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Abstract

Most structures are fabricated using welded joints because of its low cost, structural strength and geometric flexibility. Welding
is considered a highly complex metallurgical process that results in irregular geometries, material imperfections/flaws and tensile
residual stresses. High tensile residual stresses and stress concentrations resulting from the weld process have a significant impact
on fatigue life of structures, and thus a topic of great concern in product design. Ultrasonic impact treatment (UIT) is regarded as
one of the most effective post welding treatment techniques to enhance the fatigue performance of welded structures. The UIT
aims to introduce fatigue-beneficial compressive stresses by plastically deforming the weld toe and reduce stress concentrations
by modifying local weld geometries. In this study, 3D modeling and simulation using finite element (FE) method has been
performed to simulate welding process and numerical modeling of the UIT process to predict weld residual stress distribution of
butt and T weld joints. The predicted numerical results under as-welded and UIT treatment conditions were compared to present
weld residual stress improvements. Compared results shows that the UIT has potential applications on the fatigue design of
welded structures, can lead to lighter structures and products, in which structures can be down-sized and optimized to reduce
weights.
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1. Introduction

Welding technology has been widely applied in the fields of automobile, aviation, nuclear, vessel manufacturing
and other industrial sectors due to its low cost, geometrical flexibility and desirable mechanical properties [1]. On
the other hand, welding comes with the expense of some detrimental effects on welded structures such as micro-
cracks/flaws, high stress concentration and tensile residual stresses. Hence, from the point view of fatigue design,
welded areas are deemed as weak structural joints where cracks and tensile residual stresses are easily to be found
[2]. Over the past several decades, numerous post-weld treatment techniques, including grinding, TIG dressing,
hammer peening and shot peening, have been developed to address this vexing issue and improve fatigue
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performance of weld joints, [3]. These treatments are generally classified into two different categories: geometry
improvement and residual stress modification techniques. Geometry improvement techniques such as TIG dressing
and grinding focus on eliminating flaws and reducing stress concentration of welded components. While residual
stress modification techniques like hammer peening and shot peening lay emphasis on introducing beneficial
compressive residual stresses and improving residual stress distributions of welded joints[4].

Ultrasonic impact treatment (UIT) is a recently developed treatment technique by Statnikov et al. in former Soviet
Union [5]. This technique has become increasingly popular for several reasons such as reducing manpower
requirements, eliminating the weld induced distortions. The UIT uses needles or hammer-like rods to impact the
welding surface/toe at a high ultrasonic frequency of 18000-27000 Hz. The UIT, not only reduces the local stress
concentration by modifying the weld toe geometry but also introduces compressive residual stresses by eliminating
tensile residual stresses [6].

In recent years, numerous studies have been carried out to investigate the effect of the UIT on the weld residual
stresses and fatigue performance of weld joints [7-10]. Numerical models have been developed to predict the
residual stress distribution and fatigue performance of UIT-treated weld joints [9, 11]. Meanwhile, experimental
studies of the UIT have been also conducted [7-8, 10]. Various measurement techniques such as X-ray diffraction
and neutron diffraction were used to obtain experimental data for the validation of simulated residual stresses. In
most of the cases, it has been found that the UIT introduces compressive residual stresses along varying depths and
improves fatigue performances of weld joints in various extent. Turski et al. [7] found that the UIT produced
compressive residual stress fields of about 2mm in depth for 304 stainless steel. Liu et al. [8] measured residual
stresses of UIT-treated high strength steel weld joints. The results indicated that the UIT had the same effect on both
longitudinal and transverse stresses and introduced a compressive residual stress layer up to 4mm in depth.
Foehrenbach et al. [9] developed a computationally efficient approach to predict residual stresses induced by the UIT
process using a commercial finite element software package. It was found that compressive residual stresses up to a
base material yield strength occurred after the UIT treatment. Dekhtyar et al. [10] studied the effect of the UIT on
fatigue behavior of Ti-6Al-4V specimens. Based on experimental data, it can be revealed that the UIT introduced
compressive stresses of -570MPa, achieving two thirds of yield limit of the material. Fatigue strength of as-welded
joints were increased by 60% at 107 cycles and fatigue life was extended 10* times at stress amplitude of 300 MPa.

