We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter 6

Numerical Simulation of Residual Stresses in Welding
and Ultrasonic Impact Treatment Process

Langing Tang, Ayhan Ince and Jing Zheng

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72394

Abstract

Welding technology is considered as a reliable and efficient joining method, which has
been widely used in almost all the industry departments. Detrimental factors induced by
welding such as micro-cracks/flaws, tensile residual stresses, high stress concentration
may degrade the mechanical and fatigue properties of weld joints. Ultrasonic impact
treatment (UIT) is considered one of the most efficient post-weld treatment which could
improve the fatigue performance of weld joints. In this study, the effect of the UIT on
residual stress distribution of 304L weld joints was particularly investigated. FE analysis
simulation and the XRD experiment were performed to predict and measure residual
stresses of both as-welded and the UIT-treated joints. Compared results show that simu-
lated stresses are in good agreement with the experimental results along various paths,
confirming the validity of welding model. The UIT introduces a compressive residual
stress layer with depth between 2 and 3 mm near the impacting surface of weld joint.

Keywords: ultrasonic impact treatment (UIT), finite element modeling (FEM),
weld residual stress, stress and strain, weld simulation

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 con-
centration 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 eas-
ily to be found [2]. A number of numerical techniques have been developed to model the
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influence of tensile residual stresses on fatigue strength of welded joints [3-6]. Over the past
several decades, numerous post-weld treatment techniques, including grinding, TIG dress-
ing, hammer peening and shot peening, have been developed to address this vexing issue
and improve fatigue performance of weld joints [7]. These treatments are generally classi-
fied 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 intro-
ducing beneficial compressive residual stresses and improving residual stress distributions
of welded joints [8].

Ultrasonic impact treatment (UIT) is a recently introduced treatment technique developed by
Statnikov et al. in former Soviet Union [9]. 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 18,000-27,000 Hz. The UIT, not only reduces the local stress
concentration by modifying the weld toe geometry but also introduces compressive resid-
ual stresses by eliminating tensile residual stresses and introducing beneficial compressive
stresses [10].

In recent years, numerous studies have been carried out to investigate effects of the UIT on the
weld residual stresses and fatigue performance of weld joints [11-14]. A number of numerical
models have been developed to predict the residual stress distribution and fatigue perfor-
mance of UlT-treated weld joints [13, 15]. Meanwhile, experimental studies of the UIT have
been also conducted [11, 12, 14]. 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. [11] found that the UIT produced compressive residual stress
fields of about 2 mm in depth for 304 stainless steel. Liu et al. [12] measured residual stresses
of UlT-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 4 mm in depth. Foehrenbach et al. [13] developed a computationally effi-
cient 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. [14] studied the effect
of the UIT on fatigue behavior of Ti-6Al-4V specimens. Based on experimental data, it was
reported that the UIT introduced compressive stresses of -570 MPa, achieving two thirds of
yield limit of the material. Fatigue strength of as-welded joints 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
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[13, 15, 16]. It was well known 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 [17]. On the other hand, linear kine-
matic hardening model could be adopted to describe material deformation behavior under
cyclic loading conditions, but it could provide reasonable results under small strains loading
conditions [18]. Therefore, the combined isotropic-kinematic hardening model, or Chaboche
model was applied to the UIT simulation [19, 20]. 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 control-
ling 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) [21-23]. In the VSC 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 [22, 23].

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. The UIT process was simulated with the pre-existing validated stress field of residual
stresses, which considered the effects of the UIT in transverse, longitudinal and through-
thickness directions. In addition, the DCS and Chaboche model was introduced to improve
both the time efficiency and the preciseness of prediction.

2. Finite element (FE) modeling

2.1. FE modeling of weld joints

FE simulation of both butt and T weld joints have been performed using the Coupled
Temperature-Displacement analysis provided by ABAQUS software package. The 3-D finite
element models of butt joint and T-joint are depicted in Figure 1. As shown in Figure 2, to
reduce the computation time, the FE models of welded joints were reduced by one-half and
one-quarter using the overall symmetry and both models were simplified as the single pass
welding. Geometries of both butt and T weld joints were modeled with the C3D8T element.
In order to improve computed results, the refined meshes with the minimum element size
of 1 x 1 x 1 mm were created in the heat affected zone (HAZ) and the weld area of FE mod-
els. The butt joint had 251,585 nodes while the T-joint had 240,692 nodes. Outer surfaces
of weld joints were under both radiation and convection condition with emissivity of 0.85
and filming coefficient of 10 W/(m*°C). As shown in Figure 2(a), for the butt joint, nodes on
symmetry plane Y-Z, line H-I/G-J and line G-H were constrained in X-direction, Y-direction
and Z-direction, respectively. For the T-joint, similarly, nodes on symmetry plane Y-Z, line
F-I/G-H and line F-G were restricted in X axis, Y axis and Z axis, respectively. As seen in
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Figure 1. 3-D finite element model: (a) butt joint and (b) T-joint.
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Figure 2. A schematic representation of weld geometry: (a) butt joint and (b) T-joint.
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Figure 3. Thermal properties and mechanical properties.
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Material C Si Mn Cr Ni S P Fe
Base metal (06Cr19Ni10) 0.045 0.45 1.10 17.1 8.00 0.001 0.028 Rest
Electrode (ER308L) 0.03 0.60 1.80 20.0 10.0 0.008 0.015 Rest

