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Abstract

Fatigue enhancement by High-frequency Mechanical Impact (HFMI) treatment mainly

arises from the introduced compressive residual stresses (RS), local grain refinement, and

weld toe geometry improvement. The improvement effects from compressive RS are

diminished depending on the fluctuation range and stress ratio of the fatigue load.

However, existing local stress based methods, such as nominal stress, structural hot-spot

stress, and effective notch stress approaches, are unable to quantitatively consider HFMI-

induced RS, local work hardening, and the behavior of stress relaxation under fatigue

loading. This means that numerous fatigue tests are necessary to obtain S-N curves for each

process condition when investigating the effect of HFMI process parameters (such as the

peening indentation, peening tool radius, peening angle, and peening frequency) on fatigue

improvements.

This study proposes a multi-process numerical simulation model to estimate local RS

and improved shape profiles induced by HFMI treatment in welded joints. HFMI-treated

flat plate and out-of-plane gusset welded joint specimens are fabricated using SM490 steel.

The surface topography for the treated zone, RS before and after the HFMI process, and

thermal cycles during the welding process are experimentally investigated to calibrate and

validate the proposed simulation approach. Both simulated local deformed shape profiles

and RS are in good agreement with the measurements.

A local MIL-HDBK-5D equivalent stress (LMES) based fatigue assessment approach is

then proposed to investigate the fatigue life of the out-of-plane gusset welded joints made of

SM490 steel considering the means stress effect. The LMES range is identified by the

elastic-plastic local stress cycle (EP-LSC) which is simulated by the muti-process finite

element (FE) analysis including welding, post-weld treatment (including Post-weld heat

treatment or HFMI), and fatigue load process. The LMES distribution suggests a shift of the

crack initiation site in the HFMI groove with an increasing external fatigue load. Based on

the maximum LMES range of each specimen, nominal S-N data for as-welded (AW) and

HFMI specimens are consolidated into a single curve. This LMES based S-N curve can be

used for evaluating fatigue life comprising the influence of HFMI-induced RS, cyclic stress

relaxation, and local weld toe geometry welded joints studied in this work.
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CHAPTER 1

Background
1.1 Factors affecting fatigue of welded joints

Fatigue is a common mode of structural damage [1-2]. When a structures is subjected to

cyclic loading, the repeated stress cycles cause microscopic cracks to initiate and propagate

within the material. These cracks gradually grow in size with each stress cycle until they

reach a critical size, at which point catastrophic failure can occur without any significant

deformation or warning signs. For welded structures, the vicinity of the weld bead, such as

the weld toe and weld root, is more likely to be the crack initiation site due to geometric

discontinuities or welding defects [3]. Since the welded joint is usually a weak point of the

entire structure, researches on fatigue failure in welded structures has attracted extensive

attention from industry and academia for over a century [4]. There are many factors which

affect the fatigue of welded joints including the weld shape, weld imperfection, size effects,

residual stresses, and Material properties.

1.1.1 Weld shape

Weld toe is the junction of the plate face and weld metal. The abrupt change in cross-

section shape near the weld toe leads to uneven stress distribution along the thickness

direction when the welded structure is subjected to external loads, as shown in Fig. 1.1. The

magnitude of the peak stress depends the several factors, such as the weld type, dimension

of structures, and toe radius [5]. For example, a fillet weld usually has more severe stress

concentration compared with that of a butt weld; a smooth weld toe with a larger toe radius

can help reduce stress concentrations and enhance fatigue performance [6-9].

Some of the joints, such as shown in Fig 1.1 (b), has another feature called weld root

which also causes stress concentrations due to geometric discontinuities [10-12]. For partial

penetration welds, weld root is similar to a pre-existing crack if it is transverse to the

external loading. In such case, weld root can be more severe than weld toe and become the

crack initiation site. Since post-weld treatments, such as the peening treatment and TIG

dressing, are hard to be applied at weld root, the potential risk of root-caused failure should

be diminished by mean of reasonable weld design and welding processes [13].
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Fig. 1.1 Stress concentration at weld toe for (a) the butt joint and (b) T-joint

1.1.2 Weld imperfection

Weld imperfections are widely present in practical welded structures [14,15]. From the

aspect of fatigue, these imperfections can be divided into two categories: welding flaw and

misalignment [16,17]. Typical welding flaws include the lack of fusion, incomplete

penetration, undercut, under filled, overlap, porosity, etc. These defects can also cause stress

concentrations, similar to the action of weld toe and root. If a welding flaw becomes the

region with most severe stress concentration, for welded structures, fatigue cracks will be

prone to initiate at this flaw and thus reduce the fatigue strength. In addition, the structure

with a high fatigue performance is more sensitive to weld flaw [4,5]. For example, the butt

joints, especially for those subjected to the grinding process, has a relatively smooth weld

toe shape. Therefore, the stress concentration at weld flaw is more likely to exceed that at

weld toe and become a crack initiation site.

Misalignment, including axial misalignment and angular distortion shown in Fig. 1.2, is

another important weld imperfection which affects the fatigue performance. When an axial

load is applied to the welded joint, misalignment leads to the introduction of local

secondary bending stress, thus reducing fatigue life [18,19]. This secondary bending stress

does not cause new crack initiation site, but increase the severity of existing defects (such as

welding flaw , weld toe, and weld root). In addition, the effect of misalignment on fatigue

life is slight under purely bending load.
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Fig. 1.2 Misalignment in welded joint. (a) Axial; (b) Angular.

1.1.3 Size effects

In general, the fatigue strength of a structure decreases with increasing size [20]. For

non-welded parts, the large size means an increased probability of defects and an increased

severity of stress concentrations due to geometry. For welded structure, size effects are

mainly associated with geometry-related stress concentrations. The magnitude of stress

concentration at the weld toe increases and thus reduces the fatigue performance, with the

increasing dimensions of the welded joint such as plate thickness and attachment length.

Existing design recommendations [21] or design guidelines [22] introduce a strength

reduction factor γt to consider size effects if the plate thickness t is larger than t0 = 16-25mm,

as described in Eq.(1).

 t 0 /
nt t  (1)

where t0 is the plate thickness corresponding to design S-N curve; t is the actual plate

thickness; n is the exponent depending on the type of weld detail.

1.1.4 Residual stresses

Welding residual stresses are inevitably introduced into the vicinity of the heat-affected

zone (HAZ) after welding, due to the non-linear plastic behavior of the material caused by

rapid local heating and cooling [23, 24]. Welding residual stress usually presents high

tensile stresses, especially for structures with thick dimensions [25,26]. These tensile

stresses increase the level of the mean stress under dynamic loading and thus reduces the

fatigue strength of the structure [27].
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Although tensile residual stress is considered to be a harmful factor for the fatigue

strength of a structure, there is usually no need to consider residual stresses specifically in

the structure design, as their effects are already included in the design S-N curve. However,

for stress relieved components with negligible residual stress, the beneficial effects of

residual stress reduction may not be ignored [21]. In such cases [5], the permissible stress

ranges depend on mean stress (expressed by stress ratio R), as shown in Fig. 1.3. For fully

tensile load (R>0), the fatigue data from stress-relieved joints are virtually the same as that

of as-welded joints, while a considerable difference in fatigue performance is observed for

cases with R<0.

Fig. 1.3 Fatigue tests results of stress-relieved fillet welds in steel for (a) R > 0, (b) R <0. (c)

Fatigue strengths at 2x106 cycles for as-welded and stress-relieved joints [5].

1.1.5 Material properties

The influence of material properties on material fatigue strength is mainly manifested in

the crack initiation phase. For non-welded materials with a smooth surface, the crack

initiation life is a dominant part of the total fatigue life [2, 28]. Therefore, their fatigue

strength normally increase with the material tensile strength. However, the tensile strength

of materials has a slight effect on fatigue life for as-welded joints [29, 30]. This is due to the

facts that there are always unavoidable defects in the welded structure (such as weld flaws,

weld toe, and root) and the crack initiation life of welded components made of high strength

steel is sensitive to notch effects which offset the beneficial effect of tensile strength on

fatigue. In addition, the rate of crack propagation is relatively insensitive to microstructure
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and material tensile strength. This means that the usage of high-strength steels can not

improve the fatigue strength in the crack propagation phase.

1.2 High Frequency Mechanical Impact (HFMI) treatment

1.2.1 Overview of HFMI treatment

To enhance fatigue performance, several post-weld improvement techniques are

developed and applied in industrial manufacturing [31]. As mentioned in section 1.1, there

are many factors that affect fatigue life. Herein, the residual stress factor and the weld shape

factor are relatively facilitate to control actively after welding. Post-weld improvement

techniques can also be characterized as two types: residual stress methods and weld

geometry improvement methods, as shown in Fig. 1.4.

Fig. 1.4 Overview of different weld improvement techniques [31].

Among these post-weld improvement techniques, High-frequency Mechanical Impact

(HFMI) treatment is developed as a new post-welded technique and has shown tremendous

potential for fatigue life improvement [32-33]. This treatment has attracted the interest of

both industry and research institutions due to its dependability, efficiency, and user-

friendliness. Recommendations from International Institute of Welding (IIW) [33] use the

term of HFMI treatment to describe a variety of related technologies, including ultrasonic

impact (UIT), ultrasonic peening (UP), ultrasonic peening treatment (UPT), high frequency

impact treatment (HiFiT), pneumatic impact treatment (PIT), and ultrasonic needle peeing

(UNP). The HFMI peening system consists mainly of the peening gun and energy sources,

as shown in Fig. 1.5. Despite the diverse power sources, the operating principles of these

technologies are identical: a cylindrical pin is accelerated hit the weak points of the

specimen with a high frequency (> 90 Hz) thus achieving fatigue life enhancement. The
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appearance of the weld toe before and after HFMI treatment is shown in Fig. 1.6.

Fig.1.6 Typical HFMI devices available worldwide. (a) UIT, (b) UP, (c) HiFiT and (d) PIT.

Fig.1.7 Appearance of weld toe. (a) As-welded toe, and (b) HFMI-treated toe.

1.2.2 Beneficial effects of HFMI treatment on fatigue improvement

It is known that HFMI treatment can improve the fatigue performance of welded joints.
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International Institute of Welding (IIW) recommendation by Marquis and Barsoum [33]

describes the HFMI-enhanced fatigue class as a function of the base materials' yield

strength (fy): approximately 12.5% increases in fatigue strength per 200MPa in fy. The

HFMI treatment provides the most significant fatigue strength improvement for structure

steel with fy > 950MPa, up to 8 FAT-class.

The favorable benefits of HFMI treatment on fatigue enhancement arise from the

introduced compressive residual stresses (RS), local grain refinement, and weld toe

geometry improvement. As-welded (AW) RS at the weld toe, which typically exhibits high

tensile stress, can be replaced by HFMI-induced compressive RS. This compressive RS

reduces the mean stress level under dynamic loading and improves the structure's fatigue

resistance [2-3]. HFMI treatment can generate a strain-hardened layer and refine the

microstructure of materials. Yamaguchi et al.[34] investigated the effects of local work

hardening on fatigue performance using arc-welded ultra-high strength steel joints treated

by micro-needle peening. They found that the twin boundary of lath martensite is prone to

be a crack initiation site for AW joints; the peening process can change the microstructure

near the weld toe, prevent crack initiation at the boundaries and enhance the fatigue

toughness. Moreover, the weld toe geometry can be improved by HFMI treatment. The

weld toe with a radius of < 1 mm is expanded into an HFMI groove with a typical depth of

0.2-0.6 mm and width of 3-6 mm [33], which reduces the stress concentration and thus

improves fatigue performance.

1.2.3 Numerical investigation on HFMI Treatment

Many studies focused on numerical simulations of the HFMI-induced stress field using

the finite element method (FEM). Baptista et al. [35] developed a full dynamic model of the

hammer peening process based on finite element (FE) analysis code ABAQUS. The

hammer peening load of 7 MPa was determined by using strain gauges that were glued on

the hammer tool and then applied to the tool’ model as an instantaneous load in explicit FE

analysis. The fully dynamic model allows more complex simulations, such as primary

impacts as well as secondary impacts that occur between each stroke, showing superiority

over static models. This simulation method is termed force-controlled simulation (FCS) in

the follow-up research. Hu et al. [36] established a 3-D dynamic FE model to analyze the

elastic-plastic ultrasonic impact treatment (UIT) process of multiple impacts on the 2024

aluminum alloy. The influences of UIT parameters, such as impact velocity, pin diameter,

feeding speed, and offset distances, on the RS distribution were investigated and the desired
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RS can be obtained by optimizing the controlled parameters. Deng et al. [37] studied the

effects of HFMI-induced RS on fatigue improvement for butt joints using a structural hot

spot stress approach. The stress distribution at the vicinity of the treated weld toe was

simulated by a 3-D FE model using the FCS method. The initial velocity determined by a

high-speed video camera was applied in HFMI simulation. Ernould et al. [38] proposed a

method for characterizing the pin kinetic during the HFMI treatment. The contact force and

hammer frequency are measured with strain gages, and both primary and secondary impacts

were considered in the simulation. Schubnell et al. [39] introduced a process parameter,

coverage value, to quantify the process quality for HFMI treatment. They investigated the

influence of this parameter on RS state and work hardening for flat specimens with different

steel grades. The simulation work was performed using the commercial software Abaqus

and VUAMP user subroutine.

An alternative method of the FCS for HFMI analysis is called displacement-controlled

simulations (DCS) [40]. In the DCS, the peening tool is modeled as a rigid body, and its

displacement is set during the treatment. The axial movement of the tool is usually

simplified as sinusoidal motion ignoring secondary impacts [41]. Foehrenbach et al. [42]

compared the HFMI-induced RS obtained by the FCS with those given by the DCS as well

as with the measured RS by the neutron diffraction method, using HFMI-treated S355J2H2

flat plates. The two methods show similar predicted accuracy of RS, but the calculation time

of FCS was about 3 to 4 times longer than that of the DCS. In addition, FCS needed more

input parameters: impact velocity and contact force, which increased the cost of usage.