To assess fatigue life improvement by the UIT treatment, it is necessary to accurately estimate residual stress
distribution through finite element analysis (FEA). Recent numerical studies emphasized on the influence of mesh
type, material properties, boundary conditions, pin tool size, modeling strategy and material hardening rules on
computed numerical results [9, 11-12]. It was well know that the isotropic hardening model is valid for monotonic
loading [9]. However, due to the Bauschinger effect, isotropic hardening model is not suitable for cyclic loadings
experienced under of the UIT process [13]. On the other hand, linear kinematic hardening model could be applied to
describe material behavior under cyclic loading conditions, but it could provide reasonable results for small strains
loading conditions [14]. Therefore, the combined isotorpic-kinematic hardening model, or Chaboche model was
resulted from the UIT simulation [15-16]. In addition, in the modeling of the UIT process, regardless the complex
components and ultrasonic transducer of the UIT device, the pin impact can be simplified as the movement of the
impact pin tool given proper controlling parameters. These parameters consist of impact velocity, the contact force
and the pin displacement. Hence, modeling strategies of the UIT can be classified into three categories: velocity-
controlled simulation (VCS), force-controlled-simulation (FCS) and displacement-controlled-simulation (DCS) [17-
19]. In the VCS strategy, the velocity of the impact pin can be obtained through the approximated motion using a
sinusoidal harmonic function, where the first derivative represents the velocity [17]. The FCS strategy defines the
pin impact with a given load force while the DCS utilizes the permanent indentation obtained by the UIT to define
the displacement of the pin [18-19].

This paper focuses on effects of the UIT on residual stresses of 304L weld joints. FE analysis was carried out to
simulate residual stress distributions of as-welded and the UIT treated joints.
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2. Finite element numerical modeling
2.1. Finite element modeling of welding process

Finite element (FE) simulations of the butt and T weld joints were performed using ABAQUS software package
to predict the residual stresses induced by welding process. As shown in Fig.1, due to the overall symmetry, only
one-half of the weld joints was modeled for both butt and T weld joints. The eight-node Hex element C3DS8T was
employed to model welding geometry and refined meshes were created in the vicinity of the weld region to obtain
more accurate results. The minimum element size was selected as 1 mm x 1 mm X 1 mm in the weld zone. The total
number of nodes is 251585 for butt joint and 240692 for T-joint. Specific paths in various directions were chosen to
analyze the residual stress distributions of weld joints in Fig. 2. Boundary surfaces were exposed to both radiation
and convection condition, with emissivity of 0.85 and filming coefficient of 10w/ (m2 ‘C). Mechanical boundary
conditions were applied on the FE model, seen in Fig. 2. In the butt joint, path H-G was constrained in Z-direction,
path I-H and G-J were restricted in Y-direction, and nodes on the symmetry plane were constrained in X-direction.
Similarly, in T-joint, path F-G was constrained in Z-direction, path G-H and F-I was constrained in Y-direction, and
nodes on the symmetry plane were restricted in X-direction. In this paper, material properties of heat affected zone
(HAZ), the weld metal and the base metal were assumed the same. Temperature-dependent material properties were
obtained from the previous research works [20], as shown in Fig.3.The double ellipsoidal heat source model was
applied for welding simulation [21], which was expressed as a heat flux function.

Fig. 1 3-D finite element model: (a) butt joint, (b) T-joint.
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Fig. 2 3-D finite element model: (a) butt joint, (b) T-joint.
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2.2. Finite element modeling of ultrasonic impact treatment

A fully dynamic numerical model using ABAQUS code was performed to simulate the UIT process. The UIT
simulation was performed by importing predicted welding residual stresses as the initiate initial state. An Impact
zone with dense meshes were created in the middle of welding zone, where peak tensile residual stress usually
occurred, as shown in Fig.3. The minimum element size in the impact zone was selected as 0.lmm x0.1lmm X
0.5mm. The combined isotropic kinematic material plasticity model was utilized for the UIT simulation. The
corresponding material parameters of the plasticity model were obtained from existing data [14] shown in Table 1.

Fig.3 Impact zone of UIT simulation: (a) butt joint, (b) T-joint

Table 1 Calibrated Chaboche model parameters for 304L (Le Pécheur et. Al, 2012)

E(GPa) v Gu(MPa) Ci (MPa) 7(sh) C; (MPa) Ya(s™)

194 03 250 20.0 10.0 12613 0.015

The displacement-controlled simulation (DCS) strategy was adopted to control the movement of the pin impact.
As depicted in Fig.4, the permanent indentation, the diameter of pin head ,the angle of pin for butt joint and T-joint
were set to 0.1mm, 3mm, 75° and 67.5°, respectively. The pin model was defined as a rigid body. The pin tool was
set to move along the welding direction and impact on the surface of the weld joint at intervals of 0.3 mm, which
was chosen to realistically represent the actual UIT process, as seen in Fig.4.

