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Chapter

Residual Stress Evaluation with
Contour Method for Thick Butt
Welded Joint
Qingya Zhang, Hong Zhou and Jiangchao Wang

Abstract

Thick plate with high tensile strength steel is increasingly employed for offshore
structure fabrication, and welding residual stress is essential for assessment of
mechanical performance and fatigue toughness. Therefore, it has been becoming
the research issue to evaluate the distribution and magnitude of welding residual
stress during butt welding of thick plate. With its advantages, contour method
(CM) can be used for longitudinal residual stress evaluation by means of measuring
sectional shrinkage after cutting the butt welded joint perpendicular to the welding
line. Meanwhile, inverse finite element method (IFEM) code is programmed with
C++ language to analyze the measured data to reestablish the welding residual
stress. And based on the parallel computation of high-performance server, consid-
ering the effect of weld remelting and back-gouging during multi-pass welding
process, the welding residual stress is predicted by using efficient thermal elastic
plastic finite element method (TEP FEM). Results show that longitudinal residual
stress turned from tensile stress in welded vicinity into compressive stress in base
metal and the maximum tensile stress is 269 MPa. The computed longitudinal
residual stress and welding displacement through TEP FEM are identified with the
experimental results. In addition, the back-gouging has an insignificant effect on
the residual stress but increases the welding displacement of butt welded joint. The
proposed TEP FEM can accurately predict the welding residual stress in welded
joint and is also an effective method to control welding displacement.

Keywords: high tensile strength steel, residual stress, CM, IFEM

1. Introduction

With the rapid development of lightweight fabrication in ship industry, thick
plate with high tensile strength steel was increasingly employed for marine and
offshore structure fabrication [1]. Welding technology with high efficiency is an
indispensable process used for ship and offshore fabrication. However, it is inevita-
ble that the residual stress of the welded joint and/or structure was induced by
welding. Welding residual stresses can be defined as self-equilibrating stresses in a
welded component with the absence of external load [2, 3]. It is known to us all that
they can interact with imposed stresses and affect the service performance and
structural integrity of welded components. Reliable knowledge of welding residual
stress is essential to investigate the root cause of degradation mechanism, carry out
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structural integrity assessment for safety critical components, optimize the design
of manufacturing routes, and validate residual stress predictions [4, 5].

Up to now, several qualitative and quantitative techniques have been developed
to measure residual stress, which are determined by using the specific elastic con-
stants of material based on the measured strain rather than measured stress. All of
them are divided into two categories: destructive techniques and nondestructive
techniques [6]. For destructive techniques such as sectioning method, hole drilling
method, and CM, the residual stress is measured by its relaxation due to the
destruction of the state of the equilibrium of residual stress in a mechanical com-
ponent. While for nondestructive techniques such as X-ray diffraction method and
neutron diffraction method, residual stress is determined based on the relationship
between residual stress crystallographic parameters of the material. Among the
techniques above, according to the Bueckner’s superposition principle, CM can
provide a 2D cross-sectional map of residual stress normal to a plane of interest
which combines the stress relaxation technology and finite element method [7]. The
standard procedure of CM is implemented by the following steps [8]: (1) sample
cutting on a plane of interest, (2) contour measurement of the cutting plane or
surface, (3) data processing of the measurement results, and (4) residual stress
back-calculation by using finite element analysis. CM has found a lot of literatures:
Xie [9] estimated the residual stress in thick Ti-6Al-4V alloy welded joint by elec-
tron beam welding through finite element method and contour method. Murugan
and Narayanan [10] employed both the finite element method and contour method
to reveal the residual stress distribution induced by welding in tee joint and found
that the experimental results agree well with the predicted stress. What’s more,
Turski and Edwards [11] efficiently measured the residual stress of 316L stainless
steel by utilizing the contour method. Braga et al. [12] studied the welding residual
stress profile of butt joints of S355 structural steel through contour method and
neutron diffraction. Kainuma [13] investigated the welding residual stress in
orthotropic steel decks which had a considerable effect on crack initiation and
propagation by using cutting method and magnetostriction method. Woo [14]
obtained the two-dimensional maps of the longitudinal residual stress through the
thickness of 70-mm thick ferritic steel by using the CM. After that, Woo [15]
determined the residual stress in an 80-mm thick ferritic steel by combining the
neutron diffraction and CM. In addition to butt welded joint, Liu [16] measured the
internal residual stress on inertia friction welding of nickel-based superalloy.