Khurshid et al. [43] investigated RS induced by UIT in S355, S700MC, and S960 grades

streel experimentally and numerically. The DCS was carried out considering the effect of

different materials models. The results revealed that simple isotropic hardening models and

strain rate-dependent isotropic hardening models can sufficiently estimate the RS state to a

depth of less than 0.8 mm. Banno et al. [44] numerically investigated the influence of under

and over-treatment on the RS state induced by HFMI. It was observed that a high feed rate

of treatment can influence the RS state near the treated surfaces, and the increasing hits

were independent of the amount of RS for over-treatment conditions.

Recent works focused on the RS relaxation or stability in HFMI-treated welds after

single or multiple cyclic external loads. Although the beneficial effects of HFMI treatment

are related to induced-compressive RS, the values can be reduced when the sum of the local

RS and external load exceeds the fy of materials. Hence, it is needed to also consider the RS
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relaxation under the external load while assessing the benefits of HFMI for the treated

structures. Leitner et al. [45] studied the effect of cyclic loading on compressive RS fields

induced by HFMI post-weld treatment using mild steel S355 and high-strength steel S960

specimens. They performed the first five load-cycles simulations and compared the

simulated RS with that of X-ray measurement. It was shown that RS relaxation mainly

occurs during the first cycle and the change of RS within 2-5 cycles can be ignored.

Schubnell et al. [46] compared RS relaxation under single tension and compression

overloads for HFMI-treated joints made of different grades of steel. High compression loads

lead to full RS relaxation at the weld toe of S960QL and moderate relaxation for S355J2,

while High tension loads lead only to slight relaxation. Ruiz et al. [47] performed HFMI

and cyclic loading simulations of out-of-plane gusset welded joints to investigate the RS

relaxation under constant amplitude and compressive spike loads with various amplitudes.

The recommendations on RS relaxation simulation were presented in their work.

It has so far been a challenge to develop a practical and efficient numerical analysis

system for estimating HFMI-induced RS in welded structures, although the analytical

framework for HFMI simulations has been established. The balance between accuracy and

efficiency of calculation is an important issue in numerical studies. As mentioned above, a

reliable prediction of RS fields can be obtained by detailed FE modeling, such as the use of

fine FE meshes, complex material hardening models, accurate pin motion, and contact force.

However, such a simulation model needs more computational cost and numerous analytical

parameters, making it difficult to solve engineering problems, especially for large welded

structures.

1.2.4 Fatigue assessment approach for HFMI-treated joints

IIW recommendations [21,33] provide several assessment approaches of fatigue life

based on the nominal, structural hot-spot, and effective notch stresses. The improvement

effect of HFMI treatment is taken into account by introducing an enhancement factor and

modifying the slope of design S-N curves. The FAT classes of design curves are described

as functions of stress ratio and yield stress. However, these approaches need to be calibrated

by a large amount of fatigue test data and sometimes lead to overly conservative

assessments. Yildirim et al. [48, 49] examined all available experimental data on the fatigue

strength of HFMI-treated joints by using the effective notch stress approach and the

structural hot-spot stress approach. They found that the existing IIW characteristic curve is

conservative with respect to more than 95% of available fatigue test data. Further research
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[50-53] has validated this view. In addition, these methods are unable to quantitatively

consider HFMI-induced RS and the behavior of stress relaxation under fatigue loading. This

means that numerous fatigue tests are necessary to obtain S-N curves for each process

condition when investigating the effect of HFMI process parameters (such as the peening

indentation, peening tool radius, peening angle, and peening frequency) on fatigue

improvements. It will significantly increase the period and cost of industrial product design.

The fracture mechanical approach is an alternative way to estimate the fatigue life of

HFMI-treated joints [53-55]. HFMI-induced local RS and deformed shape profiles are

obtained by 3-D finite element (FE) analysis. Then, the weight function approach is applied

to calculate the SIF value considering the RS on the crack face. The crack propagation life

is calculated based on fatigue crack growth laws. Although the fracture mechanics based

approach can predict the fatigue life considering the RS, it has a more complicated

calculation process and is therefore difficult to apply to practical problems. Furthermore, it

is hard to create a FE mesh with cracks considering the deformed shape caused by HFMI

and to determine the size of the initial crack.

1.3 Mean stress effect correction methods

Even if the materials are subjected to the same stress range, different mean stress level

can lead to can lead to variations in fatigue strength. It is known that the tensile residual

stress increases the mean stress level of the fatigue cycle, resulting in a reduction in the

fatigue life of structures. Therefore, mean stress analysis is necessary to quantitatively

evaluate the effect of residual stress on fatigue strength of welded structures. Several mean

stress analysis methods are presented in this section.

1.3.1 Goodman approach

The most well-known correction method of mean stress effect is Goodman relation [56-

58] (also called Goodman diagram). This relation can be described by the following

equation:

m
a w

T

(1 ) 


  (2)

where σa is the stress amplitude for fatigue loading with a nonzero mean stress; σw is the

stress amplitude for completely reversed loading; σm is the mean stress of fatigue loading;

σT is the ultimate tensile strength of the material. This equation characterizes a linear
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relationship between the mean stress and the permissible fatigue stress range.

1.3.2 IIW recommendation approach

IIW [33] provides a fatigue strength modification method considering the effect of

residual stresses state and mean stress effects (expressed by the stress ratio R) based on the

fatigue enhancement factor f(R). This factor f(R) can be used to correct the FAT class of

design S-N curve, so that the effect of residual stresses can be taken into account. Three

cases are distinguished based on structural characteristics and stress conditions.

(1) Un-welded structure with negligible residual stress (< 0.2 fy) or stress-relived welded

components; The effects of constraints and secondary stress has been fully consideration in

analysis; No constraints in assembly.

1.6 1
( ) 0.4 1.2 0.5

1 0.5

R
f R R R

R

  
      
  

(3)

(2) Small-scale and thin-well structures with short welds; Un-welded structures with

thermal-cut edges; No constraints in assembly.

1.3 1
( ) 0.4 0.9 0.25

1 0.25

R
f R R R

R

  
      
  

(4)

(3) Two- or three-dimensional welded components; Thick-wall welded structures;

Components welded with strong external constraints.

( ) 1f R   (5)

1.3.3 MIL-HDBK-5D approach

For load-control fatigue data, MIL-HDBK-5D Standard [59] provides an approach to

consolidate the S-N data of aluminum alloy materials at various stress ratios based on an

equivalent stress parameter Δσn-eq. The new S-N curve is described by the following

equation:

 n-eq max 1 R     (6)

1 2 n-eqlog logN c c    (7)

where σmax is the maximum value in the nominal stress cycle; R is the stress ratio; N is the
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number of cycles to failure; c1, c2, and α are material parameters.

Matsuoka et al.[60, 61] investigated the fatigue crack initiation life of welded joints

using the MIL-HDBK-5D approach. The hot-spot stress component based equivalent stress

range Δσh-eq can be described as the following equation:

 1*
h-eq max RS)K K

   


     (8)

y max y max RS
*
RS RS

y min y min RS

otherwise
f K f K

f K f K

  

 
  

      
 
       

(9)

where fy is the yield stress; K is the structural stress concentration factor; Δσ is the nominal

stress range; σmin is the minimum stress in the fatigue cycle; σRS is the residual stress; σ*RS is

the stabilized residual stress. Stress relaxation is determined by the yield strength of

materials and the hot-spot stress. Eq. (9) explains the variation in the RS due to fatigue

loading. In their study, a series of fatigue test data in AW conditions were analyzed. The

welding RS for each specimen was estimated by the inherent strain method. Matsuoka

utilized the least squares method to fit the material parameter α = 0.6485 in Eq. (8).

1.4 Problem statement

1.4.1 HFMI simulation

It has so far been a challenge to develop a practical numerical analysis system for

estimating HFMI-induced RS in welded structures. In the actual HFMI processing, the

movement of the pins is complex and random. So far, there was no consensus on how to

determine the parameters involved in the HFMI simulation, although the analytical

framework has been established during the last decade.

The notch radius at the weld toe or HFMI groove affects the stress concentration as well

as the fatigue performance. Therefore, accurate simulation of the shape profile of HFMI

groove is essential for the complete fatigue life assessment system which can consider the

fatigue improvement by HFMI. However, few studies have presented the simulated shape

profile at HFMI-treated weld toe and its validation, and they focused mainly on the HFMI-

induced RS.

The balance between accuracy and efficiency of calculation is an important issue in

numerical studies. Ultra-fine mesh is necessary for HFMI simulation to calculate

dramatically altered stresses at the treated regions. On the other hand, welding RS needs to
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be taken into account as an initial condition for HFMI analysis. Previous researchers have

used the same ultra-fine mesh in welding analysis as in HFMI simulation, which results in

an unnecessary waste of computational resources making it difficult to solve engineering

problems, especially for large welded structures.

1.4.2 Fatigue assessment of HFMI-treated joints

IIW recommendations provide several assessment approaches of fatigue life based on the

nominal, structural hot-spot, and effective notch stresses. The improvement effect of HFMI

treatment is taken into account by introducing an enhancement factor and modifying the

slope of design S-N curves. The FAT classes of design curves are described as functions of

stress ratio and yield stress. However, these approaches need to be calibrated by a large

amount of fatigue test data and sometimes lead to overly conservative assessments.

In addition, these methods are unable to quantitatively consider HFMI-induced RS and

the behavior of stress relaxation under fatigue loading. This means that numerous fatigue

tests are necessary to obtain S-N curves for each process condition when investigating the

effect of HFMI process parameters (such as the peening indentation, peening tool radius,

peening angle, and peening frequency) on fatigue improvements. It will significantly

increase the period and cost of industrial product design.

1.5 Objective and Framework

1.5.1 Specific objectives

Given the literature gap, this first objective of this study is to propose a multi-process

numerical simulation model to estimate local RS and improved shape profiles induced by

HFMI treatment in welded joints. Firstly, the welding simulation is performed by thermal-

elastic-plastic finite element (TEPFE) analysis using a coarse finite element (FE) mesh

model. The zooming technique is then applied to transfer simulated as-welded RS to the

ultra-fine mesh used in HFMI analysis as initial stresses. Finally, the numerical analysis of

HFMI-induced RS is carried out using the optimized displacement-controlled numerical

simulation method. An HFMI-treated out-of-plane gusset welded joint specimen was

fabricated using SM490 steel. The surface topography for the treated zone, RS before and

after the HFMI process, and thermal cycles during the welding process were experimentally

investigated to calibrate and validate the proposed simulation approach.

The second objective is to propose a local MIL-HDBK-5D equivalent stress (LMES)

based fatigue assessment approach to investigate the fatigue lives of HFMI-treated gusset
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welded joints made of SM490. The LMES range is identified by the elastic-plastic local

stress cycle simulated by the muti-process finite element analysis, including welding, HFMI,

and fatigue loading processes. Using the LMES, Fatigue test results of AW and HFMI joints

are consolidated into a single S-N curve. This LMES based S-N curve can be used for

evaluating fatigue life comprising the influence of residual stress, cyclic stress relaxation,

and local weld toe geometry for welded joints studied in this work.

1.5.2 Framework of the thesis

This thesis can be divided into six chapters.

1) In chapter 1, the background of this work is presented, including numerical simulation of

HFMI treatment and the fatigue assessment approaches. The main objectives and

framework of this thesis are also discussed.

2) In chapter 2, the numerical and experimental investigations of an HFMI-treated flat plate

made of SM490 steel are performed to better understand the features of HFMI-induced

residual stresses and local shape profile. A dynamic explicit elastic-plastic FE (EP-FE)

model is developed based on the commercial FE code MSC. Dytran. Mesh sensitivity

analysis is conducted to determine the suitable FE element sizes near the treated zone

with a balance of computational accuracy and efficiency. The effects of HFMI

parameters including peening length and indentation are investigated numerically. The

recommendations of optimum simulation conditions are presented based on simulation

results.

3) In chapter 3, a practical and efficient numerical simulation procedure for the HFMI

treatment of welded joints is proposed. The local RS and shape profile are studied by

performing thermal-elastic-plastic FE (TEPFE) welding and subsequent dynamic

explicit FE (DEFE) HFMI analyses of the out-of-plane gusset welded joints. The

zooming technique is employed, and the as-welded stress calculated by using a coarse

FE mesh is transferred to the ultra-fine mesh as the initial loading of HFMI analysis. In

HFMI analysis, an optimized DCS method is developed. The peening tool’s FE mesh is

modified so that the wide groove profile caused by the lateral movement of the tool can

be simulated. The validation is carried out by comparing calculated HFMI groove

profiles and the RS distributions with those measured by the 3-D Scanner and X-ray

equipment.

4) In chapter 4, a local MIL-HDBK-5D equivalent stress (LMES) based fatigue assessment

approach is proposed. This new stress parameter called LMES is calculated based on
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local elastic-plastic stress cycle, which allows quantitative assessment of residual stress

effect on fatigue life. To validated this approach, a set of as-welded and PWHT gusset

joints is fabricated using SS400 steel, followed by stress measurements and bending

fatigue tests with stress ratios of R=-1. To obtain the stress distributions of specimens,

welding, PWHT, and cyclic external load analysis were performed by using elastic-

plastic finite element (FE) code JWEIAN. The mean stress effect related to RS is

analyzed by using the equivalent stress parameter in MIL-HDBK-5D approach.

5) In chapter 5, the LMES range is employed as the stress parameter for fatigue assessment

of HFMI-treated gusset joints. This stress parameter is identified from the local stress

cycle along the surface of the HFMI groove for specimens subjected to cyclic loads. The

local stress cycle is simulated by a muti-process simulation system including thermal-

elastic-plastic FE (TEP-FE) welding analysis, dynamic explicit elastic-plastic FE (EP-

FE) HFMI analysis, and EP-FE cycling loading analysis. To validate the proposed

fatigue assessment approach, a set of AW and a set of HFMI out-of-plane gusset joints

are fabricated using SM490 steel, followed by uni-axial fatigue tests with stress ratios of

R = 0. Combined with the simulated stress results, the LMES based S-N curve is

calculated, which enables a quantitative evaluation of the improvement effects of HFMI

treatment.

