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ABSTRACT

Heat input due to the welding of mild steel pipe causes a temperature gradient in the parent metal.
After welding and temperature cooling down, residual stresses appear around welding zone which
reduces the weld strength. Residual stresses are a result of the temperature gradient and the
dependency of material properties on the temperature, such as yield strength, elasticity modulus, and
thermal expansion coefficient.

In this study, a typical flat joint of a single pass weld in a thin pipe was studied analytically and
numerically. Analytical approach is performed by exploring a simple method to calculate the
magnitude of residual stress in terms of the weld shrinkage behavior. Numerical analysis is
performed by applying non-linear transient heat transfer analysis using welding parameters, such as
heat generation, free or force convection with ambient, are performed using a general purpose FE
package ANSYS 8.0 in order to obtain the temperature distribution in the welded parts. A non-linear
thermal-elastic-plastic stress analysis is then performed using the same package to predict the stress
fields during and after welding.

-

AadAl)
aay Jea¥) Gaaall 3 pall cila ja s i 35l i) alad e Al 3 ) jall ¢
oalaail ) (555 Las plall) dihie Jsa dgidie dlga) Hedai 5 ) jall cila jo (alaasy dag 5 Hlall
3l (ailiaddindi o5 ) yall cila jo il Aadi yelas Adnall culalga¥) of o) daslia 3
Coadl 1 b o3 o)) all 2l Jelaa 5 ¢ g pall Jalae ¢ &Pg\u}uﬂdu‘s,\)g\a;)wj;
Ayl aladiad 408 23 sl geia) Lase 5 Lllai 436 ) CabY) alad e Al clalga ) Al
Jlerinn) 48 a5 (sa0all graiall Lol alalll GELLSH o ghs 4l (g iiall alga ) laie Clad dasusy
St Jalas g aad il 5 pal) Jie daliaa) Jlalll Jal se g 223 yiall 5 ) pall Jis Jlas
Juasi (STANSYS 8.0 (il e V) aania gaaadl Jilaill mali y Jlaninly damall sall ae sl all
ol Saul alga) s aladind a8 A salal ;\Py\cﬁw\ﬁj\uﬁ@ww\;
ealll dlee ;,_U sUT Slea¥) @dsil gmalisll (i Jlenindy SRS

4618




A. N. Jameel Residual Stress Distribution for
N. K. Abid Al-Sahib A Single Pass Weld In Pipe
O. F. Abd Al Latteef

KEYWORDS: Residual Stress, Weld Pipe, Thermo-elasto-plasticity.

INTRODUCTION:

In fusion welding, a weldment is locally heated by the welding heat source. Due to the non-
uniform temperature distribution during the thermal cycle, incompatible strains lead to thermal
stresses. These incompatible strains due to dimensional changes associated with solidification of the
weld metal, metallurgical transformation, and plastic deformation, are the sources of residual
stresses and distortion.

Welding-induced residual stresses and distortion can play a very important role in the reliable
design of welded joints and welded structures. However, the welding process itself is a very complex
phenomenon, which has not been fully understood, so that distribution and magnitude of residual
stress is not readily available from the literature [Wu, 2001]. Residual stress distribution and
distortion in a welded pipe are strongly affected by many parameters and by their interaction. In
particular, there are structural, material, and welding factors. The structural parameters include
geometry of the pipes, thickness and diameter and joint type. Among the material parameters
mechanical and physical properties and type of process employed, welding procedure, current,
voltage, arc travel speed, and arc efficiency. As a consequence of the non-uniform temperature
distribution, parts of materials close to the weld are subject to different rates of expansion and
contraction developing a three dimensional complex residual stress state.

The stresses at hoop welds in pipes have been investigated by many previous workers. The most
recent researches implemented a welding simulation methodology and experimentally validated to
predict residual stresses on multipass welds. The simulation involves performing thermo-elasto-
plastic analysis using a consistent element activation approach in the mechanical analysis
[Panagiotis, 1997].

In this paper, mathematical model and finite element simulation of the single pass welding
process yielding the welding-induced residual stresses in a welded pipe is presented.