From the reviews above, the CM has obtained a lot of achievements. However,
the accuracy of novel embedded cutting contour configuration for thick plate
welded joint has not been evaluated. In this paper, the welding residual stress of
30-mm thick plate butt welded joint was investigated combining TEP FEM and CM.
What’s more, the effect of back-gouging on the residual stress distribution of butt
welded joint was discussed.

2. Prediction of welding residual stress by TEP FEM

In this study, the welding residual stress in the butt welded joint through
shielded metal arc welding (SMAW) was predicted by TEP FEM, an uncoupled
thermal/mechanical formulation procedure, which is mainly composed of two sec-
tions: (a) the thermal analysis process and (b) the stress analysis process. Because
the former has decisive effect on the latter while the latter has only a small influence
on the former, thermal-mechanical behavior during welding is analyzed by using
uncoupled thermal/mechanical formulation [17]. During thermal analysis, the 3D
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welded joint FE model is established firstly using the solid element model according
to the dimension of welded joint. The heat source model is considered to be an
important aspect, and the double-ellipsoidal volumetric model is employed to sim-
ulate the welding transient temperature [18]. The heat flux is determined by the
welding current, welding voltage, and welding speed. Besides considering the mov-
ing heat source, heat loss due to convection and radiation should also be taken into
account in the thermal analysis. And the temperature-dependent thermal properties
such as thermal conductivity, specific heat, and density are used.

The mechanical analysis is conducted using the welding temperature histories by
thermal analysis as the input load. The same FE model used in thermal analysis is
employed here. For mechanical analysis, temperature-dependent mechanical prop-
erties such as Poisson’s ratio, yield strength, Young’s modulus, and linear expansion
coefficient are mainly considered. Moreover, the total strain was a summation of
the elastic strain, thermal strain, plastic strain, creep strain, and strain induced by
phase transformation during welding process, as was shown by Eq. (1). The thermal
strain is considered using thermal expansion coefficient, and solid-state phase
transformation has insignificant influence on the residual stress and deformation in
the mild steel [19], so phase change was neglected in the present study. In addition,
because the period with high temperature during the entire thermal cycle was very
short (only a few seconds), the creep behavior was also ignored. In addition, the
working hardening is neglected in this study since its effect on welding residual
stress is not significant for mild steel. The total strain increment at a material point
can be expressed as the summation of elastic, plastic, and thermal strains, as was
shown by Eq. (2):

ε
total ¼ ε

elastic þ ε
thermal þ ε

phase þ ε
plastic þ ε

creep (1)

ε
total ¼ ε

elastic þ ε
thermal þ ε

plastic (2)

To ensure the weld fully penetrated, carbon arc gouging process is usually used
to remove root metal. In principle, the root metal was melted by carbon arc and
blown away by high pressured gas, increasing the original weld area and changing
cross-section weld appearance. In this paper, it assumes that the welding arc plays
the same role like carbon arc. Therefore, to investigate the effect of back-gouging
on residual stresses in butt welded joint, the root weld bead of main weld was
heated again when heating back weld.

3. Experimental procedure

In this section, the experimental procedure was introduced: the first step was to
obtain the butt welded joint, and then the out-of-plane welding displacement was
measured; the next step was to measure the welding residual stress through CM.
Finally, the weld profile of cross-section was obtained.

3.1 Welding work

In this study, the butt welded joint was obtained by SMAW. In detail, the low
carbon steel Q235 with the thickness of 30 mm was used as base metal, and the filler
metal was J507 welding rod with the diameter of 4 mm. The welding groove was
symmetric with the angle of 60°. The detailed dimensions and weld groove are
presented in Figure 1.
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3.2 CM measuring principle