6) In chapter 6, the overall summary of the thesis is presented. Recommendations for future

research of fatigue assessment of welded structures improved by HFMI are also

concluded.
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CHAPTER 2

Numerical simulation of HFMI treatment on the flat plate
2.1 Introduction

To better understand the features of HFMI-induced residual stresses and local shape

profile, an HFMI-treated flat plate made of SM490 steel (fy=388 MPa) is investigated

numerically and experimentally. A dynamic explicit elastic-plastic FE (EP-FE) model is

developed based on the commercial FE code MSC. Dytran. The elastic-plastic behavior of

materials during the HFMI treatment is considered using a non-linear isotropic hardening

model.

The validity of the proposed HFMI simulation process is examined by comparing the

results of flat plate peening obtained by numerical simulation with the experiment. The

residual stress on the surface of the flat plate is measured by the X-ray diffraction method.

The shape profile of the HFMI groove is measured by a laser scanner.

Mesh sensitivity analysis is conducted to determine the suitable FE element sizes near

the treated zone with a balance of computational accuracy and efficiency. The effects of

HFMI parameters including peening length and indentation are investigated numerically.

The recommendations of optimum simulation conditions are presented based on simulation

results.

2.2 Experimental work

A HFMI treated flat plate specimen of SM490 is used in this work, as shown in Fig. 2.1.

The dimension of the specimen is 100×80×9 mm. The HFMI treatment is carried out by a

robotic peening machine (see Fig. 2.1(a)) along a straight path of 80 mm with a travel speed

of 10 mm/s and a hammering frequency of 80 Hz. A pin with a tip radius of 1.5 mm is

applied in the peening process. The flat plate is held in place by bolts during HFMI

treatment, as shown in Fig. 2.1(a). A 3-D laser-scanner equipment (LS100CN) is used to

measure the peening indentation profile after treatment. To evaluate residual stress on the

surface of specimen, the X-ray diffraction testing is employed with 2 mm measuring radius.

The measurement location is shown in Fig. 2.1(b).
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Fig. 2.1 (a) HFMI equipment, (b) geometry of flat plate specimen.

It should be noted that the mentioned experimental parameters do not follow strictly the

IIW recommendations. However, the hammering treatment used in this work is still

described as HFMI treatment since the processed result meets the IIW recommended value,

e.g. 0.2 mm peening depth, which is shown in detail in subsequent sections.

2.3 Elastic-plastic dynamic FE analysis

A 3-D FE mesh using 8-node solid element is developed with the same geometry of the

flat plate specimen, as shown in Fig 2.2. To save the computing time, only half of the flat

plate (Y-Z plane as symmetric plane) is modeled due to the symmetry. The size of the

smallest element in the vicinity of treated zone is 0.15×0.15×0.15 mm. For the rest of the

mesh, the element size increases with the distance to treated zone in order to balance

analysis efficiency and accuracy. A pin with a radius of 1.5 mm is meshed as a rigid surface,

using 4-node 2-D shell element. In the HFMI analysis, all nodes on the lower back face and

nodes near the hole used for fixed specimen are constrained in X, Y and Z direction.

Symmetric boundary condition is applied on the Y-Z plane at the same time. The pin is

constrained in X direction and X, Y, Z axis rotation, the displacement is controlled along

the Y (flat motion) and Z (sine motion) direction for peening treatment. A contact pair is

defined between the tool’s tip (master surface) and the specimen (slave surface), using the

penalty function method. The friction coefficient is set to be 0.3. It was reported that good

agreement with RS measurement is achieved by performing partial length HFMI simulation

[47]. To save analysis time, the peening length is set to 6mm in simulation.
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Fig. 2.2 FE mesh of the flat plate and peening tool.

Displacement-controlled (DC) simulations method is employed in this analysis due to

easy access to analysis parameters and less computing time comparing with force-controlled

(FC) simulations method. For DC simulations, the amplitude of pin displacement a is an

essential parameter which is the sum of enforced indentation ue and the distance between

pin tip and upper surface of the specimen d, as shown in Fig. 2.3(a). However, it is different

to directly obtain the enforced indentation ue by measurements due to the elasticity of the

material. One method is to investigate the relationship between ue and up, and then calculate

the ue according to the experimental up. To determine the indentation in this study, four

HFMI peening simulation cases with assumed ue of 0.22, 0.25, 0.35 and 0.5 mm are

performed, so that the fitted curve is obtained according to assumed ue and simulated up, as

shown in Fig. 2.3(b). The measured up is 0.209 mm, so the ue is 0.234 mm from the fitted
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curve. The distance d is assumed to be 1 mm and it is taken into account when creating the

FE mesh model. Thus, the amplitude a is set to 1.234 mm in HFMI simulation.

Fig. 2.3 Identification of amplitude of pin displacement a in Z-direction. (a) Schematic

diagram of the normal motion (Z-direction) of the tool, (b) Relationship between enforced

indentation ue and permanent indentation up.

The choice of material hardening model is an important issue in HFMI analysis as it has

a significant impact on the RS distribution. Foehrenbach et. al [42] compared simulated RS

field obtained by using isotropic, kinematic and Chaboche hardening models. It revealed

that best agreements with RS measurements was achieved by means of Chaboche hardening

model, and a simple isotropic model gave an acceptable RS distribution up to 0.8 mm depth.

In this work, non-linear isotropic hardening model is chosen, and material data is prepared
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from full stress-strain curve, as shown in Fig. 2.4. MSC. Dytran allows the engineering

stress-strain data to be used as the standard input data. The elastic modulus E and yield

strength σ0 are updated with incremental steps according to the accumulated plastic strain εp.

The initial E and σ0 are set to 210 GPa and 388 MPa respectively. The Poisson’s ratio ν is

set to 0.3. In addition, the effects of strain rate-dependent hardening is ignored in the current

study.

Fig. 2.4 stress-strain curve of SM490 steel.

To reduce the cost of analysis, the load rate scaling method was employed in HFMI

simulation. The concept of this method is to artificially increase the impact velocity and

frequency, so that the same simulated process is completed in a shorter time step while

keeping the similar effect of experiment. The load rate scaling method is used to shorten the

simulation time and achieve a good accuracy if model has rate-independent materials. In

this work, the up-scaling rate is set to 80, which means that the actual travel speed and

hammering frequency used for simulation are 800 mm/s and 6400 Hz respectively, 80 times

higher than the experimental parameters.

2.4 Comparison of Numerical Results with Experiment

Fig. 2.5 shows the comparison of simulated and experimental peening groove profile.

The peening depth is over 0.2 mm, which fulfills the IIW recommendations [33]. Both

peening width and depth obtained by FEM match with the measured data well, which

verifies the developed empirical formula and the HFMI simulation system. Fig. 2.6 shows
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the comparison of longitudinal RS obtained by simulation and X-ray measurement. As can

be seen from Fig. 2.6, compressive stress with a peak over 300 MPa is introduced in the

treated zone. The HFMI-induced stresses decrease gradually with the distance from the

treated zone center, with values close to 0 in areas up to 10 mm away from the weld toe.

Overall, the calculated RS shows a good agreement with measured data. Therefore, the

HFMI parameters and chosen hardening model in analysis are reasonable.

Fig. 2.5 Comparison of peening groove profile obtained by FEM and experiment along Path

AB.

Fig. 2.6 Comparison of simulated RS (σxx) and X-ray measurement along Path AB.
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2.5 Effect of Analysis Condition

Model simplification and parameter optimization are important issues in simulation work.

Reasonable simplification can greatly improve the efficiency of analysis while maintaining

acceptable accuracy, which helps to extend the applicability of the simulation model,

especially to more complex problems in practice. In this section, the effects of FE mesh size,

peening length, and peening indentation are investigated numerically. These simulation

results help to determine reasonable analysis conditions and give simulation

recommendations.

2.5.1 Mesh size

Fig. 2.7 compares residual stress (σxx) distribution induced by HFMI treatment

simulated by FE meshes of different sizes. The mechanical boundary condition, enforced

indentation (0.2 mm), material properties, hardening model, and contact setting are the same

in all four cases, as mentioned in section 2.3. It can be seen from Fig.2.6 that the

distribution of residual stresses in the HFMI groove is highly complex. There is a large

stress gradient in the through-thickness direction. Fig. 2.8 digitally presented the

distribution of residual stresses along the through-thickness direction. The mesh sizes near

the treated zone has a significant influence on residual stresses. To balance analysis

efficiency and accuracy, the recommended mesh size is 0.15×0.15×0.15 mm. Herein, the

ratio of pin radius to mesh size is 10.

Fig. 2.7 Residual stress (σxx) contours after HFMI treatment simulated using FE meshes of
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different sizes.

Fig. 2.8 The distribution of HFMI-induced residual stresses along the through-thickness

direction simulated using FE meshes of different sizes. (a) σxx (b) σyy and (c) σzz stress

components.

2.5.2 Peening length

Fig. 2.9 show the distribution of residual stresses along the through-thickness direction

after HFMI treatment with different peening length. It can be seen that the peening length

has a slight effect on residual stress when peening length > 4mm. To save the analysis time,

HFMI simulation of 6 mm is sufficient to obtain an reasonable stress distribution.
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Fig. 2.9 The distribution of residual stresses along the through-thickness direction after

HFMI treatment with different peening length. (a) σxx (b) σyy and (c) σzz stress components.

2.5.3 Peening indentation

Fig. 2.10 compares the residual stress distributions after HFMI treatment with different

peening indentations. The peak and range of compressive stress in the through-thickness

direction increase with peening indentation. For accurate evaluation of residual stress

distribution, it is necessary to determine the simulation parameters, such as the amplitude of

pin displacement, based on the measured peeing indentation values.
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Fig. 2.10 The distribution of residual stresses along the through-thickness direction after

HFMI treatment with different peening indentations. (a) σxx (b) σyy and (c) σzz stress

components.

2.6 Summary

A dynamic explicit elastic-plastic FE (EP-FE) model is developed based on the

commercial FE code MSC. Dytran. The elastic-plastic behavior of materials during the

HFMI treatment is considered using a non-linear isotropic hardening model. The validity of

the proposed HFMI simulation process is examined by comparing the results of flat plate

peening obtained by numerical simulation with the experiment. The effects of FE mesh

sizes, peening length, and peening indentation are investigated numerically. Following

conclusion could be made:

(1) The residual stress and peening groove profile obtained by flat plate peening

simulation match well with the measurements, which shows the validity of the developed

analysis method and employed input parameters.

(2) Considerable compressive RS with peak of 686 MPa (σxx) and 725 MPa (σyy) is

introduced by HFMI treatment in the vicinity of the treated zone.
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(3) The mesh sizes near the treated zone has a significant influence on HFMI-induced

residual stresses. The ratio of element size in the treated region to the tool’s tip radius

should be less than 0.1

(4) The peening length has a slight effect on residual stress. To save the analysis time,

HFMI simulation of 6 mm is sufficient to obtain an reasonable stress distribution.
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CHAPTER 3

Numerical simulation on theHFMI-treated gusset welded joint
3.1 Introduction

To evaluate the fatigue enhancement of welded structures caused by HFMI process, the

introduced compressive RS and improved toe profile of the weld need to be investigated.

The compressive RS affects the mean stress level under dynamic loading and thus improves

the fatigue strength. The notch radius at the weld toe affects the stress concentration as well

as the fatigue performance. However, few studies have presented the simulated shape

profile at HFMI-treated weld toe and its validation, and they focused mainly on the HFMI-

induced RS. In addition, there was no consensus on how to determine the parameters

involved in the HFMI simulation, although the analytical framework has been established

during the last decade.

The balance between accuracy and efficiency of calculation is an important issue in

numerical studies. Ultra-fine mesh is necessary for HFMI simulation to calculate

dramatically altered stresses at the treated regions. On the other hand, welding RS needs to

be taken into account as an initial condition for HFMI analysis. Previous researchers have

used the same ultra-fine mesh in welding analysis as in HFMI simulation, which results in

an unnecessary waste of computational resources making it difficult to solve engineering

problems, especially for large welded structures.

This chapter aims to propose a practical and efficient numerical simulation procedure for

the HFMI treatment of welded joints. The local RS and shape profile were studied by

performing thermal-elastic-plastic FE (TEPFE) welding and subsequent dynamic explicit

FE (DEFE) HFMI analyses of the out-of-plane gusset welded joints. The zooming

technique was employed, and the as-welded stress calculated by using a coarse FE mesh

was transferred to the ultra-fine mesh as the initial loading of HFMI analysis. In HFMI

analysis, an optimized DCS method was developed. The peening tool’s FE mesh was

modified so that the wide groove profile caused by the lateral movement of the tool can be

simulated. The validation was carried out by comparing calculated HFMI groove profiles

and the RS distributions with those measured by the 3-D Scanner and X-ray equipment. The

details of simulation procedures are presented in current work and it will contribute to
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clarifying how to conduct a practical HFMI simulation on welded joints (even with large

sizes), determine necessary simulation parameters, and simplify analysis conditions.

3.2 Experimental work

3.2.1 Fabrication of the welded joint

The gusset welded joint with a longitudinal stiffener was manufactured using the gas

metal arc welding method (see Fig. 3.1 for the geometric configurations). The welding

parameters are listed in Table 3.1. The base metal was SM490 steel while the filler metal

was MG50. The longitudinal stiffener and main plate were joined by the two-pass welding

process. The start and end points of welds were located in the middle of the stiffener.

Fig. 3.1 (a) Specimen geometry and welding sequence, and (b) overall photo of specimen

and welding clamps.

Table 3.1 Welding parameters.

Pass Current Voltage Speed Inter-pass
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(A) (V) (mm/s) temperature (oC)

1 210 20 3 100

2 210 20 3 -

3.2.2 HFMI treatment

Subsequently to the welding process, the HFMI treatment was carried out along the

welded toe with a travel speed of 5 mm/s and a hammering frequency of 80 Hz. A portable

pneumatic needle peening devices (Model: NP1000F20) was used for treatment with an air

pressure of 0.5 MPa. A peening tool with a tip radius of 1.5 mm was applied. Fig. 3.2 shows

the appearance of the weld toe before and after the treatment.

Fig. 3.2 Appearance of weld toe. (a) As-welded toe, and (b) HFMI-treated toe.

3.2.3 Measurements of thermal cycles, RS, and local shape profile

Measurements of thermal cycle, RS, and local deformed shape profile were performed.