Table 1. Chemical composition of base metal and welding electrode (wt%).

Figure 3, temperature dependent properties of 304L were obtained from the literature [24].
A double-ellipsoid heat source model was adopted in numerical simulation of welding pro-
cess. The actual welding experimental data for welding process and parameters was listed
in Tables 1 and 2.

2.2. FE modeling of UIT process

In the FE modeling of the UIT process, residual stress results obtained from the welding pro-
cess were taken as the initial model state. As shown in Figure 4, in the middle of the weld
zone, an impact area with the minimum element size of 0.1 x 0.1 x 0.5 mm were created in the
weld simulation to achieve refined mesh area for the impact simulation so that a re-meshing
routine could be avoided to reduce computational time during the UIT simulation. For the
material hardening rule, the combined isotropic and kinematic model was used to charac-
terize the material deformation behavior in the FE model of the UIT simulation. The DCS
strategy was adopted to control the displacement motion of the pin tool. The pin was set to
hit the weld toe at the speed of 2 m/s until it reached the design depth, which was considered
as one complete impact. Figure 5 shows the position and indentation of pin tool for both the
butt and T joints. The diameter and the permanent indentation of the pin were 3 and 0.1 mm
respectively. The angles of pins in butt joint and T-joint were determined as 75 and 67.5°,
respectively. The pin model was modeled as a discrete rigid body and, the pin was traveling
along the welding direction and hitting the weld joint every 0.3 mm to ensure a sufficient
overlap during the UIT treatment. It was worth noting that in the DCS strategy, the speed of
the UIT treatment was considered to be non-essential.

Parameter name Value

Welding voltage (volts) 24.5

Welding current (amperes) 217

Welding speed (cm/min) 40

Electrode type ER308L

Welding electrode diameter (mm) 1.2

Shielding gas type Argon (97%), O, (3%)
Shielding gas flow rate (L/min) 20

Table 2. Welding parameters of MIG welding technology.
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Figure 4. Impact zone of UIT simulation: (a) butt joint and (b) T-joint.
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Figure 5. Pin tool position and indentation: (a) butt joint and (b) T-joint.

3. Discussions and results

As shown in Figures 6-11, paths A-B, A-C and A-D were selected to evaluate residual stress
distributions for the both butt and T joints. Meanwhile, in order to describe residual stresses
in directions of X, Y and Z axes, three specific words “transverse,” “through-thickness” and
“longitudinal” were introduced. The transverse residual stress, the through-thickness resid-
ual stress and the longitudinal residual stress indicated o_xx, o_yy and o_zz, respectively.
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Figure 6. Transverse (a) and longitudinal (b) residual stress distributions along A-B path in butt welded joints.

3.1. Residual stress predictions in weld butt joint

For validating the FE model of welding process, experimental data obtained from previous works
[25, 26] were compared with the predicted residual stress results. As shown in Figures 6 and 7,
predicted and experimental residual stresses of butt joint along paths A-B and A-C are compared,
respectively. In particular, the blue lines and the red dots marked in figures demonstrate the pre-
dicted residual stresses by FEA and the experimental data obtained by the XRD method, respec-
tively. As depicted in Figure 6, both 0_xx and o_zz reached their maximum values near the weld
zone, then dropped as distance from the point A increased and finally stabilized around the
zero value. Additionally, it was found that the simulation results are in good agreement with the
experimental results along the A-B path, confirming the prediction capability of welding model.

Figure 7 shows the predicted and measured transverse residual stresses along the A-C path.
Obviously, at the point A, the point C and in their vicinity, the residual stresses are compres-
sive stresses. In the middle of the A-C path, the transverse residual stresses converted into
tensile stresses with peak value of 275 MPa. It was also indicated that there existed some
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Figure 9. Transverse (a) and longitudinal (b) residual stress distributions along A-C path in T-joints.

errors between the calculated results and the measured ones. The measured residual stresses
were higher in the middle of the A-C path but lower at each end of the A-C path. Those errors
may be attributed to the measurement error of the XRD method, which was sensitive to the
microstructure evolution of welding zone [10].