On the basis of the Bueckner’s superposition principle, the CM is applied for
evaluating residual stress existing in metallic parts or structures. The ideal theoret-
ical implementation of CM used for weld is displayed in Figure 2. Step A in Figure 2
is the undisturbed welded joint and the residual stress that one wishes to determine.
In step B, the part was cut in two on the plane x = 0 and the cutting plane deformed
due to the near-surface residual stress fully released by the cut; therefore stress in
the plane x = 0 was zero. Step C is an analytical step, in which the deformed cut
surface is forced back to its original shape; the resulting change in stress is deter-
mined. Superimposing the stress state in B with the change in stress from C gives
the original residual stress throughout the part. And for arbitrary plane in weld, its
residual stress can be determined by the following general expression:

σ
A
x,y,zð Þ ¼ σ

B
x,y,zð Þ þ σ

C
x,y,zð Þ (3)

3.3 CM measurement procedure

3.3.1 Welded specimen cutting

Welded specimen cutting is the first and most important step during the CM
procedure as the subsequent steps of surface measurement, data processing, and
stress calculation rely on the cutting quality of surface contour. It assumes that the

Figure 2.
Schematic diagram of the CM.

Figure 1.
Weld groove and dimensions.
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cutting process relaxes the residual stress elastically and does not induce any stress
into the material. At present, cutting process is implemented by using the wire
electrical discharge machining (WEDM) as it can generate a perfectly straight cut
and does not remove any further material from the cut surfaces. “Skim cut” setting
is used in order to minimize the effect of cutting process on the contour displace-
ment during the relaxation of residual stress. The “skim”mode of WEDM cutting is
preferred for contour cuts because of the lower roughness this setting produces.
After setting the cutting parameters, the welded specimen is submerged in
temperature-controlled deionized water during cutting. In this study, the Sodick
AQ400LS with the wire diameter of 0.25 mm is used, and the cutting speed is
0.3 mm/min.

Additionally, in order to minimize the amount of cutting deviates from the
original plane, welded specimens should be constrained from moving as stresses are
released during the cutting. In conventional (Figure 3a) cut configuration, the
effects of cutting errors and cutting artifacts cannot be neglected. In Hosseinzadeh’s
study, plasticity-induced errors in contour measurements can be mitigated by con-
trolling the magnitude of the SIF during cutting. This can be done by choosing an
appropriate cutting and restraint strategy. And the SIF is reduced by undertaking an
“embedded cut” [20, 21]. Therefore, to mitigate the effects to some extent by
restraining the “mode I” opening of cut surfaces during cutting, the embedded cut
(Figure 3b) is used in this study.

3.3.2 Surface contour measurement

After the welded specimen cutting, the out-of-plane displacement can be
implemented through contact measurement and non-contact measurement. Optical
machines such as triangulating laser probes, confocal microscopes, et al. are useful
for surface measurement. However, handling the large data sets, these systems
produced can be problematic, usually requiring some sort of data reduction process.
Comparing to non-contact measurement by optical machine, the coordinate mea-
suring machine (CMM) with the uniform measured data is extensively employed
for the contour measurement because the regular measured point can be obtained.
In this study, the Hexagon micro plus is equipped with a 5-mm diameter touch
probe, as is illustrated in Figure 4. And each cut surface was sampled with a
measurement point spacing of 1 � 1 mm.

3.3.3 Data processing

The procedure of measured data processing is data alignment, data smoothing,
averaging of the two data sets, and fitting of the two data sets. The data alignment is

Figure 3.
Schematic drawing of contour cut configuration for welded specimens: (a) conventional contour cut
configuration; (b) embedded cut.
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to ensure the raw data on a regular rigid and at the same location. It can be seen
from Figure 5 that during surface contour measurement, several measuring
sequence may occur. With the starting point and measuring direction marked, the
data in surface B will be the same in surface A by data transposed in Excel or
Matlab. Since the presence of noise and outliers is inevitable within the measured
raw data, leading to the significant errors in the calculated stresses, the noise and
outliers have to be smoothed prior to being applied as the nodal displacement
condition in the linear elastic finite element analysis. The averaging of the two data
sets can cancel out the shear stress effects and other errors. Fitting of the two data

Figure 4.
Hexagon coordinate measuring machine.

Figure 5.
Data alignment according to the measurement data sequence.
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sets can be conducted by spline, Fourier, or polynomial. In this study, the “sgolay”
method was used to remove noise and outliers and also fit the measured data
through Matlab: the processed data was displayed in Figure 6.