The locations of the measurements are shown in Fig. 3.3. Five thermo-couples (TC1-5)

were used to record welding thermal cycles at the side of the main plate during the welding

process (Fig. 3.3(a)). The as-welded and HFMI-induced RS at side b were measured by X-

ray diffraction testing. The X-ray stress measurement conditions are listed in Table 3.2. The

3-D laser-scanner equipment was used to measure the local shape profile of the weld toe

before and after HFMI treatment (Fig. 3.3(b)). The measured points of the welding thermal

cycle and RS measurements are listed in Table 3.3.
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Fig. 3.3 Measurement point arrangement. (a) Thermal cycles, RS, and (b) local shape

profiles.

Table 3.2 Parameters for X-ray diffraction stress measurement.

Category

Mesurement method Cos α

Characteristic X-ray Cr-Kα

Diffraction plane 211

Diffraction angle (deg.) 156.4

Tube voltage (kV) 20

Tube current (mA) 1

X-ray incident angle (deg.) 45

Diameter of irradiated area (mm) 2

Table 3.3 Location of measured points.
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Welding thermal cycle As-weld RS HFMI-induced RS

TC

number

Distance to the

stiffener

(mm)

Measured

point number

(along AB)

Distance to

the weld toe

(mm)

Measured

point number

(along AB)

Distance to

the weld toe

(mm)

1 10 1 2 1 2

2 15 2 3 2 3

3 20 3 7 3 5

4 30 4 12 4 7

5 50 5 22 5 9

6 12

7 22

3.3 FE analysis

A three-step numerical analysis system, including welding simulation, zooming

technique, and HFMI simulation, was developed to predict the HFMI-induced compressive

RS and the local shape profile. This system allows the consideration of welding RS as an

initial load in the HFMI simulation. The flowchart of the proposed analysis system is shown

in Fig. 3.4. Welding simulation is firstly carried out by using JWRIAN in-house code.

JWRIAN is a TEPFE code with the ultra-high-speed of implicit analysis, which was

developed by The Joining and Welding Research Institute (JWRI) of Osaka University [62-

64]. For HFMI simulation, ultra-fine FE meshes are required. The ratio of element size in

the treated region to the tool’s tip radius should be less than 0.1 [65], e.g., a tool with a 1.5

mm radius tip and the element size less than 0.15×0.15×0.15 mm. However, applying such

ultra-fine mesh in welding analysis results in unnecessary waste of computing resources,

especially for welded structures with large dimensions. To balance computational efficiency

and accuracy, the zooming technique was applied. A stress interpolation code was

developed to transfer the as-welded RS from coarse to fine FE mesh used in the HFMI

analysis. Using the commercial code MSC. Dytran, the DCS HFMI analysis is then
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performed considering the initial load of interpolated welding RS.

Fig. 3.4 Flowchart of the FE analysis procedure for HFMI treatment of welded joints.

3.3.1 FE modeling of the welding process

Based on the JWRIAN code, the 3-D FE analysis was performed to simulate the

welding temperature field and RS. The measured geometry parameters of the as-welded

fillet weld are presented in Table 3.4 and Fig. 3.5. In mesh modeling, the toe radius, flank

angle, and weld leg were assumed to be 0.8 mm, 45o, and 8 mm, respectively. Other

dimensions of FE mesh were the same as that of experimental mock-ups. There were

177,092 8-node brick elements and 193,639 nodes in the FE mesh, see Fig. 3.6. The finest

elements with a size of 0.5×0.5×0.5 mm were designed at the rounded seam.

Table 3.4 Measured geometry parameters of the as-welded fillet weld.

Location
Toe radius

(mm)

Flank angle

(degree)

Weld leg 1

(mm)

Weld leg 2

(mm)

L1 0.8 35.5 7.0 8.6

L2 1.2 39.9 6.6 8.3
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L3 0.9 40.3 8.4 8.0

L4 0.5 12.3 8.2 8.3

L5 0.6 47.7 7.2 8.6

L6 1.4 42.0 8.3 8.9

Fig. 3.5 Fillet weld profiles and their geometry.
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Fig. 3.6 Coarse FE mesh of the gusset joint used in welding analysis.

The thermal analysis was performed first to obtain the temperature history data. A half-

ellipsoid moving heat source [66] with uniform density was employed. The area of action

can be described as Eq. (10). The heat flux, qh, is calculated by Eq. (11).

2 2 2

2 2 2

( ) 1, 0x vt y z z
a b c


      (10)

where x, y, and z are the coordinates (mm) in the reference system, t is the time, v is the

welding speed, a, b, and c are the shape parameters of half-ellipsoid.

3
2h
Qq
abc



 (11)

where Q is the power of heat source and η is the thermal efficiency, depending on the

welding method.

The welding analysis parameters are listed in Table 3.5. The trial and error method was

used to identify the shape parameters of the heat source. Heat losses from specimen to
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environment were also considered by setting a temperature-dependent convection

coefficient on the outer surface of the FE mesh. The inter-pass and ambient temperature in

welding analysis were set to 100 oC and 20 oC, respectively.

Table 3.5 Parameters for welding analysis.

Pass Q (W) η V (mm/s) a (mm) b (mm) c (mm)

1 4200 0.8 3 7 5.5 5.5

2 4200 0.8 3 7 5.5 5.5

In TEPFE analysis, the temperature history data was employed as the thermal load to

calculate stress, strain, and displacement. Only minimal constraints were applied in

simulation to prevent the rigid body movement given the relatively weak external

constraints in the experiment, see Fig. 3.6. The temperature-dependent material properties

of SM490 (base metal) used in welding analysis were referenced in ASME sec II Part D [67]

see Fig. 3.7. For filler metal MG50, its temperature-dependent yield strength was presumed

according to its value at ambient temperature (445 MPa) and the properties of the base

metal at high temperature. Other material properties of MG50 were assumed to be

consistent with the base material. Sun et al. [68] investigated the effects of solid-state phase

transformation (SSPT) and strain hardening on welding RS in weldments made by low-

alloy structure S355 steel (fy = 423MPa). The mixed strain hardening model combined with

solid-state phase transformation can predict welding RS more accurately while using the

ideal elastic-plastic model resulted in a 100 MPa discrepancy of longitudinal stress near the

weld seam. Nonetheless, the phase transformation and strain hardening were ignored in the

present welding analysis model to reduce tedious modeling.
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Fig. 3.7 Material properties of SM490. (a) Thermal properties, and (b) mechanical

properties.

3.3.2 FE modeling of the HFMI treatment

3.3.2.1 FE mesh design and analysis condition

A 3-D FE mesh using the 8-node brick elements was built with the same geometry as

that used in welding analysis, but the element sizes were smaller, see Fig. 3.8. The finest

elements were designed near the round seam with element sizes of 0.15×0.15×0.15 mm. For

the rest of the FE mesh, the elements’ sizes increase with the distance to the treated zone to

balance analysis efficiency and accuracy. Only half of the gusset joint was modeled to save

the analysis time. The peening tool was modeled as the rigid surface using 4-node 2-D shell

elements to reduce computational effort [69]. The radius of the tool’s tip in the mesh model

was artificially increased to 2.05mm while its value was 1.5 mm in the experiment. The trial

and error method was used to determine the radius in the tool’s FE mesh, which is presented

in Section 3.3.2.

The initial location of the peening tool was identified by the profile of the HFMI-treated

groove, as shown in Fig. 3.9. Point Q is the center of curvature of the peening groove, and

the radius of the peening groove, ρh, can be determined from the measured data. Assuming

that the origin of the coordinate system was at the upper surface of the main plate, the tip of

the peening tool P (xP, zP) can be obtained by Eq. (12):

P

P Q h pcot ( )
z d
x x u d 


    
(12)

where d is the distance between the tool’s tip and the main plate, which is assumed to be 1.0

mm; θ is the peening angle, which is assumed to be 67.5o; xQ is the X-coordinate of point Q,

which is determined by the origin of the coordinate system; ρh is the radius of the peening

groove; and up is the permanent indentation caused by HFMI treatment.
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Fig. 3.8 Fine FE mesh of the gusset joint and peening tool in HFMI analysis.
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Fig. 3.9 Geometry of the HFMI-treated groove shape.

In HFMI simulation, all nodes on the bottom surface were fixed in X, Y, and Z-direction

while the nodes on the symmetric plane were fixed in X-direction. The rotation of the

peening tool was restricted and only linear motion in Y-direction and sine motion in the

axial direction were allowed. A contact pair was defined between the tool’s tip (master

surface) and the specimen (slave surface), using the penalty function method. The friction

coefficient was set to 0.3. To save analysis time, the peening length was set to 6 mm in the

current work.

Material hardening models play an important role in HFMI simulation. The effects of

the chosen hardening models, including isotropic, kinematic, combined isotropic-kinematic,

and strain rate-dependent models, have been examined by Foehrenbach et al. [42] and

Khurshid et al. [43]. The kinematic hardening behavior was described by Chaboche model

[70]. While excellent agreements with the experiments have been observed with the

combined isotropic-kinematic and stain rate-dependent model, a good predicted RS can be

obtained by using DCS considering the simplified isotropic hardening model. Therefore, a

non-linear isotropic hardening model was chosen in this work, and material data was

obtained from tensile tests, as shown in Fig. 3.10. MSC. Dytran allows the engineering

stress-strain data to be used as the standard input data. In addition, the effect of strain rate-



39

dependent hardening was ignored.

The load rate scaling method was used to reduce analysis time [71]. The concept of this

method is to artificially increase the impact velocity and frequency so that the same

simulated process is completed in a shorter time step while keeping the similar effect of the

experiment. The load rate scaling method is used to shorten the simulation time and achieve

good accuracy if the model has rate-independent materials. To choose a suitable scaling rate,

four HFMI simulation cases (without initial stress) with different up-scaling rates were

performed. Fig. 3.11 shows the RS from DCS simulations for four different up-scaling rates.

It can seem that up-scaling rates have a negligible effect (less than 5%) on RS if its values

were less than 80. Therefore, the up-scaling rate was set to 80 in formal cases, which means

that the travel speed and hammering frequency in the simulation were 80 times faster than

that of the experiments.

Fig. 3.10 Stress-Strain curves of SM490 and MG50 (presumed).
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Fig. 3.11 Simulated RS using different up-scaling rates.

3.3.2.2 Identification of parameters for displacement controlled HFMI simulations

For the DCS method, the displacement of the peening tool was set following the given

path. The axial cyclic movement of the tool was simplified as a sinusoidal motion in

simulations. The x and z components of the tool’s motion are given by Eq. (13):

cos sin 2 )
sin sin 2 )

x

z

X a ft
X a ft

 
 

 
  

(13)

where a is the amplitude; θ is the peening angle; f is the peening frequency; and t is the time.

The amplitude a (see Fig. 3.9) relates to the peening depth, which can be calculated by

Eq. (14):

e
1 (1 sin )]

sin
a d u r 


     (14)

where ue is the enforced indentation; and r is the radius of the tool’s tip.

It is difficult to directly measure ue due to the elasticity of the material. One solution is

to investigate the relationship between enforced indentation ue and permanent indentation up
where up is easily obtained from measurements. For this purpose, four HFMI analysis cases

with assumed ue of 0.15, 0.20, 0.25, and 0.30 mm were performed to obtain simulated up.

The fitted curve is given by Eq. (15). The measure up is 0.132mm so that ue of 0.148 mm

was applied in the simulation.
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2
e p1.002 0.016 1.000u u R      (15)

In DCS, the peening tool mesh was modeled as a rigid surface and its movement was

also simplified as mentioned. However, the tool’s aberration and lateral movement may

increase the radius of the peening groove ρh and the peening width w. To consider its effects,

the radius of the pin’s FE mesh, r, was artificially increased. Four cases with assumed r of

1.5, 2.0, 2.5, and 3.0 mm were performed to obtain simulated w. Then the relationship

between r and w was determined, see in Eq. (16). Thus, the optimized r of 2.05 mm can be

obtained based on the measured peening width of 2.68 mm.

20.991 0.611 0.993r w R      (16)

3.3.2.3 Zooming technique

Leitner et al. [45] used the same FE mesh for both welding and HFMI simulations. The

as-welded stress obtained by welding analysis was directly applied in subsequent HFMI

simulations. However, they used coarse FE mesh in HFMI simulation and it may affect the

accuracy of simulated results. On the other hand, if the ultra-fine mesh is used for both

welding and HFMI simulation, it will lead to unnecessary waste of computing resources. In

this work, the zooming technique was applied in the proposed HFMI analysis system to

balance the accuracy and efficiency. The welding RS was simulated using a coarse FE mesh,

and then the interpolated stresses (normal stresses σx, σy, σz and shearing stresses τxy, τyx, τxz)

were calculated using the Griddata function of Numpy [72]. These interpolated stresses

were included in Dytran’s input file and used as the initial stresses for HFMI simulation.

Table 3.6 compares the computational time of welding process using a fine FE mesh and a

coarse one. Only half of the gusset joint was modeled (Y-Z plane as symmetric plane). The

zooming technique allows the usage of a coarse FE mesh in welding analysis and thus saves

up to 80% of analysis time.

It should be noted that the interpolated stresses are not directly calculated by the laws of

mechanics, which means the initial stress in HFMI simulation may not be in equilibrium.

This phenomenon was observed in the study by Schubnell et al. [73]. To remove this noise

in the interpolated stress values, 10% of the critical damping was applied, and a short time

of 0.002 sec was added letting initial stress settle down. Fig. 3.12 shows the comparison

among as-welded RS from welding analysis, interpolated welding RS, and stable initial

stress in HFMI analysis. The as-welded RS was in good agreement with interpolated RS,
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which verifies the accuracy of the developed interpolation code. The maximum variation of

about 100 MPa between interpolated RS and balanced one occurred in the vicinity of the

weld toe. The main reasons for this difference are that the interpolated RS in fine mesh re-

establish the balance due to the notch effect and different element types used for welding

and HFMI simulation. However, the initial welding RS close to the weld toe has a

negligible effect on subsequent simulation, as those stresses will be replaced by the large

compressive stresses introduced by HFMI. Overall, the initial stress obtained by the

developed interpolation code was reliable.

Table 3.6 The computational time of welding process using fine and coarse FE mesh.

