 10c, relatively larger tensile and compressive yielding 
took place for the actual geometry model. It is also worth 
noticing that after the peak-load cycle, the first CAL cycle 
involved the tensile yielding and contributed to the stability. 
As a result, the compressive residual stress stayed nearly the 
same as Loading Case 1 (see Fig. 9e), and so did fatigue-
effective maximum stress.

For the simulation result in Fig. 10c, applying com-
pressive peak load before the tensile one influenced the 
stress–strain response and then mean stress, like reduc-
ing maximum stress from 364 to 177 MPa in the simpli-
fied geometry model. Due to the tensile yielding only, the 
additional compressive residual stress was introduced, as 
observed in Fig. 9c. A more pronounced influence was seen 
on the actual geometry model; the tensile yielding was much 
more dominant in the elastic–plastic behavior, see Fig. 10f, 

Fig. 9   The amount of residual 
stress change near surface 
imperfection for Location B
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and then inducing more significant compressive residual 
stress near the imperfection; see Fig. 9f. In addition, the 
fatigue-effective stress–strain response showed that after the 
peak-load cycle, two CAL cycles were taken until reaching 
stability for the actual geometry model. Consequently, most 
of the stress within the following CAL was below zero.

4.2.2 � Effect of surface imperfection and load histories 
on residual stress relaxation in AH36

Similar to S690QL, the full elastic behavior was kept in 
AH36; see Fig. 10g and j. Thus, almost no residual stress 
relaxation was observed (see Fig. 9g and j). The comparison 

Fig. 10   Stress–strain responses 
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between the simplified and actual geometry models for 
AH36 showed about 3.8 times increase in maximum stress 
and 2.0 times increase in strain range due to the surface 
imperfection, being higher than for S690QL in Sect. 4.1.1.

As Fig. 10h indicates, the first single peak load of Loading 
Case 2 involved little plasticity in the simplified geometry 
model. However, there was a relaxation of compressive resid-
ual stress after loading, according to Fig. 9h. This reduction 
can be due to the redistribution of residual stress from the 
alternation in other regions, as shown in Fig. 8h and k. On 
the other hand, the actual geometry model in Fig. 10k had the 
larger yielding behavior; both tensile and compressive yield-
ing occurred in the peak-load cycle. After the peak load cycle, 
the stress–strain relationship immediately reached stability, 
which was different from the behavior in S690QL. Thus, the 
compressive residual stress was found to relax from − 150 
to − 80 MPa. This relaxation corresponded to the very local-
ized area near the surface imperfection in Fig. 9k. In the fur-
ther depth, there was the increase of compressive residual 
stress, which was not seen in the S690QL simulation result.

In the case of Loading Case 3, the simplified geometry 
model had a similar stress–strain response to Loading Case 
2; see Fig. 10i. Thus, there was the relaxation of compressive 
residual stress in Fig. 9i. According to Fig. 10l, the domi-
nating tensile yielding in the first peak load increased the 
compressive residual stress from − 147 to − 509 MPa. This 
elastic–plastic behavior in AH36, except for the stability, 
was similar to S690QL. Figure 9l presents some increases 
of compressive residual stress near the imperfection, but its 
increase degree was lower than S690QL.

4.2.3 � Effect of yield strength on maximum stress and strain 
amplitude

Figure 11 compares the maximum stress and strain ampli-
tude for short crack initiation (at 5 µm distance) between 
S690QL and AH36 based on the actual geometry model. 
The results at a depth of 100 µm are also displayed to clarify 
if there is a similar effect in the deeper location assuming 
macro-crack length. They are extracted from the closed 
hysteresis loop of the last load cycle. For the comparative 
comparison, the maximum stress was normalized with fy, 
and the strain range for AH36 was scaled up with the factor 
of 1.97 corresponding to fy ratio of S690QL and AH36, that 
is, 832 MPa/423 MPa.

For the maximum stress in Fig. 11a, one can observe 
some results with almost identical values between S690QL 
and AH36. The main reason for this was no change or minor 
change of residual stress. Then, the stress localization effect 
from the surface imperfection mainly affected the maxi-
mum stress. On the contrary, the lower maximum stress in 
S690QL was found for Location C under Loading Case 2 

and all locations under Loading Case 3. The difference was 
at most 6.60 times for Location B under Loading Case 3. For 
this reason, the residual stress after loading corrected by fy 
was far different between S690QL and AH36. For example, 
for Location A under Loading Case 3, there was an increase 
of compressive residual stress of about 0.34 fy for S690QL, 
but a decrease of compressive residual stress (i.e., relaxa-
tion) of about 0.24 fy for AH36. This is attributed to different 
elastic–plastic behavior depending on the local cyclic yield 
strength. According to Fig. 11c, the lower maximum stress 
in S690QL was still found at 100 µm depth when Loading 
Case 2 and Case 3 were applied. This finding implies that the 
yield strength influences in-depth distributions of residual 
stress after peak loading and thus maximum stress.