3.3.4 Stress calculation

In the final step of CM, the residual stress normal to a plane of interest can be
obtained by linear elastic finite element analysis. In this step, the negative processed

Figure 6.
The processed data of contour: (a) raw data after average; (b) after processing.

Figure 7.
Finite element model for linear elastic analysis.
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data is applied as the nodal displacement condition of the finite element model
which is often created according to the half of the whole welded specimen by using
ABAQUS or ANSYS code. Figure 7 displayed the finite element model of half
welded joint, and red arrows representing boundary condition prevented the
movement of rigid body. The inverse of the measured contour has been applied to
the cut surface (deformation in this figure has been magnified �185). A fine ele-
ment size (1 mm) is that faces the cutting surface in addition to a fine mesh density
around the cutting plane are used in the present FE model.

4. IFEM

According to the concept of CM, the residual stress existing in welded specimens
can be calculated through the measured out-of-plane displacement normal to a
plane of interest. Several assumptions are made in the linear elastic finite element
analysis: (1) small displacements or deformations of the welded components or
structures, (2) linear elastic behavior during the material removal, and (3)
unchanged boundary conditions during loading process. Therefore, it can be
defined as an inverse finite element method (IFEM). In general, a set of linear
equation below describes the welded components or structures in the linear elastic
finite element:

K½ � u½ � ¼ F½ � (4)

K½ � ¼

E
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where E is the Young’s modulus, 210 GPa, υ is Poisson’s ratio, 0.3, K½ �is the
stiffness matrix of the welded component or structure, u½ � is the matrix of nodal
displacements, and F½ � is the matrix of external nodal force.

5. Results and discussion

The experimental results and simulation results were discussed in section. Based
on the reliable welding temperature simulation, the longitudinal residual stress
through TEP FEM and CM was analyzed. After that the transverse welding residual
stress through TEP FEM was obtained. The comparison analysis of welding dis-
placement was conducted to further validate the efficiency and accuracy of the
proposed TEP FEM.

5.1 Maximum welding temperature distribution

Figure 8 displays two FEM models of the butt welded joint, which contain
13,702 nodes, 12,300 elements and 22,072 nodes, 20,400 elements, respectively,
and the mechanical boundary constraint conditions are displayed in Figure 8 by the
arrows. It can be evidently seen from the picture that there are a large amount of
nodes in the vicinity of weld and mesh toward the plate edge gradually reduced.
The way of mesh arrangement is useful for improving computation efficiency and
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ensuring computation accuracy when carrying out transient welding temperature
nonlinear heat transfer computation.

5.1.1 Root weld

In principle, plastic strain is the generation source of welding residual stress,
which is mainly determined by the maximum welding temperature and restraint
condition. Here, the restraint condition is not considered, and the maximum
welding temperature distribution is used to describe the features of welding tem-
perature field of the butt welded joint. During the thermal analysis of the butt
welded joint, the initial temperature is assumed to be 20°C. To simulate the heat
input of moving welding arc during welding, the volumetric heat source with
uniform density distribution is employed. For this heat source, the welding arc
energy is dependent on the welding current, voltage, speed, and arc efficiency.
When the welding process is SMAW, the arc heat efficiency is 0.6 and the welding
arc length is 30 mm. And the heat source volume denoted the considered weld pool
volume and can be obtained by calculating the volume fraction of the elements in
currently being welded zone. The nonlinear isotropic Fourier heat flux was also
employed for heat conduction. The temperature-dependent thermal properties such
as thermal conductivity, specific heat, and density are considered. Figure 9 presents
the fusion zone in middle cross-section of the butt welded joint with or without
considering back-gouging. The simulated fusion zone is slightly greater than the X-
groove area, while the maximum temperature is approximately 2300°C. Comparing
to the macrostructure of the butt welded joint, the fusion zone with considering
back-gouging agrees better than that without considering back-gouging. Therefore,

Figure 8.
Simulation model and weld sequence of butt welded joint: (a) without considering back-gouging; (b) with
considering back-gouging.
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it can be concluded that the fusion area predicted by FEM with considering
back-gouging is reasonable.