FE mesh
Element

number

Node Number Computational time

(h)

Fine 309,773 289,858 47.0

Coarse 88,546 97,776 8.7

Fig. 3.12 Through-thickness longitudinal RS distribution.

3.4 Results

3.4.1 Welding analysis results

For the validation of the welding simulation, the measurements of the thermal cycles
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and as-welded stress were carried out. The predicted results of the thermal analysis were

compared with the measured welding thermal cycles, as shown in Fig. 3.13. The predicted

peak temperature and cooling rate of the welding thermal cycle matched well with the

measurements. Fig. 3.14 compares the welding RS predicted by FEM and the measurements.

For the areas 5 mm away from the weld toe, simulated RS was about 100 MPa larger than

the measured one. The reason is the initial compressive RS on the surface of plates before

welding, which was not taken into account in the simulation. On the contrary, the simulated

results were in good agreement with the measured RS for regions close to the weld bead, as

the material was heated to a high temperature and the initial stress was released.

Fig. 3.13 Comparison of the predicted and measured thermal cycles of first welding pass for

side a of the specimen.
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Fig. 3.14 Comparison of the predicted and measured welding RS on the upper surface for

side b of the specimen.

3.4.2 Shape profile and RS distribution induced by HFMI treatment

The local shape profiles for the HFMI-treated zone were measured by the 3-D laser

scanner. The analysis parameters used to control the tool’s motion were obtained by the

identification method presented in Section 3.2.2. The radius of the tool’s FE mesh r was

modified to account for the effects of lateral movement of the pin. Fig. 3.15 shows the local

shape profiles calculated by FEM with r of 1.50 and 2.05 mm as well as the measured

results. The r of 1.50 mm was the true radius of the peening tool in the experiment while the

2.05 mm was the optimized one. The predicted result with r = 2.05 mm matched best the

measured shape profile.

Fig. 3.16 compares the HFMI-induced RS predicted by FEM with measured results. The

simulated RS was in good agreement with measured data for regions close to the weld toe.

However, the stress discrepancy of about 100 MPa occurred in the areas 7 mm away, which

is similar to the situation with welding stresses. Such a difference is acceptable because the

stress away from the weld toe will not affect the fatigue strength of structures, and the stress

near the weld toe is the focus of this work. Considerable compressive RS was introduced by

the HFMI treatment in the vicinity of the treated zone compared with the as-welded

condition, see Figs. 3.17 and 3.18. For as-welded conditions, the material at the weld toe

was in a multi-axial stress state, with longitudinal stresses reaching 508 MPa and transversal

stresses of 300 MPa. After HFMI, the tensile stresses in the vicinity of the weld toe were
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converted to high compressive stresses, where the stresses in the peening groove were

approximately -400 to -700 MPa for the longitudinal component and -700 to -1000 MPa for

the transversal component. The introduced compressive RS can be superimposed on the

stresses due to external loads, reducing the local stress ratio and thus improving the fatigue

life of the structure [52].

Fig. 3.15 Comparison of the predicted and measured local shape profiles for side b of the

specimen.

Fig. 3.16 Comparison of the predicted and measured stress distribution after HFMI

treatment for side b of the specimen.
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Fig. 3.17 Longitudinal stress (σxx) distribution on center cross-section. (a) As-welded, and

(b) HFMI-treated joint.

Fig. 3.18 Transversal stress (σyy) distribution on center cross-section. (a) As-welded, and (b)

HFMI-treated joint.
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3.5 Discussion

3.5.1 Material hardening model

A reasonable material model and HFMI analysis conditions are essential for the accurate

prediction of local RS and deformed shape profiles induced by HFMI treatment. In the

current work, the effect of SSPT and strain hardening were ignored for welding analysis

while only an isotropic hardening model was considered in HFMI analysis. The results in

Fig. 3.14 and 3.16 show a good agreement between the predicted RS distribution with this

simplified material model and the measured results for welded joints made with SM490

steel. However, for high-strength steels, SSPT will strongly influence as-welded stress

according to studies by Sun et al. [74], and its effect on HFMI-induced RS needs further

study.

The introduced compressive RS is not stable due to the stress relaxation under the cyclic

loading [75]. The stress relaxation analysis followed by the HFMI simulation is necessary

for assessing fatigue life. In such analysis, the Bauschinger effect of the material cannot be

neglected when the structure is subjected to cyclic loading, especially with variable

amplitude. The applicability of the isotropic hardening model needs further investigation in

the sequential simulation of HFMI and RS relaxation.

3.5.2 Boundary condition in FE analyses

A strong mechanical boundary condition was considered in the HFMI analysis, i.e. all

nodes on the back face of the base plate were constrained in X, Y, and Z-direction. Such

boundary conditions are not suitable for subsequent stress relaxation simulation under

cyclic loading, although they are appropriate in HFMI analysis. If changing boundary

conditions in cyclic load analysis, unwanted stress relaxation may occur due to the

sensitivity of the stresses at the notch, when HFMI-induced RS is used as the initial load.

Therefore, the effect of boundary conditions on RS still needs to be clarified.

In addition, a more accurate reproduction of the treated local profile is possible by

modifying the tip radius of the pin mesh, which is beneficial for assessing the local stress

concentration and RS relaxation under cyclic loading in subsequent studies.

It is known that the RS contained in welded joints superimposes with fatigue loads, thus

affecting fatigue life. However, existing design standards [21] provide only a rough

assessment of the RS-induced mean stress effect, by introducing an enhancement factor

which is the function of stress ratio and the type of joints. Future work is focused on
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establishing a fatigue assessment system for as-welded or HFMI-treated joints

quantitatively considering the RS and the stress ratio of fatigue loads. The follow-up studies

of fatigue assessments will be based on current work. Once the relation between the HFMI

process, the introduced RS, and the improvement in fatigue life have been established, the

proposed simulation procedure and the fatigue assessment method can be applied in

industries to optimize the HFMI parameters and confirm limits to the usage.

3.6 Summary

In this work, a practical and efficient numerical simulation procedure for HFMI

treatment of welded joints was proposed. The recommendations of the FE modeling and

determination of DCS parameters were presented in detail. The validity of the HFMI

simulation was studied numerically and experimentally in an out-of-plane gusset welded

joint. Following conclusions can be drawn.

(1)The simulated welding thermal cycles, as-weld stress, HFMI-induced RS, and

peening groove were in good agreement with the measurements. This indicates that the

proposed simulation system can effectively predict the HFMI-induced RS with the

consideration of the as-welded stress.

(2) The proposed numerical analysis system allowed the use of the different FE mesh in

the welding and HFMI simulation steps so that good computational efficiency and accuracy

can be achieved.

(3) The radius of the peening tool has been modified to enable more accurate

reproduction of the treated local profile. This facilitates the consideration of local stress

concentrations and RS relaxation in subsequent fatigue assessment.

(4) Considerable compressive RS (-700 MPa) near the weld toe was introduced after the

HFMI treatment compared with the as-welded condition (500 MPa). To accurately evaluate

the improvement by the HFMI process the fatigue life of the structures, it is needed to

perform stress relaxation analyses after HFMI simulation and investigate the mean stress

effect induced by the RS in future work.
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CHAPTER 4

LocalMIL-HDBK-5D equivalent stress based fatigue assessment

for the post weld heat treated gusset welded joint
4.1 Introduction

In Chapter 3, a practical and efficient numerical simulation system for the HFMI

treatment of welded joints has been developed. The proposed simulation system can

calculate the HFMI-induced compressive RS and improvement of the weld toe profile

with the consideration of initial as-welded stress. The final goal of this study is to

develop a fatigue assessment approach for HFMI-treated joints, which can

quantitatively evaluate the effects of introduced compressive RS and local geometric

improvement at the weld toe.

When a welded structure is subjected to cyclic loading, the residual stress can affect

the mean stress of stress cycles, thus influencing the fatigue life of the structure. To

quantify the mean stress effect, the MIL-HDBK-5D approach is employed in this work.

A mean stress-independent stress range can be obtained by this method by local stress

ratio correction. The effectiveness of the MIL-HDBK-5D approach for welded

structures needs to be first verified by post-weld heat treatment of the joints. This

means that only the factor of residual stresses is considered, while maintaining the as-

welded toe profile.

In this chapter, a local equivalent stress parameter based on local elastic-plastic

stress cycle is applied to evaluate the fatigue life of as-welded and post weld heat

treated joints. This new stress parameter allows quantitative assessment of residual

stress effect on fatigue life. A set of as-welded and PWHT gusset joints is fabricated

using SS400 steel, followed by stress measurements and bending fatigue tests with

stress ratios of R=-1. To obtain the stress distributions of specimens, welding, PWHT,

and cyclic external load analysis were performed by using elastic-plastic finite element

(FE) code JWEIAN. The mean stress effect related to RS was analyzed by using the

equivalent stress parameter in MIL-HDBK-5D approach.
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4.2 Experimental work

4.2.1 Fabrication of the out-of-plane gusset welded joint

A set of as-welded and PWHT gusset joints were made from SS400 plates with a

16mm thickness to investigate the relationship between RS and fatigue performance.

The appearance and dimension of specimens are shown in Fig.4.1, and the mechanical

properties of base and filler metal are listed in Table 4.1. The thickness of the gusset

plate and base metal is 16mm. The gusset plate is joined to the base metal by CO2 gas

arc welding process, and the wire is JIS YGW11 (equivalent to AWS ER70S-G). The

welding parameters are listed in Table 4.2. The toe radius is 0.5 mm.

Fig. 4.1 Gusset welded joints and their dimensions (Unit: mm).

Table 4.1 Mechanical properties for out-of-plane gusset welded specimens.

Material Grade
Yield strength

(MPa)

Tensile strength

(MPa)

Base metal SS400 297 467

Gusset plate SS400 297 467

Filler metal TGW11 409 501
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Table 4.2 Welding parameters.

Weld bead
Current

(A)
Voltage (V)

Speed

(mm/s)

Fillet 250 28 30

4.2.2 Post-weld heat treatment on the out-of-plane gusset welded joint

After welding, PWHT process is performed with the 1.5 h holding time and 600 oC

holding temperature to relieve welding RS. The Furnace temperature histories of

PWHT specimens is shown in Fig 4.2.

Fig. 4.2 Furnace temperature histories of PWHT specimens.

4.2.3 Residual Stress Measurement

RS in gusset joints are measured by an X-ray stress measurement device (μ-X360s).

Electrochemical polishing is used prior to the stress measurement to have a smoother

surface and reduce the effect of surface oxides and roughness. The measurement point

arrangement for gusset welded joints is shown in Fig 4.3.
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Fig. 4.3 Location of residual stress measurement.

4.2.4 Fatigue Test

4-point bending fatigue tests were conducted for as-welded and PWHT gusset joints,

as shown in Fig. 4.4. The Sinusoidal load with a frequency of 8 Hz is applied to the

specimen by 4 test fixtures. Stress ratio R of test load were -1. Nominal stress in SN

curves is corrected to 0.8 times the surface stress according to JSSC standard [22].

Fig. 4.4 Fatigue test setup (Unit: mm).
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4.3 FE Analysis

In the present study, thermal elastic-plastic FE analysis of welding and PWHT

processes was performed by FE code JWRIAN which is developed by the Joining and

Welding Research Institute (JWRI) of Osaka University [62-64]. Then external cyclic

loading analysis was carried out to obtain local elastic-plastic stress cycles considering

the as-welded and stress relived RS.

Fig. 4.5 shows the target FE mesh and its geometric details. The FE mesh

dimensions follow the experimental specimen. The weld toe radius is 0.5 mm. The total

element numbers and nodes are 168,396 and 177,159, respectively. The ultra-fine mesh,

with a size of 0.15×0.15×0.15 mm, was applied near the weld toe of the mock-up to

accurately calculate local stress.

Fig. 4.5 The FE mesh for out-of-plane gusset joints.
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In welding simulation, thermal analysis was first carried out to calculate the

temperature history data of each node. Heat input from the welding arc was simulated

by a half ellipsoid moving heat source with uniform density [66]. The area of heat

source action in thermal analysis is given by Eq. (17):

2 2 2

2 2 2

( ) 1, 0x vt y z z
a b c


      (17)

where x, y and z are the coordinates (mm); a, b and c are the shape parameters (mm); v

is the forward speed of the heat source (mm/s); t is the time (s). The heat flux qh of

moving heat source is calculated by Eq. (18):

h
3
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where U is the arc voltage (V); I is the welding current (A); η is the thermal efficiency.

The parameters of the heat source are determined and calibrated according to the size of

fusion zone obtatined from experiment. Temperature-dependent material properties of

base and filler metal [76, 77] were taken into account (Fig. 4.6). Heat transfer between

the welded joint and environment was considered by using a temperature-dependent

convection coefficient on the outer surface of specimens. The ambient temperature

history data obtain by the thermal analysis. The same FE mesh was used for mechanical

analysis. The total strain increments can be decomposed into four component (Eq. 19):

total e p cr td d d d d        (19)

where εe, εp, εcr and εt are the elastic strain, plastic strain, creep strain, and thermal strain,

respectively. The elastic behavior follows the isotropic Hooke’s rule with temperature-

dependent mechanical properties. The plastic strain was calculated based on flow

plasticity theory and Von Mises yield surface. Creep behavior was considered in the

welding and PWHT processes, and Norton-Bailey law [78] was used to calculate the

creep strain as below:

T
1 2 273.15

cr 0

C
C C T
vC t e 


 (20)

where T is temperature; σv is Von Mises stress; C0, C1, C2, and CT are the creep

parameters, and their values are listed in Table 4.3. The thermal strain was determined
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by simulated temperature histories, and the thermal expansion coefficient of the

material was assumed to be the same in all directions. A minimal external constraint

was applied in welding and PWHT simulation only to prevent rigid body movement of

mock-up.

Fig. 4.6 Material properties of SS400 and YGW11: (a) thermal properties, (b)

mechanical properties.

Table 4.3 Creep parameters of SS400.
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C0 (MPa-1) C1 C2 CT (oC)

1.43×10-7 1.9 0.46 2315.8

The cyclic loading analysis was carried out considering as-welded and stress relived

RS. External loads are applied to the specimen by means of nodal forces. The locations

of applied nodal force correspond to that of fixtures used in fatigue tests (Fig. 4.4).