RESIDUAL STRESS DUE TO PIPE WELDING:

Residual stresses are formed by the plastic deformations during the thermal cycle of welding.
Before welding, the structure is assumed to be at room temperature and free of stresses. During the
weld thermal cycle, material mechanical properties change drastically, especially when material
approaches melting point temperature. Therefore, due to the temperature dependence of material
properties and the large deformation in fusion welding, material and geometrical non-linearity have
to be taken into account. The initial expansion material due to the temperature increase is
constrained by material placed away from the heat source, therefore generating compressive stress.
At a temperature higher than material critical temperature, the material starts exhibiting thermal
softening where heating results in decrease of flow stress. As phase change occurs deviatory stress
becomes zero and considerable plastic deformation occurs in the weld metal and the base metal
regions near the weld. As temperature decreases during the cooling phase, the stress in the
solidifying material increases, and becomes tensile due to the positive temperature gradient. The
region placed away from the weld line, will therefore, be in compression since the resultant force
and the resultant moment induced by residual stress evaluated in any plane section must satisfy
translation and rotational equilibrium. The plastic strains resulting from the heating causes stress ,
which in turn produce internal forces that may cause buckling , bending , and rotation . These
displacements are in general called distortion. The residual stress combined with distortion and
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degradation of the material mechanical properties influence the buckling strength and fatigue life of
welded structure [Meo, 2003].

MATHEMATICAL MODEL.:

In a girth-welded pipe, shrinkage of the weld in the circumferential direction induces shearing
force, Q, and bending moments, M, to the pipe as shown in Fig. (1). the angular distortion caused by
butt welding also induces bending moment. Distribution of residual stresses is affected by the
following [Koichi, 1980]:
1-The diameter and wall thickness of the pipe.
2-The joint design (square, butt, vee, X ....etc).
3-The welding procedure and sequence (welded on outside only, welded on both sides, outside first,

or welded on both sides, inside first).
4-The welding parameters (current, voltage, speed, electrode diameter, type of electrode...etc).
5-Material properties.

Fig. 1 Residual stresses in a welded pipe [Norman, 1984]

The tendon force locked into a weld is defined as the imaginary line load which would produce
the observed shrinkage parallel to the weld, and is approximately independent of restraint. It may
therefore be estimated on the basis of the assumption of infinite restraint against any hoop wise
expansion of the heat material during welding. Then, the residual hoop stress at any point is a
function of the maximum temperature reached, and the hoop tendon force is obtained by integrating
the stress distribution.

For a surface weld bead, the maximum temperature as a function of the distance r from the weld
centerline is given approximately by [Norman, 1984]:

_2 4

max. 2 (1)
en vripC)

Where { is the arc efficiency, g the weld power, v the weld travel speed, and pC, the volumetric
specific heat.

Inside the region where the thermal strain aTmax is greater than twice the yield strain ¢,/E ,
yield occurs in compression during heating, and then again in tension during cooling. For
thermal strains between
20,/E and oy/E, the material yields in compression during heating, but unloads to a sub-yield tensile
strain during cooling. Material whose maximum thermal strain is less than e,/E does not yield, and
ends at zero stress for the idealized conditions of infinite hoop wise restraint.
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The width of the zone containing yield magnitude tensile stresses (Fig. (2)) can be found by
substituting Tmax. = 2 6y/Ea in eq. (1):

r= ()

Where E modulus of elasticity, a thermal expansion coefficient, and ey yield strength of the pipe

material.
Yield stress zone

Sub-vield stress
Zero stress B z
1A 8 o v Side 1
t
Side 2

Fig. 2 Hoop tensile zone at girth weld
The total force locked into the tensile zone is given by:

Where Ay, and oy, are the area and yield strength of the weld, and the factor 1.17 allows for the sub-

yield tensile stresses between r and f r.
The inward radial deflection of a circular cylindrical shell loaded symmetrically with respect to

its axis [Timoshenko, 1959]:

-e _
y= 25D [BMO (cos Bz sin Bz) +Q, cos Bz] (4)
And hence:
dy e"” _
iz~ 25D [ZBM0 cosPz+Q, (cosBz +5sin Bz)] (5)
d’y -e™ : :
dz* ~ 28D [ZBMO (cosBz +5sin Bz)+ 2Q, sin Bz] 6)
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Fig. 3 (a) Shrinkage parameters Q and F
(b) Corresponding loads at weld centerline

In order to model the deflections due to a hoop weld centered at z=0, the applied force Q, and
moment M, are related to the angular distortion © and tendon force F which characterize the
shrinkages of the weld.