(a)
Rigid body Rigid body
@ =3 mm
@ =3 mm
Permanent Indentation = 0.1mm Permanent Indentation = 0. lmm

Fig. 4 Pin tool position and indentation: (a) butt joint, (b) T-joint
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3. Results and Discussions

As for weld residual stress predictions for the weld and UIT processes, A-B, A-C and A-D paths in Figs 5-10
were chosen to analyze residual stress distributions of welding butt and T joints. Figure 2 demonstrates residual
stress directions of both weld joints. Three definite words “longitudinal”, “transverse” and “through-thickness” were
introduced to describe residual stresses in three-dimensional space. The transverse residual stress,o,,, indicated
residual stress in direction perpendicular to the weld line. The longitudinal stress,o,,, depicted stress in direction
parallel to the weld line and through-thickness stress, 0,,,,, demonstrated stress in the depth direction.

3.1. Residual stress predictions in weld butt-joint

The predicted residual stresses obtained from the numerical model were compared with experimental data [22] to
verify predicted results of butt weld joint. Figures 5 -6 demonstrate predicted and measured residual stress
distributions in the butt weld joint along paths of the A-B and A-C , respectively. The red markers shown in Fig. 5-
6 indicate the experimental residual stress data measured by the XRD method [22]. As shown in Fig. 5, the
distributions and magnitude of experimental residual stress were approximately consistent with the predicted results
in the A-B path. Generally, both peak transverse residual stress and longitudinal residual stress appeared in the
vicinity of weld zone. The stress components, o,, and g,, decreased with the increasing distance from the point A
and levelled out to zero.

On the other hand, Fig. 6 shows that the simulated residual stresses shared the same trend with the experimental
one along the A-C path. However, there were some differences in residual stresses obtained from the experiment
[22] and those predicted by the FEA. Those differences were attributed to erroneous measurements of the XRD
method, which was sensitive to the microstructure evolution of welding zone [6]. At each end of the A-C path,
experimental transverse residual stresses were relatively smaller than the simulated results. However, the
experimental transverse residual stress (275 MPa) were significantly higher than the simulated ones (172 MPa) at
the middle of the A-C path..

Based on presented results, the predicted results by the FE analysis were in good agreement with the
experimental data. That is to say, the FE model can predict the residual stress distributions of welded joints with
reasonable accuracy.
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Fig. 5 Transverse (a) and longitudinal (b) residual stress distributions along A-B path in butt welded joints

G o . ; - -
(l‘) — Simulation
*  Expenment

Symmetry N
Z planeY-Z \\ 0
¥

Stress IMPa

5 10 15 20 EED) 3 40 45
Distance /mm
Fig. 6 Transverse residual stress distributions along A-C path in butt welded joints
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3.2. Residual stress predictions in weld T-joint

In welding simulation, A-B and A-C paths were chosen to analyze residual stress distributions of welding T-joint.
Figures 7-8 demonstrate residual stress distributions of butt and T joints along paths of the A-B and A-C.
Longitudinal and transverse residual stresses of T-joint along the A-B path are plotted in Fig.7. It can be observed
that both the transverse residual stress o, and the longitudinal residual stress o, reached peak values near the weld
region where the highest resistance occurred during the welding process. However, after reaching the maximum
values, o, and g, reflected a different trend in the A-B path. As shown in Fig. 7(a), o,, monotonically decreased
with the distance from the point A. whereas, with the increasing distance from point A, o¢,, decreased from tensile
stresses into compressive ones and then increased to zero value, as seen in Fig. 7(b). In the region far from the
welding zone, both transverse and longitudinal residual stresses decreased to negligible values with the increase of
distance from the welding zone, which were similar to results of previous studies [30-31].

Figure 8 presents transverse and longitudinal residual stress distributions of T-joints along the A-C path.
Apparently, both transverse residual stresses oy, and longitudinal residual stresses o,, showed a similar trend
along the A-C path. In the middle of the weld line (point A), g,, and g, reached peak tensile stress values. The
peak values of g, and o,, were 350MPa and 200MPa, respectively. As the distance from point A increased, oy,
and o,, decreased gradually, changing from tensile stresses into compressive stresses.
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Fig. 7 Transverse (a) and longitudinal (b) residual stress distributions along A-B path in T-joints
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Fig. 8 Transverse (a) and longitudinal (b) residual stress distributions along A-C path in T-joints