Figure 11b indicates that there were much smaller vari-
ations in the strain ranges between S690QL and AH36 
in comparison to the maximum stress. Any results were 
engaged to no plasticity at the last cycle of any loading 
cases. Thus, the yield strength did not significantly affect 
the strain ranges. The strain ranges for AH36 tended to be 
slightly higher than those for S690QL. The cause can be that 
the depth used for the calculation of strain ranges is slightly 
different, depending on the in-depth stress gradient after the 
loading, and Young’s modulus of AH36 in this simulation is 
lower than that of S690QL. In Fig. 11d, there was a similar 
observation for the results at 100 µm depth with an even 
smaller difference between S690QL and AH36.

4.3 � Fatigue damage analysis

The comparison of maximum stress for 5 µm distance 
(a representative for the start of short crack growth) and 
SWT parameter after the residual stress change between 
the S690QL simplified and actual geometry models for all 
locations was made, as shown in Fig. 12. This figure also 
indicates the data at a depth of 100 µm (a representative 
for the start of long crack growth) to show how the surface 
imperfection impacts the fatigue response below the surface. 
In Fig. 12a, the maximum stress at short crack initiation con-
firmed the large scatter due to the combination of the amount 
of residual stress change and stress localization effect from 
the surface imperfection. The degree of scatter highly varied 
with the loading condition and locations. At most, a 3.46 
times difference in maximum stress between the two models 
was found on Location C under Loading Case 1. The results 
for 100 µm depth in Fig. 12b showed almost identical values 
between the two models due to less effect of surface imper-
fection and at most a 1.27 times difference for Location C 
under Loading Case 1. The results for the SWT parameter, as 
shown in Fig. 12c and d, gave certain increases of maximum 
errors when considering strain amplitudes. Other than that, 
there was almost the same trend in the variability of results 
as found by comparing the maximum stress.
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Similarly, the comparison results in the case of AH36 
are illustrated in Fig. 13. At short crack initiation, the actual 
geometry model showed a large scatter in maximum stress 
and SWT parameter; see Fig. 13a and c. The level of scatter 
was nearly the same as S690QL according to the comparison 
of maximum differences. However, some results of AH36 
were plotted differently from S690QL. These data corre-
sponded to those with the comparatively large difference 
in the maximum stress after the residual stress change due 
to the effect of yield strength, as discussed in Sect. 4.2.3. 
The maximum stress and fatigue damage at 100 µm depth 
obtained a much smaller scatter between the actual and 
simplified geometry models, which was consistent with 
the trend in S690QL. It is worth noticing that for the actual 
geometry model, the result with the highest maximum stress 
and SWT parameter was Location B under Loading Case 
1 in S690QL, while Location B under Loading Case 2 or 
Case 3 in AH36. This reflected the observation in Fig. 11c: 
the different maximum stress through the depth between 
S690QL and AH36.

5 � Discussion

This study investigates the effect of surface roughness on resid-
ual stress relaxation and fatigue damage when the high-peak 
load is applied to HFMI-treated high-strength steel welded 
joints. The existing numerical approach for HFMI-treated joints 
is mainly based on simplified smooth geometries [20–22]; thus, 
the influence of surface roughness on residual stress relaxation 
and fatigue life estimation has been neglected. In this study, 
this influence is highlighted by comparing the simplified and 
actual HFMI geometry models. Furthermore, the results for 
two high-strength steels with different steel grades, S690QL 
and AH36, are compared to study the difference in the residual 
stress relaxation near the surface imperfection.

Section 4.1 shows how the overall trend in residual 
stress changes for HFMI-treated regions. When the high-
peak load is included, the residual stress change happens in 
a large area from the near-surface of the HFMI zone to the 
middle plane of the BM zone. The load sequence effect is 
visible in the distributions of residual stress change in the 

Fig. 11   Comparison of maxi-
mum stress and strain range 
between S690QL and AH36 
actual geometry models for 
Locations A, B, and C
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near-surface of HFMI zones. Steel grades noticeably influ-
ence the degrees of residual stress change and the change 
distributions through the plate thickness. AH36 tends to 
give more significant and wider changes of residual stress 
to HFMI-treated regions in comparison to S690QL. Both 
simplified and actual geometry models show almost the 
same tendency of global residual stress change as can be 
expected. Thus, little influence of surface roughness on the 
overall trend of residual stress change is revealed.

Section 4.2 studies the local change of residual stress near 
the surface imperfection. As opposed to the overall trend 
in Sect. 4.1, the local behavior of residual stress change 
depends not only on loading histories and steel grades but 
also on the definition of the geometry model. Applying the 
high-peak load brings a significant difference between the 
simplified and actual geometry models regarding the elas-
tic–plastic behavior and the amount of plastic deformation; 
see Figs. 9 and 10. The load sequence effect is revealed 
more clearly in the actual geometry model. When the same 

magnitude of loading scaled by fy is applied to the actual 
geometry model, there is a different behavior of residual 
stress change between S690QL and AH36. The steel grades 
are shown to differ in the local yielding behavior in the first 
peak load and the stability behavior in the following CAL 
cycles. In general, AH36 goes in minor plastic deforma-
tion and reaches stability when the peak load is over. This 
is related to the local cyclic yield strengths in HFMI zones 
that account for the hardening effect depending on steel 
grades: 115% increase rate for S690QL and 163% increase 
rate for AH36 in this study. AH36 has more decreases of 
compressive residual stress (i.e., more relaxation) in Loading 
Case 2 and fewer increases of compressive residual stress in 
Loading Case 3. Thus, the higher steel grades, like S690QL, 
relatively favor the local mean stress, i.e., less local fatigue 
damage, as shown in Fig. 11.