The radial shear force is related to the tendon force F by considering radial equilibrium at z=0
[Timoshenko, 1959]:

s
== )
R 2R
dy -Q,
The bending moment M, is found by setting - at z=0 in eq. (5). Hence:
dz 2
-1 ,

Substitution for Q, and M, in egs. (4), (5) and (6) gives the radial deflection and its derivatives at
any distance from the weld.

The axial bending stresses o, on the inner and outer surfaces at any section inside or outside the
tensile zone are a function of the curvature:

9)

FINITE ELEMENT MODELING PROCEDURES:

The FE analysis was carried out in two steps. A non- linear transient thermal analysis was
conducted first to obtain the global temperature history generated during and after welding process.
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A stress analysis was then developed with the temperatures obtained from the thermal analysis used
as loading to the stress model.

The general purpose FE package ANSYS 8.0 was used for both thermal and stress analysis
performed sequentially. The mesh used in the stress analysis was compatible to that in the thermal
analysis. The material properties of the weld meld and base metal are assumed to be the same in this
analysis and it is temperature dependent. The thermal and mechanical material properties are listed
in table (1) & (2) respectively.

In the thermal analysis, the heat was input in four load steps as shown in figure (4) .The nodal
temperature solution obtained from the thermal analysis were read as loading into the stress analysis
. In order to capture the residual stress induced due to the heating and cooling cycle , the temperature
history needed to be read at a sufficient large number of time points, especially where the
temperature gradient is large . However, the greater the number of the thermal solution steps used,
the greater the computational time and the larger store space required.

rI‘-rl,—Tl: &) +t3 -{_TJ?}*

Fig. 4 Heat function input during welding [Wu, 2001]
(t1=.5 sec, t,=3 sec, t3=.5 sec, t,=396 sec)
Table 1 Thermal material properties used in model [Brown, 1992]

T K Cp h
Temperature Thermal Conductivity Specific heat Convection heat
°C W/me°C JIKg° C Transfer coefficient
W/m®.C
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Table 2 Mechanical properties used in model [Brown, 1992]

T oy v E o
Temperature Yield stress Poisson ratio Youngs Thermal
MPa Modulus Expansion
GPa 10°pC

1w
| 20058 G002

RESULTS AND DISCUSSIONS:

The sample of calculations was made on a single span ASTM214-71 mild steel pipe with (1
m) length, (25.4 mm) radius, (1.5 mm) thickness. The welded pipe was formed by joining two (0.5
m) pipes by single pass fusion arc welding. The amount of heat input was found as the product of arc
efficiency, voltage, and current (Power arc welding =f; f,VVI), Where: f;=heat transfer efficiency,
f,=melting efficiency, V=voltage, and I=current. We take f;=0.9, f,=0.6, V=30 volt, 1=300 Amp,
using an electrode type E7010-G to make a straight pipe 1m length with welding on its mid span.

Fig. (5) Shows the temperature time history at a point in the center of welding. Fig. (6) Shows
the temperature time history at a path along the length of the pipe at times during and after welding
predicted by FE analysis. Fig. (7) Shows the nodal solution of the temperature distribution along the
pipe. It was seen that max. Temperature in a center line of welding equal (1566 °C) at the moment of
end welding then decreased and distributed along the pipe.

During the welding process, the temperature is locally increased to the melting point of mild
steel. Moreover, in the heat affected zone of the weld, the temperature reaches high values. The
mechanical properties of mild steel such as yield strength and elasticity modulus are highly
depending on the temperature. After welding, the heat energy is dissipated due to convection with
ambient air causing the steel to cool down and consequently gain its original yield strength. During
this process of increasing and decreasing the temperature, residual stresses and plastic strains are
developed.

Fig. (8) Shows the longitudinal stress time history at a path along the length of the pipe at times
during and after welding predicted by FE analysis. The nodal solution of residual stress distribution
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in Z-direction during and after welding along the top surface predicted by FE analysis is shown in
fig. (9). It can be seen from these figures that the stress is changed from compression at the
centerline of weld and tension away from the weld centerline at the end of welding (t=3.5 sec) to
tension at the centerline of weld and compression away from the weld centerline when it cooled
(t=400 sec), which are a good agreement between the analytical and numerical results with the
published results [Wu, 2001; Erika, 2002].