Only three load cycles are considered in the simulations.

4.4 Comparison of simulated RS results with experiment

The distributions of RS in the longitudinal component near the weld toe of gusset

joints are shown in Fig. 4.7. It can be observed that high tensile stress with a peak of

400 MPa was introduced around the weld toe after the welding process. This high

tensile RS increases the mean stress level of the local stress cycle induced by fatigue

loading and thus affects the initiation and propagation of fatigue cracks. After PWHT at

600 oC for 1.5h, the RS near the weld toe decreased significantly, with a peak stress of

65 MPa. Fig. 4.8 shows the comparison of simulated and X-ray-measured RS (σxx) near

the weld toe. Red dots include the RS test data on six as-welded specimens while blue

square dots represent measured data from three PWHT specimens. The measured data

are slightly scattered due to the slight differences in actual welding conditions and the

initial state of the material among each joint. Overall, the simulated RS shows a good

agreement with measured data which validates the simulation model used.

Fig. 4.7 The distributions of longitudinal stress (σxx) near the weld root of gusset joints
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in as-welded and stress-relieved conditions

Fig. 4.8 Comparison of simulated and X-ray-measured RS (σxx) near the weld toe of

gusset joints.

4.5 Local MIL-HDBK-5D equivalent stress based fatigue data

Fig. 4.8 presents the relationship between the fatigue life of specimens and applied

nominal stress range (0.8 times the surface stress range [22]). It is observed that the

fatigue life of stress-relieved joints is approximately 2.5 times longer than as-welded

ones with a stress ratio = -1. The mean stress effect results in each group of specimens

having its own trend in S-N data, even though they have the same geometrical details.
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Fig. 4.8 Nominal stress based S-N data for as-welded and stress-relieved gusset joints

Fig. 4.9 Local equivalent stress based S-N data for as-welded and stress-relieved gusset

joints

To consolidate the S-N data with or without stress relief and stress ratios, MIL-
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HDBK-5D approach [60-61] was used in the current work. Equivalent stress based on

the local elastic-plastic stress cycle was applied as the stress parameter of the S-N plot,

as below:

   1
eq t max t ; 0.6485    

      (21)

where Δσt is the range of the tangential stress component on the surface of the weld

toe/peening groove; σt-max is the maximum value of the tangential stress cycle. α is a

fitted constant. Only single cyclic loading was performed by elastic-plastic FE analysis,

as the plastic behavior occurs mainly in the first cycle for constant amplitude loads. By

examining the local stress cycles near the weld toe in each case, the local equivalent

stress based S-N plot can be obtained, as shown in Fig. 4.10. It is observed that the

fatigue data from the gusset joints with different RS essentially fall into the same band.

It is noted that the present approach is based on the local elastic-plastic stress cycle

calculated using ultra-fine FE mesh (0.15 mm), which avoids the notch singularity of

elastic FE analysis and takes the RS effect into account. Therefore, this approach

differs from the effective notch stress method [79] using virtual notches mesh. In

addition, the actual notch size of each specimen varies while the FE mesh size at the

weld toe was referenced to the average size of specimens. This uncertainty leads to an

increase in S-N band dispersion. This potential impact is acceptable from the local

equivalent stress-based S-N data (Fig. 4.10). The results in Fig. 4.10 suggest that local

equivalent stress can be used to establish a design S-N curve independent of RS and

stress ratios and allows a quantitative assessment of the effect of RS on fatigue

performance.

4.6 Summary

Both numerical and experimental investigations were carried out to study the mean

stress effect on fatigue performance based on as-welded and stress-relieved gusset

joints. The main conclusions can be summarized as follows:

(1) The as-welded and stress-relieved RS obtained by thermal elastic-plastic FE

analysis match well with the X-ray measured ones, which validates the developed

analysis method and employed input parameters.

(2) The RS level in stress-relieved joints decreased significantly compared with that
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in the as-welded condition, with its peak value dropping from 400 MPa to 65 MPa. The

fatigue life of stress-relieved joints is approximately 2.5 times longer than as-welded

ones with a stress ratio = -1.

(3) The fatigue data of as-welded and PWHT specimens can be approximated by a

single local equivalent stress based S-N curve. This reference SN-curve can be used for

evaluating the fatigue life of welding joints at arbitrary RS and stress ratios.
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CHAPTER 5

LocalMIL-HDBK-5D equivalent stress based fatigue assessment

of the gusset welded joint improved by high-frequencymechanical

impact treatment
5.1 Introduction

The objective of this chapter is to propose a local approach for fatigue life

assessment of HFMI-treated joints which can consider the influence of HFMI-induced

RS and improved weld toe geometry. The local MIL-HDBK-5D equivalent stress

(LMES) range Δσeq [59-61] is employed as the stress parameter for fatigue assessment.

This stress parameter is identified from the local stress cycle along the surface of the

HFMI groove for specimens subjected to cyclic loads. The local stress cycle is

simulated by a muti-process simulation system including thermal-elastic-plastic FE

(TEP-FE) welding analysis, dynamic explicit elastic-plastic FE (EP-FE) HFMI analysis,

and EP-FE cycling loading analysis. To validate the proposed fatigue assessment

approach, a set of AW and a set of HFMI out-of-plane gusset joints are fabricated using

SM490 steel, followed by uni-axial fatigue tests with stress ratios of R = 0. Combined

with the simulated stress results, the LMES based S-N curve is calculated, which

enables a quantitative evaluation of the improvement effects of HFMI treatment.

5.2 Experimental work

In total, 13 out-of-plane gusset joints (1 Type-1 joint and 12 Type-2 joints) are

fabricated using SM490 steel with a thickness of 9mm for the main plate and 6mm for

the longitudinal stiffener. The longitudinal stiffener is joined to the main plate by the

two-pass welding process. The weld type is fillet weld. The specimen geometry and

welding sequence are shown in Fig. 5.1. Herein, the Type-1 joint is used to investigate

the RS in AW and HFMI conditions as presented in our prior work [80]. Type-2 joints

are used for the fatigue test. The welding method is gas metal arc welding using the

shield gas of 80% Ar and 20% CO2, and the filler metal is YGW11 (MG50). All

specimens are fabricated using the same welding parameters, as listed in Table 5.1.

Subsequent to the welding, the HFMI treatment is performed along the entire length

of the weld toe of gusset joints. A portable pneumatic needle peening device (Toyo
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Seiko NP1000F20) is employed for treatment with an air pressure of 0.5 MPa. A

peening tool with a tip radius of 1.5 mm is used. The travel speed for treatment is 5

mm/s and the hammering frequency is 80 Hz. The IIW recommendations [33] stipulate

that the HFMI must have a hammering frequency f of 90 Hz or higher. However,

because it is considered that the fatigue improvement effect for the case with f = 80 Hz

is equivalent to that for f = 90 Hz, the hammering treatment performed by the chosen

tool is described as HFMI treatment in this work.

Uni-axial fatigue tests are performed for AW and HFMI joints following the JSSC

standard [22], as shown in Fig. 5.2. The fatigue test machine is a customized electro-

hydraulic servo testing machine manufactured by Shimadzu Corporation. The

sinusoidal load is applied to the specimen. The testing frequency is 10 Hz, and the

stress ratio R is 0. The number of cyclic loads experienced for each specimen is

recorded until totally fractured. The effects of welding-induced misalignment (1 mm)

on fatigue performance are estimated by IIW recommended formula [21]. The

misalignment effects are presented by a magnification factor of km = 1.07, which is

discussed in Appendix A.

Table 5.1 Welding parameters.

Pass
Current

(A)

Voltage

(V)

Speed

(mm/s)

Inter-pass

temperature (oC)

1 210 20 3 100

2 210 20 3 -
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Fig. 5.1 Specimen geometry and welding sequence. (a) Type-1 joint, (b) Type-2 joint.

Fig. 5.2 Fatigue test setup.
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5.3 Numerical assessment approach of fatigue Life

The flowchart of the proposed fatigue life assessment is shown in Fig. 5.3. This

approach allows the consideration of the local RS and weld profile. To obtain the local

stress response due to fatigue loads, simulations of welding, HFMI treatment, and

cyclic loading are carried out in sequence. TEP-FE analysis of the welding process is

first performed by JWRIAN, which is an FE code with high computing speed

developed by The Joining and Welding Research Institute (JWRI) of Osaka University

[19, 20]. Then, dynamic explicit EP-FE analysis of the HFMI treatment is performed

by commercial FE code MSC. Dytran using an ultra-fine FE mesh. A stress

interpolation code is developed based on the Griddata function of Numpy [21] to

transfer stresses from welding analysis output (coarse FE mesh) to HFMI analysis input

(ultra-fine FE mesh) as initial stress load. Subsequently, EP-FE analysis of cyclic

loading is carried out by MSC. Dytran using the same mesh as that in HFMI analysis

but considering the local deformation induced by HFMI. The applied cyclic loads

follows experimental fatigue loads. Finally, based on the MIL-HDBK-5D approach

[15-17], the LMES is calculated according to elastic-plastic local stress cycle (EP-LSC)

obtained by EP-FE analysis. In combination with the fatigue test data, local equivalent

stress based S-N curve is derived. This new S-N curve can be used for evaluating the

fatigue lives of welding joints with arbitrary RS distribution and stress ratios.

Fig. 5.3 Flowchart of the FE analysis and LMES based fatigue assessment.
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5.3.1 Welding simulation

A 3-D FE mesh model is built with the same size as the experimental specimen, as

shown in Fig. 5.4. The finest element with dimensions of 0.5×0.5×0.5 mm is arranged

near the round seam, where the weld toe in this region is the target region for

subsequent HFMI treatment. The weld log is 8 mm and the flank angle of the weld

seam is 45o. The element type used is an 8-node solid element with 8 Gauss integration

points. The total number of elements is 177, 092 while the number of nodes is 193, 639.

Thermal analysis is first performed to calculate the transient temperature field. A

half-ellipsoid moving heat source is employed to simulate welding heat input, and its

heat flux distribution of the heat source model is assumed to be uniform [66]. The

welding parameters and sequence in simulations are consistent with the experiment.

The inter-pass and ambient temperatures in simulations are set to 100 oC and 20 oC,

respectively. The heat loss from the specimen to environment is considered through a

thermal boundary on the outer surface with a temperature-dependent convection

coefficient [80]. After thermal analysis, mechanical FE analysis is then performed to

calculate welding RS and deformation. The transient temperature history data obtained

by thermal analysis is applied as a thermal load. Three nodes on the bottom surface of

the main plate are constrained in XYZ, XZ, and Z-directions respectively to prevent

rigid body movement. Temperature-dependent material properties of SM490 (base

metal) are used [80], as shown in Fig.5.5. The material properties of the filler metal are

assumed to be the same as the base material. For welded joints made of low-alloy

structure steel, the solid-state phase transformation and strain hardening has negligible

effects ( < 100MPa) on welding RS [68]. Therefore, an ideal elastic-plastic material

model without consideration of the strain hardening and phase transformation is used in

the welding simulation.
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Fig. 5.4 Coarse FE mesh of gusset joint used in welding analysis.

Fig. 5.5 Material properties of SM490. (a) Thermal properties, and (b) mechanical

properties.

5.3.2 HFMI simulation

After a welding analysis, a simulation is conducted for HFMI treatment using a fine

FE mesh with a minimum element size of 0.15×0.15×0.15 mm in the peening treated

zone. As shown in Fig. 5.6, only one half of the gusset joints are considered in the

analysis to save time, with the Y-Z plane serving as the symmetric plane. The peening

tool is modeled as a rigid surface using 4-node 2D shell elements. For convenience, the

tip radius of the tool is increased to 2.05 mm in the FE model, while its actual size is

1.5 mm, to consider the tool's aberration and lateral movement [80]. This optimized

tool shape helped improve the accuracy of the simulated local profile. The initial stress

of the HFMI simulation is AW stress simulated by the JWRIAN code. Due to
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differences in FE mesh, the interpolated AW stress, including 6 stress components

(normal stresses σx, σy, σz, and shear stresses τxy, τyx, τxz), is calculated using a stress

interpolation code developed based on the Griddata function of Numpy [72]. The

interpolated stress is then written in Dytran's input file, which is used for HFMI

simulation. In addition, the load rate scaling method is employed to save analysis time.

The up-scaling rate is set to 80 [80].

The displacement-controlled simulation method is employed in HFMI analysis, due

to easier access to analysis parameters and shorter computation times compared to the

force-controlled method [41-44]. The movement of the peening tool is given, as

follows:
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(22)

where Xx and Xz represent the componets of tool’s axial motion; Xy is the motion in the

forward direction along the welding toe; vF is the forward speed; a is the peening stroke

(see Fig. 5.6); θ is the peening angle; f is the peening frequency; and t is the time. The

peening stroke a can be calculated by following equations:

e
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     (23)

where ue is the enforced indentation; and r is the radius of the tool’s tip. It is hard to

directly identify the enforced indentation ue by measurements due to the elasticity of

the material. Therefore, the relation between ue and the peening depth is established in

trial and error manner. From this relation, then ue can be determined based on

measured peening depth [80]. In mechanical analysis, all nodes on the back face of the

main plate are constrained in Z-directions, and nodes on the symmetric plane are

constrained in the X direction. The contact between the pin and the weld bead / base

metal is modeled as follows: The FE mesh of the peening tool is defined as the master

surface in the contact pair, while the upper surface of the specimen is defined as the

slave surface. The friction coefficient in the contact model is assumed to be 0.3.

In HFMI modeling, the choice of the material hardening model is crucial due to the
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substantial local plastic deformation brought on by repeated hits. The non-linear

isotropic hardening model is chosen in this work without the consideration of strain

rate-dependency. In MSC. Dytran, the elastic modulus E and yield strength fy are

updated with incremental steps according to the stress-strain curve [80] and

accumulated plastic strain εp. The initial elastic modulus E and initial yield strength fy
are set to 210 GPa and 388 MPa, respectively. The Poisson’s ratio ν is set to 0.3.

Fig. 5.6 Fine FE mesh of gusset joint and peening tool in HFMI analysis.