3.2. Residual stress predictions in weld T-joint

Figures 8 and 9 depict residual stresses of T-joint along the path A-B and path A-C, respec-
tively. As shown in Figure 8, along the path A-B, both the transverse residual stress o_xx
and the longitudinal residual stress o_zz achieved their peaks in the vicinity of weld area.
Nevertheless, with the distance from the point A, transverse residual stresses showed a rel-
atively different trend with the longitudinal residual stresses. Transverse residual stresses
decreased as the distance from the point A increased and dropped to the zero value at the
point B, shown in Figure 8(a). Unlike the transverse residual stresses, longitudinal residual
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stresses first dropped dramatically with the increasing distance from the point A and reached
the compressive peak value of —75 MPa at the distance of approximately 5 mm from the point
A. Then longitudinal residual stresses increase significantly to zero at the distance of 25 mm
from the point and remained stable. Notably, both transverse and longitudinal residual
stresses changed into negligible values in the relatively far distant from the weld zone, which
was consistent with the results of previous studies [27, 29-31, 34, 35].

Figure 9(a) and (b) demonstrate transverse and longitudinal residual stresses along the A-C
path of the T-joint, respectively. Obviously, the distribution trend of the transverse residual
stresses was in line with that of the longitudinal residual stresses. Both the transverse and
longitudinal residual stresses obtained their peak values of 345 and 205 MPa in the middle of
the welding line (near point A). With the increasing distance from the point A, transverse and
longitudinal stresses dropped, changing from the tensile values into the compressive ones.
The maximum compressive value of transverse residual stresses (—285 MPa) were consider-
ably higher than that of longitudinal residual stresses (=70 MPa).

3.3. Effects of UIT on weld residual stresses

In order to evaluate the effects of the UIT on residual stresses along the A-D path (the depth
direction), FE simulation residual stresses for the UIT-treated model were analyzed and com-
pared with those for the as-welded model. Figures 10 and 11 depict residual stresses of butt
joint and T-joint, respectively. As shown in Figure 10, before the UIT, the transverse, longitu-
dinal and through-thickness residual stresses of butt weld joint remained stable along the A-D
path, with the average values of 189, 267 and 9 MPa. After the UIT, near the upper impacting
surface of butt weld joint, the transverse, longitudinal and through-thickness residual stresses
changed into compressive stresses with peak values of -150, —355 and —75 MPa. As for the
T-joint, before the UIT, high tensile stresses which were close to the yield strength of the base
metal appeared near the upper surface of the as-welded joint. The maximum values of the
transverse, longitudinal and through-thickness residual stresses were 364, 372 and 151 MPa.
Like the butt joint, after the UIT, the transverse, longitudinal and through-thickness residual
stresses of T-joint also transformed into the compressive stresses. The peak values of compres-
sive stresses in the transverse direction, the longitudinal direction and the through-thickness
direction were -255, =320 and —70 MPa, respectively. It was noteworthy that the maximum
compressive stresses in the longitudinal direction for both butt joint and T-joint were relatively
higher than the compressive limit of 304L steel, which implied cold working by the UIT induced
plastic deformation of the weld joint. The similar level of compressive residual stresses higher
than the material’s yield limit was also obtained and reported by previous studies [11, 28, 32].

It was also found that the influence of the UIT decreased with depth. For the butt joint, the
depth of compressive stresses in three directions was around 2 mm. Similarly, as for the
T-joint, the effective depth of compressive layer in the transverse, longitudinal and through
thickness directions introduced by the UIT were 2.5, 2.3 and 3.1 mm, respectively. The depths
of compressive residual stresses by UIT were similar with the results of previous studies [33].
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The FE residual stress results in UIT-treated weld joint demonstrated that the UIT introduced
compressive residual stress layer with various depth, which brought beneficial effect on
fatigue strength of the material [7, 33-38].

4. Conclusions

This study focuses on evaluating effects of the UIT on the residual stresses of 304L butt and
T-joints. FEA method was used to simulate both the welding and the UIT processes. To vali-
date the prediction accuracy of the welding model, experimental data were compared with
the simulated ones. Based on the results, the following conclusions can be drawn:

1. Both the simulation and the experimental results indicated that residual stresses reached
their maximum values near the weld zone, then dropped with the increasing distance from
the weld zone and finally stabilized the zero value.

2. The simulation results are in good agreement with the experimental results along the A-B
path, confirming the welding model accuracy

3. The UIT introduces a compressive residual stress layer with depth between 2 and 3 mm
near the impacting surface of weld joint. The effect of the UIT decreased with depth.
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