The Von Mises residual stress distribution is shown in fig. (10) at time equal 400 sec. Fig. (11)
[llustrates the results of residual stress distribution along the pipe due to welding. It is clear that the
predicted residual stress by FE analysis is very close to the analytical analysis at the center of
welding. It shows a tension peak of 6z=225 MPa at weld line and adjacent parent metal going into
compressive at about Z=10 mm from weld centerline and then blending into the background elastic
distribution at about Z=30 mm from weld centerline. At position remote from the weld, the stresses
didn't go to zero, but tend towards a steady value of about 10 MPa compressions. These results agree
well with theoretical studies of residual stresses, at girth welds in pipes [Norman, 1984].

Fig. (12) Shows time variation of plastic strain at a centerline of welding. It is clear that the plastic
strain increases rapidly during welding and then still constant during cooling.

The average values of thermal properties over the applied temperature distribution were used to
study the effect of temperature dependent material properties on the final residual stress results. The
residual stress obtained from the FE analysis using constant thermal properties show a significant
difference from the obtained using temperature dependent thermal and mechanical properties as
shown in fig. (13), especially in the heat affected zone due to the fact that the yield strength variation
at higher temperature has less effect. This suggested that care must be taken to identity correctly the
temperature-dependent yield strength of material which is often not easily determined.
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Fig. 5 Temperature time history at a point in the center of welding

4625



Numberl

Volume 16 march 2010

Journal of Engineering

1700

1600 -

1500 -

1400 -

1300 -

1200 +

1100 +

1000 -

900 -

800 -

Temperature ( C)

700

600 -

500 -

400 +

300 -

200 -

T
S/

—@— time 3.5 sec

—#8— time 4 sec
time 50 sec
time 100 sec

—¥¢— time 400 sec

100 g4 3 e

AHE

K—HE

MK —3i¢

AT—C

~g

0.42

0.44

0.46 0.48 0.5

0.52

0.54

0.56 0.58 0.6

Fig. 6 Temperature distributivrisaeng’ welded pipe at different times

G29.955

Z.as5
1084 1386

56,511 354.215

H |

76. 386 127,773
50,693 10z. 00 153. a6e

175,155

aaaaa

ssssssssssss

4626



A. N. Jameel Residual Stress Distribution for
N. K. Abid Al-Sahib A Single Pass Weld In Pipe
O. F. Abd Al Latteef

250
200
150 o
100
= —e— time3.5sec
3 —=— timedsec
S 50 time50sec
]
L —— timel00sec
« —=— time400sec
o}
_50 4
-100
-150

Distance (m)

Fig. 8 Residual stress distributions along welded pipe at different times
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Fig. 9 Residual stress distribution along welded pipe during and after welding
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Fig. 10 Von Mises residual stress distribution in a welded pipe
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Fig. 11 Residual stress distribution along welded pipe
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Fig. 12 Plastic strain in a centerline of weld
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Fig. 13 Effect of temperature dependency material properties on the residual stress along a
weld pipe

CONCLUSIONS:

Analytical and finite element analysis are used to determine the residual stresses resulting from
the single pass welding of mild steel pipe of 25.4 mm radius, 1.5 mm thickness. Following the main
summarized conclusions raised by this paper:

1- Welding of a pipe induced residual stresses. It has been seen that these stresses changed from
compression at the centerline of welding and tension away from the weld centerline at the end of
welding to tension at the centerline of weld and compression away from the weld centerline when it
cooled.

2- The residual stress obtained by using constant thermal and mechanical properties show significant
difference from that obtained using temperature dependent thermal and mechanical properties
especially in the heat affected zone.
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NOMENCLATURE
Symbols Units
A, Area of the weld m?
Cp Specific heat of pipe material JIKg°C
E Modulus of elasticity N/m?
Tendon force N/m
Mo Bending moments Nm
Qo Shear force N
q Weld power watt
R Radius of the pipe mm
Tmax Maximum temperature at the weld °C
to Thickness of the pipe mm
v Weld travel speed m/sec
£ Arc weld efficiency
Density of pipe material Kg/m?®
a Thermal expansion /°C
Gy Yield stress of a pipe metal N/m?
Oyw Yield stress of the weld N/m?
G Axial bending stress N/m?
Q, Angular distortion
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