3.3. Effects of UIT on weld residual stresses

To study effect of the UIT on residual stress distribution in the depth direction (A-D path), the simulated results
of residual stresses for as-welded model were compared with those for the UIT treated model. Fig. 9 and Fig. 10
demonstrate residual stress distribution in A-D path of T-joint and butt joint, respectively. As for butt joint, the
stress components, dyy, 0y, and ,, changed smoothly as the depth increased, with average stresses of 189 MPa,
9MPa and 267MPa, respectively in Fig. 9. In case of the T-joint, before the UIT, high tensile residual stresses up to
the yield strength appeared on the upper surface of as-welded joint, shown Fig. 10. The residual stresses reached
their maximum tensile levels near the upper surface and then decreased with the increasing depth. The peak values
of 0y, 0, and 0y, appeared near the upper surface were 372 MPa, 364 MPa and 151 MPa, separately. Owing to
small constrain in in Y-direction, oy, tended to show a lower value than oy, and 0,,. After the UIT,0,,, gy, and
0, changed into compressive stresses near the upper surface of weld joint. Compared to gy,and gy, 0,, had higher
compressive values due to the overlapping of the UIT in longitudinal direction. The maximum compressive stresses
in the longitudinal direction (o,,) of butt and T joints were -375MPa and -312MPa and, respectively, which were
higher than the compressive yield limit of 304L steel, seen in Fig. 9(b) and 10(b). This implied cold working by the
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UIT induced plastic deformation of the weld joint. The same level of residual stress exceeding the yield stress of
material was also measured by previous researchers [7, 28].
wmg 400, : : T

I

pr——
ASA — O -treated
XX

w0 -as weld
300 | xx H

200 "v 1

ITTLARLLE
Ptaannnnet o

100+

Symmetry

z p.lam’ Y-Z |
XQj

stress /MPa

-100 -

-200

300 L ! L L

distance /mm

oy 400 T T T T :
& e O -treated

300

v 0__-as weld
= u

200~

Symmetry

z plane Y-Z | N
5] $ 1
X.
|

100+

stress /MPa

-100+

200 f

-300 -

distance /mm

(C} e 0_-treated
v

100 ween @ -as weld H
W

50

f’“

ok

stress /MPa

-50

4 5 6

-100 p !
0

3
distance /mm
Fig. 9 Transverse (a), longitudinal (b) and through-thickness(c) residual stress distributions along A-D path in as-welded and UIT-treated
butt joints



Jing Zheng et al. / Procedia Engineering 213 (2018) 3647 45

n 400 T T T T
4 — O -treated
XX
«0__-as weld
XX H

300+

200

100

stress /MPa

-100

-200

300 L ' 1
0 1 2 3

distance /mm

m 400 T T T T [—l—
-treated

—O
zz

b
o
o

| sesssn 0__-as weld
===

7

stress /MPa

P

-200 -

L 1 L | s

0 1 2 3 4 5 6
distance /mm

e O -treated
vy

e 0 -as weld H
vy

stress /MPa

-100 L L
distance /mm
Fig. 10 Transverse (a), longitudinal (b) and through-thickness(c) residual stress distributions along A-D path in as-welded and UIT-treated T-



46 Jing Zheng et al. / Procedia Engineering 213 (2018) 3647

Additionally, the effect of the UIT faded with the increasing depth. For T-joint, the depths of the UIT treated
compression layer of gy, 0, and g, were 2.3 mm, 2.5mm and 3.1mm, respectively. In terms of butt joint,
compressive stresses of three directions were introduced to up to 2mm in the depth. Similar results were also
reported, in which compressive residual stress layer of 2-3mm depth were generated by the UIT [29]. The results
above demonstrated that the UIT introduced compressive stresses in the upper surface of weld joints, which had a
beneficial effect on fatigue strength of material [3, 29-31].

The local stresses and strains including weld residual stresses have defense and aerospace applications have
particularly importance to assess fatigue performance of critical welded components/structures in defense,
automotive and aerospace applications [32-33]. Omission of weld residual stresses may cause irreversible
catastrophic failures once one of those components fail.

Conclusions

The current study investigated effects of the UIT on residual stresses of 304L stainless steel weld joints. Both
welding and UIT processes for butt and T joints were simulated using the FEA. Experimental data was used to
validate the predicted residual stress field of the butt joint. Based on the predicted numerical and experimental
results presented, conclusions can be drawn as follows.

e  The results of residual stresses indicated that both the transverse and longitudinal residual stresses reached
peak tensile values near the weld toe region. Away far from the welding zone, residual stresses decreased to
negligible values.

e Experimental the residual stresses for butt joints were in good agreement with the predicted FE results. It
was found that the FE model could predict the residual stress distributions of weld joints with reasonable
accuracy.

e The UIT introduced beneficial compressive residual stresses at weld joints and the maximum compressive
stresses exceeded the compressive yield limit of 304L stainless steel. In addition, the effect of the UIT faded
with the increasing depth at the weld toe. The depths of the UIT treated compression layer of T-joint and
butt joint were up to 3mm and 2mm, respectively.

e  Residual stress results demonstrated that the UIT could remarkably extend fatigue lives of weld joints.
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