Section 4.3 clarifies the impact of local residual stress 
change on fatigue damage required to initiate a microc-
rack. From this section, the large variability in the resulting 

Fig. 12   Comparison of maxi-
mum stress and SWT parameter 
between S690QL simplified 
and actual geometry models for 
Locations A, B, and C
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maximum stress and SWT parameter at short crack initiation 
(5 µm distance) can be observed in the actual geometry model 
for both S690QL and AH36. This variability level depends 
on the size and locations of surface imperfection, i.e., level 
of stress concentration, and material mechanical properties; 
see Figs. 12a and c and 13a and c. Compared with the SWT 
parameter curve as a function of the crack initiation life for the 
HFMI-treated S700 thin plate from Mikkola et al. [20], all the 
resulting SWT parameters by the S690QL simplified geom-
etry model in this study are below the curve. This implies no 
fatigue crack initiation despite the fatigue failure happening 
for Loading Case 2 which corresponds to a tested condition 
(Nf = 258,750–492,000 cycles) in Yildirim et al. [26]. Thus, 
by missing the surface roughness, the model causes signifi-
cant uncertainties in the local residual stress state, and fatigue 
response, accordingly, cannot estimate the crack initiation and 
short crack growth periods. Therefore, considering the effect 
of surface roughness contributes to developing the robust 
modeling approach for fatigue life estimation especially for 
HFMI-treated engineering components and structures that 
are exposed to high-peak loads. For the maximum stress and 

fatigue damage below the 100 µm depth or more from the sur-
face, there is a relatively small difference between the actual 
and simplified geometry models, as Figs. 12b and d and 13b 
and d indicate. Thus, the simplified geometry model might 
be utilized for estimating long crack periods after the crack 
length of 0.1 mm or more, where linear fracture mechanics 
is assumed to be validated. To highlight the effectiveness of 
investigated numerical approach in this study, estimating 
fatigue life and comparison with the fatigue test results needs 
to be further studied in the future. Furthermore, future studies 
should clarify the physical role of influencing parameters in 
fatigue strength improvement and investigate robust quality 
limits of HFMI treatment.

6 � Conclusion

This study performed the FE simulations to clarify the 
high-peak load effect on local relaxation of residual stress 
and fatigue damage in HFMI-treated high-strength steel 
welded joints. The elastic–plastic simulations simultaneously 

Fig. 13   Comparison of maxi-
mum stress and SWT parameter 
between AH36 simplified and 
actual geometry models for 
Locations A, B, and C
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accounted for the influence of surface roughness and residual 
stress to develop a robust modeling approach for crack initia-
tion and short crack growth important for high-performing 
welds. In addition, the mechanism in the local evolution of 
residual stress in high-strength steels is studied by comparison 
with the results for two structural steels: S690QL and AH36. 
The following draws important findings in this study.

•	 If surface roughness exists in HFMI-treated welds, the 
simplified geometry model that neglects local geometry 
discontinues cannot represent the amount of residual 
stress change and fatigue damage at less than 100 µm 
depth from the surface.

•	 Considering actual HFMI-treated geometry with surface 
roughness in the elastic–plastic FE models is essential to 
a better understanding of failure mechanism and phenom-
enological-based crack initiation and short crack growth 
modeling.

•	 Besides surface roughness, the load history has a signifi-
cant influence on fatigue response, but local relaxation 
of compressive residual stress does not always occur. 
For S690QL, with tensile (1.0 fy) and then compres-
sive (− 0.43 fy) high-peak load cycle leads to a minor 
change of the compressive residual stress near the surface 
imperfection on the HFMI groove, which does not greatly 
affect the increase of fatigue damage required to initiate a 
microcrack. Reversing the order of tensile and compres-
sive high-peak load results in increasing the compressive 
residual stress and thus decreasing the fatigue damage.

•	 The comparison between S690QL and AH36 reveals dif-
ferent yielding behavior in the peak load cycle and stabil-
ity behavior in the CAL cycles near the surface imperfec-
tion, related to the work hardening effect depending on 
steel grades. AH36 tends to have more decreases of com-
pressive residual stress in the high-peak load and fewer 
increases of compressive residual stress in the reversed 
high-peak load. Thus, higher steel grades like S690QL 
work as favorably, i.e., less local fatigue damage when 
the same magnitude of loading scaled by fy is applied.
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