5.3.3 Cyclic fatigue load simulation

After the welding and peening simulation, the EP-FE analysis of cyclic loading is

conducted using MSC. Dytran to investigate the local stress response under fatigue load.

A total of 12 simulation cases are performed based on the loading condition of each

fatigue test, as listed in Table 2. Only three load cycles are considered in the

simulations. To save analysis time, the frequency of the cyclic load in simulations is

assumed to be 600 Hz [41]. For Cases AW-1 to AW-6, the interpolated AW stress is

given as the initial stress. The fine mesh with original weld toe radius of 0.8 mm is used,

and its element size near the weld toe is 0.08 × 0.08 × 0.08 mm. For Cases HFMI-1 to

HFMI-6, the HFMI-induced RS and equivalent plastic strain are given as the initial

state, and the deformed mesh model is applied to consider the weld toe geometry

improvement by HFMI treatment, as shown in Fig. 7. The nodes in the specimen's back

face are constrained in the Z-direction, and a symmetric boundary condition is imposed
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to the Y-Z plane simultaneously. It should be emphasized that the test specimens are

not symmetric about the Y-Z plane. According to the elastic FE analysis, such an

additional symmetric constraint leads to a local stress (hot spot stress) increase of 3%,

which is considered negligible in the present study (see in Appendix B). The material

properties and hardening model are consistent with those used in the peening analysis.

Fig. 5.7 Fine FE mesh of the gusset joint used for cyclic load analysis. (a) AW case; (b)

HFMI case.

Table 5.2 Simulation cases for cyclic loading.

Specimen number
Nominal stress range

Δσ (MPa)

Stress

Ratio R
Number of Cycle N

AW-1 53.6 (0.14 fy) 0 3

AW-2 103.0 (0.27 fy) 0 3

AW-3 152.2 (0.39 fy) 0 3

AW-4 203.7 (0.53 fy) 0 3
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AW-5 252.4 (0.65 fy) 0 3

AW-6 301.8 (0.78 fy) 0 3

HFMI-1 150.9 (0.39fy) 0 3

HFMI-2 171.8 (0.44 fy) 0 3

HFMI-3 181.6 (0.47 fy) 0 3

HFMI-4 201.6 (0.52 fy) 0 3

HFMI-5 252.5 (0.65 fy) 0 3

HFMI-6 304.3 (0.78 fy) 0 3

5.3.4 LMES based fatigue assessment approach

It is well-known that the RS has a significant impact on the fatigue behavior of

welded joints. The tensile RS increases the mean stress level of the fatigue cycle,

resulting in a reduction in the fatigue life of structures. Additionally, the stress ratio R

also has a considerable effect on fatigue life, particularly for stress-relieved or HFMI-

treated joints. This is because the compressive stresses introduced by these treatments,

which improve fatigue performance, relax under fatigue loading. The stress relaxation

induced by the cyclic load increases with the stress ratio R. The stress relaxation

reduces the fatigue improvement achieved by HFMI treatment, as listed in Table 5.3.

For load-control fatigue data, MIL-HDBK-5D Standard [59] provides an approach

to consolidate the S-N data of aluminum alloy materials at various stress ratios based

on an equivalent stress parameter Δσn-eq. The new S-N curve is described by the

following equation:

 n-eq max 1 R     (24)
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1 2 n-eqlog logN c c    (25)

where σmax is the maximum value in the nominal stress cycle; R is the stress ratio; N is

the number of cycles to failure; c1, c2, and α are material parameters.

Matsuoka et al.[60, 61] investigated the fatigue crack initiation life of welded joints

using the MIL-HDBK-5D approach. The hot-spot stress component based equivalent

stress range Δσh-eq can be described as the following equation:

 1*
h-eq max RS)K K
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where fy is the yield stress; K is the structural stress concentration factor; Δσ is the

nominal stress range; σmin is the minimum stress in the fatigue cycle; σRS is the residual

stress; σ*RS is the stabilized residual stress. Stress relaxation is determined by the yield

strength of materials and the hot-spot stress. Eq. (27) explains the variation in the RS

due to fatigue loading. In their study, a series of fatigue test data in AW conditions

were analyzed. The welding RS for each specimen was estimated by the inherent strain

method. Matsuoka utilized the least squares method to fit the material parameter α =

0.6485 in Eq. (26). Yamamoto [81] examined the effectiveness of the modified MIL-

HDBK-5D approach using the available data (failure life) of HFMI-treated joints and

as-welded joints. Then, he applied this method to the actual fatigue damages in the end

connection of side longitudinal stiffeners of midsize double hull tanker.

The current study develops a multi-process simulation system, including welding,

HFMI, and fatigue loading, to access the local stress cycle. The effects of local elastic-

plastic material behavior, initial RS, and stress ratios R are taken into account in the

local stress simulated by EP-FE analysis. Therefore, the LMES range Δσeq can be

simplified as follows:

   1eq t t-max
       (28)

where Δσt is the range of the tangential stress component on the surface of the weld
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toe/peening groove; σt-max is the maximum value of the tangential stress cycle. The Δσeq
is assumed to be 0, if Δσt-max < 0. It should be noted that the stress parameter utilized in

this study is obtained through elastic-plastic FE analysis, using a mesh model featuring

the actual notch shape. This differs from the effective notch stress approach [79], which

employs a fictitious notch with a radius of 1 mm.

Table 5.3 Reduction of FAT class in fatigue strength improvement by HFMI based on

stress ratio R [33].

Stress ratios R Minimum FAT class reduction

R ≤ 0.15 No reduction due stress ratio

0.15 < R ≤ 0.28 One FAT class reduction

0.28 < R ≤ 0.4 Two FAT class reduction

0.4 < R ≤ 0.52 Three FAT class reduction

0.52 < R No data available

5.4 Results and discussion

5.4.1 Residual stress for AW and HFMI specimens

In Fig. 5.8, the predicted welding RS along the Path AB on the upper surface is

compared to the X-ray stress measurement from the previous studies by our lab [80].

The simulation showed that the RS is about 100 MPa larger than the measured one in

areas 5-20 mm away from the weld toe. This difference is attributed to the initial

compressive RS on the surface of the plates before welding, which is not accounted for

in the simulation. However, the simulated results are in good agreement with the

measured RS in regions close to the weld bead. This is because the material in these

regions was heated to a high temperature during welding, which caused the initial

stresses to be released and thus have negligible effects on final stress distribution.

Fig. 5.9 compares the HFMI-induced RS predicted by FEM with the measured
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results [18]. It is observed that the HFMI treatment introduces considerable

compressive RS in the vicinity of the treated zone compared to the AW condition. The

simulated RS is in good agreement with the measured data for regions close to the weld

toe. However, a stress discrepancy of about 100 MPa occurred in areas 7 mm away,

similar to the welding RS situation. Since this work focuses on the stress near the weld

toe, which is related to the fatigue strength of structures, rather than other regions, this

difference is considered to be acceptable.

Fig. 5.8 Comparison of the predicted and measured RS distribution along the Path AB

on the upper surface for AW Specimen.
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Fig. 5.9 Comparison of the predicted and measured RS distribution along the Path AB

on the upper surface for HFMI Specimen.

Fig. 5.10 compares the predicted HFMI-induced RS along the thickness direction

with available measured data from Ref. [82-84]. The RS distribution along the

thickness direction shows that HFMI treatment introduces the compressive RS up to a

depth of 2 mm. For regions close to the surface of the HFMI groove, the compressive

RS is higher than the yield stress of the material. The RS measured data [82-84] show a

scatter to some extent, which may be due to differences in the yield stress of materials

and process parameters (including welding and HFMI). However, the trend of

simulated RS distribution in the present work is consistent with the RS measured data

in previous studies. This indicates that the FE model used in this study can effectively

simulate the distribution of HFMI-induced RS along the thickness direction.

It should be noted that only 6 mm of the peening treatment along the weld toe is

carried out in simulations to save the solution time, while all weld toes on the

specimens are enhanced by the HFMI treatment in experiments. However, the

simulated RS distribution on the cross-section still matches the stress measurements as

presented in Fig. 5.9 and 5.10, which indicate that the peening-induced RS is a highly

localized and self-equilibrated stress and the stress at remote areas has less impact on

the RS near the peening-treated zone. Therefore, in the subsequent cyclic loading

analysis, the RS stress field simulated by 6 mm of the HFMI treatment is applied as the
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initial state of the simulations

Fig. 5.10 Comparison of the predicted HFMI-induced RS Path CD and available

measured data [82-84].

Table 5.4 Detailed information of HFMI specimen and RS measurement method from

Ref. [82-84].

Ref. Steel Grade (fy) Joint Type
Main Plate

Thickness

Method of RS

measurement

Suzuki. [82] SM490 (≥ 325 MPa) Cruciform 16 mm Neutron diffraction

Leitner. [83] S355 (≥ 350 MPa) Cruciform 13 mm X-ray diffraction

Ono. [84] S690QL (832 MPa) Cruciform 6 mm Neutron diffraction

5.4.2 RS distribution after the fatigue load-cycle

Fig. 5.11 compares the RS distribution (σxx) near the weld toe before and after 3

load-cycles for AW and HFMI cases. It is observed that fatigue load-cycles lead to RS
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relaxation for both AW and HFMI cases. For Case AW-3 (Δσ = 0.47 fy), the peak of

tensile RS decreases from 510 MPa to 310 MPa. For Case HFMI-1 (Δσ = 0.47 fy), the

peak of HFMI-induced compressive RS decreases from -694 MPa to -532 MPa. Fig.

5.11 (b) and (d) show the simulated local stress (σxx) cycle at the Point A and B. The

results show that each stress cycle has almost the same peak stress and amplitude,

indicating that stress relaxation induced by the constant-amplitude fatigue loading

occurs mainly during the first cycle. Subsequent cycles are purely elastic cycles without

plastic deformation. A similar phenomenon was reported in research by Leitner et al.

[45]. They estimated the RS relaxation in HFMI-treated joints using experimental,

analytical, and numerical methods, and found that the difference of redistributed RS

between the case after the first load-cycle and 5th load-cycle was less than 5%.

Therefore, FE analysis for 3 cycles of repetitive loading is sufficient to obtain all

necessary stress parameters used for fatigue assessment.

Fig.5.11 The distribution of longitudinal RS σxx near the weld toe before and after 3

load-cycles. (a) Case AW-3 (Δσ = 0.47 fy); (b) local stress cycle (σxx) at Point A; (c)

Case HFMI-1 (Δσ = 0.47 fy); (d) local stress cycle (σxx) at Point B.

Fig.5.12 shows the longitudinal RS (σxx) distribution along the thickness direction

after the first load-cycle for AW and HFMI cases. The degree of stress relaxation

increases with the growing nominal stress range Δσ. For Case HFMI-6, stress
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relaxation of about 70% occurs near the top surface after the 3rd load-cycle, while the

peak tensile RS reduces from 510 MPa to -449 MPa for Case AW-6. Matsuoka et al.

[16, 17] proposed an approximate estimation of the stable welding RS after fatigue

loads (see Eq. (27)). However, this estimate is difficult to apply for specimens with

complex stress states, such as HFMI cases. The EP-FE analysis of cyclic loading is a

more accurate and reliable method to obtain local stress parameters used for fatigue

analysis. These stress parameters incorporate the effects of the plastic deformation

behavior of the material, RS, and load stress ratios.

Fig. 5.12 Longitudinal RS (σxx) distribution along the thickness direction (Path EF)

after a single load-cycle for (a) AW cases and (b) HFMI cases.

5.4.3 Nominal stress based S-N data

Fig. 5.13 shows the nominal stress-based S-N data and their regression curves for

AW and HFMI conditions. All S-N data is tested under the constant-amplitude loading

at stress ratio R = 0. According to the structural detail and yield strength (fy = 388 MPa),

the FAT for AW and HFMI specimens is classified as 71 and 125 following IIW

recommendations [33], respectively. JSSC Class [22] for AW and HFMI specimens in

this work are also added in Fig. 5.13. It can be seen that the S-N data of HFMI

specimens is relatively scattered compared with the fatigue data from AW specimens.

This is due to the uncertainty of the HFMI treatment, namely the slight differences in

the shape of the peening groove and the introduced compressive RS between each

specimen. The fatigue life of HFMI-treated joints is significantly improved compared

to that in AW conditions. The fatigue strength at 2×106 cycles is increased from 80

MPa for AW cases to 164 MPa for HFMI cases. The corresponding slope of the
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experimental S-N curve becomes slower. This indicates that HFMI parameters applied

in the fabrication of the specimens are reasonable and can effectively increase the

fatigue strength of gusset joints, although the hammering frequency of 80 Hz does not

strictly conform to the IIW recommended > 90 Hz.

Fig. 5.13 Nominal stress based S-N data with the stress ratio R = 0 for AW and HFMI

joints.

5.4.4 Calculation of LMES

Local stress response due to the cyclic load is obtained by EP-FE analysis as

discussed in section 5.4.2. The tangential stress range Δσt and the maximum tangential

stress σt-max on elements near the weld toe and peening groove is extracted from the

cyclic load simulation results. The LMES range Δσeq is then calculated using Eq. (28).

Fig. 5.14 compares the Δσeq distribution near the weld toe for AW and HFMI cases. It

is observed that the maximum Δσeq appears on Element 13 for both Case AW-3 with

Δσ = 0.47 fy and AW-6 with Δσ = 0.78 fy. For Case HFMI-1, however, there are two

critical points at Element 4 and 15, and they shift to Element 14 with the growth of

applied Δσ from 0.47 fy to 0.78 fy.

The location of the maximum Δσeq can be considered to be the possible crack
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initiation site of specimens. The simulated distribution of Δσeq suggests that the fatigue

crack always emerges at the weld toe (Element 13) for AW cases. However, the crack

initiation site for HFMI cases may shift when increasing the cyclic fatigue loads. For

HFMI cases, the reason for the shift of crack initiation site may be the relaxation of

compressive RS under the cyclic loads. For HFMI-1 with Δσ = 0.47 fy, local

compressive stresses are not completely released, shifting the crack initiation site to the

region close to the edges of the peening groove. However, more RS are released for

HFMI-6 with Δσ = 0.78 fy, as shown in Fig. 5.12 (b). Therefore, the stress

concentration becomes the major factor and together with compressive RS determines

the location of crack initiation.