5.2 Welding residual stress distribution

Figure 10a–c displays the 2D mapping of longitudinal welding residual stresses
in the middle cross-section computed by the numerical simulation and IFEM,
respectively. In detail, Figure 10a presents the longitudinal residual stresses with-
out considering back-gouging, Figure 10b shows the longitudinal residual stresses
with considering back-gouging, and Figure 10c illustrates the longitudinal residual
stresses by IFEM. It can be seen from the figure that both the longitudinal residual
stresses with or without considering back-gouging matched with the measured
contour. But, the peak value of longitudinal residual stress with considering back-
gouging is higher than that without considering back-gouging, which is almost
equal to the maximummeasured value. Moreover, back-gouging process can reduce

Figure 9.
Fusion zone of butt welded joint: (a) without considering back-gouging; (b) with considering back-gouging.
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the tensile stress area of main weld. In addition, Figure 10c shows some irregular-
ities at the edges of the cut surfaces; these irregularities may be produced due to
wire entrance and exit during the specimen cutting.

Figure 11a–c quantitatively compares the longitudinal welding residual stress
distributions in the middle cross-section along L1, L2, and L3 computed by TEP FE
and the corresponding measurements, respectively. It can be seen from the
Figure 11a, b that the computed longitudinal residual stress distributions along L1
and L2 agree well with the measured stress distribution. It can be seen from
Figure 11c that the through-thickness longitudinal stresses distribution in center
weld was obviously smaller than that in cap welds, which can be increased by back-
gouging process. Therefore, it can be found that the peak longitudinal stresses were
in cap welds and the longitudinal stresses in center weld can be increased by back-
gouging process.

Figure 12a, b displays the features of transverse residual stresses in butt welded
joint with or without considering back-gouging, respectively. It can be seen from
the picture that the tensile stress is almost constant, while the compressive stress
considering back-gouging is greater than that without considering back-gouging.
And the middle cross-section mappings show that the signal of transverse residual
stresses of local root weld and its distribution are changed obviously. Finally, the

Figure 10.
2D mapping of longitudinal welding residual stress distribution of middle cross-section: (a) without considering
back-gouging; (b) with considering back-gouging; (c) IFEM.
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Figure 11.
Longitudinal residual stress distributions along L1, L2, and L3.
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locations of the maximum residual stress and through-thickness spatial distribu-
tions provide an indication of the significance of crack initiation and the integrity of
the welded components.

5.3 Welding displacement

Figure 13 showed the contour of z-direction welding displacement through TEP
FEM and CMM measurement. The maximum z-direction welding displacement by
TEP FEM was 0.9363 mm without considering back-gouging and 1.5874 with con-
sidering back-gouging, respectively. The maximum z-direction displacement by

Figure 12.
Transverse welding residual stress distribution: (a) without considering back-gouging; (b) with considering
back-gouging.

Figure 13.
Contour of z-direction welding displacement: (a) without considering back-gouging, (b) with considering
back-gouging, and (c) experimental measurement.
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CMM measurement was 0.80750. The quantitative analysis was carried out by
extracting the mid-length displacement, as was displayed in Figure 14. Taking the
weld center as the deformation base point, it can be seen that the computation of
z-direction welding displacement considering back-gouging had a better agreement
with the measurement. It is analyzed that the deformation after main welding was
mitigated by the back-gouging process. Therefore, it can be concluded that the
residual stress distribution and magnitude obtained by the efficient TEP FEM con-
sidering the back-gouging process were accurate and effective.

6. Conclusions

In this paper, the welding-induced residual stress in thick plate butt welded joint
is evaluated through numerical simulation and CM. To validate the computed
residual stresses, CM measurement is conducted. The results of the CM measure-
ment are compared with the residual stresses computed by TEP FE. Based on the
simulation and measured results, the following conclusions can be drawn:

1.Both the computed longitudinal residual stresses along weld width and through-
thickness residual stresses are in a good agreementwith the CMmeasured results.

2.Considering the back-gouging, the computed welding displacement through
TEP FEM is identified with the measured result.

3.Through the comparison analysis of measurement and computation, the back-
gouging has an insignificant effect on welding residual stress distribution and
magnitude but can obviously increase the welding displacement.
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