Fig. 5.14 The distribution of LMES range Δσeq near the weld toe for (a) AW-3 with Δσ

= 0.47 fy, (b) HFMI-1 with Δσ = 0.47 fy, (c) AW-6 with Δσ = 0.78 fy, (b) HFMI-6 with

Δσ = 0.78 fy.

Ono et al. [84] observed a similar shift of the crack initiation site. They investigated

the crack initiation site of HFMI-treated high-strength steel welded joints using both

experimental and damage-based numerical approaches and found that the initial HFMI-

induced RS caused a crack initiation site on the boundary of the weld and HFMI groove

when peak stress = 0.7 fy. They also point out that the crack initiation site gradually
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shifted from the edge to the middle of HFMI groove with increasing applied peak stress.

Despite different material yield strengths, their experimental observations on the crack

initiation site of HFMI-treated joints show a similar trend to numerical results in this

study, which validates the proposed simulation model.

5.4.5 LMES based S-N data

Based on the maximum LMES range Δσeq for each specimen, the LMES based S-N

data and its regression curve are obtained, as shown in Fig. 5.15. Detailed information

on stress parameters and fatigue test data is listed in Table 5.5. It can be seen that the

fatigue data of AW and HFMI specimens essentially fall into the same band, which can

be described by Eq. (29).

eqlog 19.6 5.2 logN    (29)

Although the nominal S-N plot (Fig. 5.13) shows that the two types of joints have

different regression curves, the LMES range versus life plot exhibits a potential that a

single S-N curve can describe the fatigue lives of welded joints with different RS levels.

This unified S-N curve enables a quantitative consideration of the RS on fatigue

performance.

As mentioned before, the fatigue improvement by HFMI treatment is mainly

contributed by three factors: introduced compressive RS, modification of the local weld

toe geometry, and local grain refinement. For LMES approach, the used stress

parameter Δσeq is determined by the elastic-plastic local stress cycle which is calculated

by EP-FE analysis using the fine FE mesh. Therefore, the effects of initial RS, cyclic

stress relaxation, and local weld toe geometry on fatigue performance are automatically

taken into account in the stress parameter Δσeq. However, the material parameter α in

Eq. (26) is determined from AW specimens with various RS states[60, 61]. Here, the

effect of the microstructural improvement of material is not considered in the

determination of maximum Δσeq. Nevertheless, equivalent stress based S-N data for

both AW and HFMI specimens show a good convergence to the single regression curve

(Fig. 5.15), implying that the neglect of the microstructural improvement may be

reasonable. Yamaguchi et al. [34] compared the fatigue improvement by three peening

methods: needle peening (or HFMI peening), micro-needle peening, and shot peening.
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They found that needle peening introduced a crack-like defect perpendicular to the

treated surface, which offsets the improvement effects of the grain refinement on

fatigue life enhancement. As stated above, process factors may cause uncertainty in

terms of fatigue performance. Thus, further studies on peening-treated specimens with

various process parameters are necessary to verify the reliability of the proposed

method.

The local equivalent stress is calculated the based on local stress cycle that is

simulated by elastic-plastic FE analysis of the HFMI treatment and cyclic loading

processes. The S-N data for AW and HFMI specimens can be approximated by a single

LMES-based S-N curve, which indicates that this local approach enables a quantitative

evaluation of fatigue improvement by peening-induced RS. Since the effects of the

material yield stress and load ratio on fatigue behaviors are related to local stress

response, this local approach has the potential to combine fatigue data from different

welded joints (made of steels with different yield strengths or tested under different

load ratios) into a single S-N curve. But it still needs to be proved by further

experiments and numerical investigations. Furthermore, the authors will investigate the

fatigue life of HFMI-treated T-joints made of ultra-thick (> 50 mm) plates using the

proposed LMES approach in future work.

Fig. 5.15 LMES based S-N data for AW and HFMI joints.
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Table 5.5 Fatigue test results and LMES results.(Stress radio R = 0)

Specimen

Number

Nominal

stress range

Δσ (MPa)

Maximum

LMES range

Δσeq (MPa)

Number of cycles to

complete failure N

(cycle)

Crack

initiation

AW-1 53.6 235.7 7957742 Run-out

AW-2 103.0 361.2 999855 Weld toe

AW-3 152.2 468.3 300969 Weld toe

AW-4 203.7 581.2 114328 Weld toe

AW-5 252.4 684.8 61319 Weld toe

AW-6 301.8 773.4 34462 Weld toe

HFMI-1 150.9 254.4 5043698 Run-out

HFMI-2 171.8 347.4 1527149 Weld toe

HFMI-3 181.6 392.0 3030539 Weld toe

HFMI-4 201.6 474.5 444621 Weld toe

HFMI-5 252.5 654.9 251510 Weld toe

HFMI-6 304.3 796.2 56217 Weld toe
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5.5 Summary

In this work, the local equivalent stress approach is implemented to study the fatigue

behavior of AW and HFMI-treated gusset joints made of SM490 steel. The LMES

range Δσeq is determined by the elastic-plastic local stress cycle (tangential stress

component) calculated by EP-FE analysis, and used for fatigue assessments. To ensure

that the effects of initial RS, stress relaxation, and stress concentration due to weld toe

geometry are contained in the elastic-plastic local stress cycle, muti-process simulations,

including welding, HFMI treatment, and fatigue cyclic load processes, are performed.

Fatigue tests for AW and HFMI joints were carried out. The local equivalent stress

based S-N curve is obtained using the proposed approach and compared with the

nominal stress based S-N data. The main conclusions of this paper are summarized

below:

(1) For AW specimens, high tensile RS with σxx component of 510 MPa (1.30 fy)

occurred at the weld toe. After HFMI treatment, the non-uniform distributed

compressive RS with a range of -400 to -694 MPa (-1.00 to -1.78 fy) is introduced near

the treated regions. The simulated AW stress and HFMI-induced RS agree with the

measured one, which validates the muti-process numerical simulation procedures used.

(2) Stress relaxation behavior is observed numerically for AW and HFMI specimens

subjected to cyclic loads. The stabled RS decreases gradually with the growth of the

applied nominal stress range Δσ.

(3) The total lives to failure of the HFMI-treated specimens is significantly

improved compared with the AW specimens. The fatigue strength at 2 × 106 cycles is

increased from 80 MPa for AW cases to 164 MPa for HFMI cases based on the fatigue

test.

(4) The location of the maximum MIL-HDBK-5D equivalent stress range Δσeq at the

surface of the peening groove changes under various magnitudes of load, which

suggests a shift of the crack initiation site for HFMI-treated specimens. For AW cases,

the crack initiation site is always located at the weld toe.

(5) Although the nominal stress S-N plot of the AW and HFMI joints have different

S-N data trends, all S-N data are consolidated into a single curve by the local MIL-
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HDBK-5D equivalent stress approach. This local equivalent S-N curve can be used for

evaluating the fatigue life of welded joints treated by the HFMI process, considering

the initial RS, cyclic stress relaxation, and local weld toe geometry.
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CHAPTER 6

Conclusions

The objective of this study is to propose a multi-process numerical simulation model

to estimate local RS and improved shape profiles induced by HFMI treatment in

welded joints. Then, a local MIL-HDBK-5D equivalent stress (LMES) based fatigue

assessment approach is proposed to investigate the fatigue lives of HFMI-treated gusset

welded joints made of SM490. The LMES range is identified by the elastic-plastic local

stress cycle simulated by the muti-process finite element analysis, including welding,

HFMI, and fatigue loading processes. The main findings of this study are as follows.

(1) HFMI simulation on a flat plate:

a) The residual stress and peening groove profile obtained by flat plate peening

simulation match well with the measurements, which shows the validity of the

developed analysis method and employed input parameters.

b) Considerable compressive RS with peak of 686 MPa (σxx) and 725 MPa (σyy) is

introduced by HFMI treatment in the vicinity of the treated zone.

c) The mesh sizes near the treated zone has a significant influence on HFMI-

induced residual stresses. The ratio of element size in the treated region to the tool’s tip

radius should be less than 0.1

d) The peening length has a slight effect on residual stress. To save the analysis

time, HFMI simulation of 6 mm is sufficient to obtain an reasonable stress distribution.

(2) HFMI simulation on a gusset welded joint:

a) The simulated welding thermal cycles, as-weld stress, HFMI-induced RS, and

peening groove were in good agreement with the measurements. This indicates that the

proposed simulation system can effectively predict the HFMI-induced RS with the

consideration of the as-welded stress.

b) The proposed numerical analysis system allowed the use of the different FE

mesh in the welding and HFMI simulation steps so that good computational efficiency

and accuracy can be achieved.

c) The radius of the peening tool has been modified to enable more accurate
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reproduction of the treated local profile. This facilitates the consideration of local stress

concentrations and RS relaxation in subsequent fatigue assessment.

d) Considerable compressive RS (-700 MPa) near the weld toe was introduced after

the HFMI treatment compared with the as-welded condition (500 MPa). To accurately

evaluate the improvement by the HFMI process the fatigue life of the structures, it is

needed to perform stress relaxation analyses after HFMI simulation and investigate the

mean stress effect induced by the RS in future work.

(3) LMES based fatigue assessment for the post weld heat treated gusset welded joint:

a) The as-welded and stress-relieved RS obtained by thermal elastic-plastic FE

analysis match well with the X-ray measured ones, which validates the developed

analysis method and employed input parameters.

b) The RS level in stress-relieved joints decreased significantly compared with that

in the as-welded condition, with its peak value dropping from 400 MPa to 65 MPa. The

fatigue life of stress-relieved joints is approximately 2.5 times longer than as-welded

ones with a stress ratio = -1.

c) The fatigue data of as-welded and PWHT specimens can be approximated by a

single local equivalent stress based S-N curve. This reference SN-curve can be used for

evaluating the fatigue life of welding joints at arbitrary RS and stress ratios.

(4) LMES based fatigue assessment for the HFMI-treated gusset welded joint:

a) For AW specimens, high tensile RS with σxx component of 510 MPa (1.30 fy)

occurred at the weld toe. After HFMI treatment, the non-uniform distributed

compressive RS with a range of -400 to -694MPa (-1.00 to -1.78 fy) is introduced near

the treated regions. The simulated AW stress and HFMI-induced RS agree with the

measured one, which validates the muti-process numerical simulation procedures used.

b) Stress relaxation behavior is observed numerically for AW and HFMI specimens

subjected to cyclic loads. The stabled RS decreases gradually with the growth of the

applied nominal stress range Δσ.

c) The total lives to failure of the HFMI-treated specimens is significantly improved

compared with the AW specimens. The fatigue strength at 2 × 106 cycles is increased

from 80 MPa for AW cases to 164 MPa for HFMI cases based on the fatigue test.
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d) The location of the maximum MIL-HDBK-5D equivalent stress range Δσeq at the

surface of the peening groove changes under various magnitudes of load, which

suggests a shift of the crack initiation site for HFMI-treated specimens. For AW cases,

the crack initiation site is always located at the weld toe.

e) Although the nominal stress S-N plot of the AW and HFMI joints have different

S-N data trends, all S-N data are consolidated into a single curve by the local MIL-

HDBK-5D equivalent stress approach. This local equivalent S-N curve can be used for

evaluating the fatigue life of welded joints treated by the HFMI process, considering

the initial RS, cyclic stress relaxation, and local weld toe geometry.
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Appendix
A The misalignment effect induced by angular welding distortion

The angular misalignment effects due to the welding distortion can be estimated by

a stress magnification factor km [21], as below:

w
m

3 tanh( / 2)1
2 / 2
lk

T
 


   (A1)

32 ml
T E


   (A2)

where αw is the angular misalignment; σm is the membrane stress range; l is the distance

from the weld to the fixed end of the main plate; T is the thickness of the main plate; E

is the elastic modulus (210 GPa). For the gusset joint presented in this work, the

angular distortion is less than 1 mm (α = 0.0036) from the experimental observation.

The km under axial fatigue loads can be calculated, as listed in Table A1.

Table A1 Estimation of the stress magnification factor km

σm
(MPa)

αw l (mm) T (mm) km

100 0.0036 125 9 1.069

200 0.0036 125 9 1.064

300 0.0036 125 9 1.060

According to km values, the angular misalignment effects on fatigue lives are less

than 7%. In addition, the fatigue specimens subjected to different axial loads have a

similar km value, which means the misalignment may lead to the translational shift of

the SN curve but it does not affect the slope of the SN curve. Thus, the misalignment

effects do not affect the main conclusions of this study.
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B The effects of the boundary condition in the cyclic loading analysis on the local

stress

The single-side gusset joint used in this work is not symmetry in the thickness

direction. In cyclic loading simulation, however, a symmetry boundary condition (BC)

in the lower back face was applied, as shown in Fig. B1 (a). This is due to the fact that

the HFMI and the subsequent cyclic loading simulation were actually included in one

simulation job, and it is difficult to change the BC during the analysis in Dytran.

To evaluate the BC effects, two elastic simulation cases with cyclic loads (Case1

with symmetry BC and Case 2 with a clamp BC) were performed by MSC. marc. The

nominal stress range was Δσ = 100 MPa with a stress ratio R = 0. The initial stress for

each element was set to 0. The hot-spot stress was evaluated by linear extrapolation [21]

(Eq. B1).

hs 0.4T 1.0T1.67 0.67    (B1)

where σhs is the structural hot-spot stress; σ0.4T and σ1.0T are nodal stresses at two

reference points 0.4T and 1.0T; T is the thickness of the main plate.

The simulated hot-spot stress range Δσhs (Table A2) indicate that the effects of the

BC are less than 3%, which can be ignored.

Fig. B1 Estimation of the hot-spot stress range Δσhs based on elastic finite element

analysis with (a) the symmetry boundary condition (BC) and (b) the clamp BC. For

both cases, the nominal stress range Δσ = 100 MPa and stress ratio R = 0.
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Table B1 Hot-spot stress range Δσhs for Case 1 and Case 2

Case BC Δσ (MPa) R Δσhs (MPa)

1 Symmetry 100.0 0 142.9

2 Clamp 100.0 0 146.7
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