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Determination of Residual Stresses in Welded Pipes Using a
Simplified Heat Source
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In this paper, a numerical simulation based on the finite element method was used to determine residual stresses in
welded pipes. The simulation consists of sequentially coupled thermal and structural analyses. In the thermal
analysis, the heat source is introduced, using simplified heat flux. The temperature field, calculated in the thermal
analysis, is used as the loading for the mechanical analysis. The welding simulation was conducted using the software
packages Abaqus and Ansys, and the obtained results agree very well. This paper presents a methodology of

determining residual stresses in butt welded pipes.
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Introduction

conventional means to calculate residual stress

distribution in engineering structures is the finite
element method. Many authors used the finite element
method to perform welding simulations. There are two
distinct methods in the analysis: sequential and direct. The
sequential method consists of two or more sequental
analyses. Performing the thermal and the mechanical
analysis separately is more computationally efficient. After
the thermal analysis, the determined temperature fields are
used as input loads for the mechanical analysis. In
literature, it is convenient to use the volumetric heat flux for
the thermal analaysis proposed by Goldak [1]. The
proposed method is widely accepted by many authors [2-6].
Today, widely used commercial software Abaqus and
Ansys do not contain the built-in volumetric heat flux
proposed by Goldak and in order to use it, it is necessary to
write a special subroutine in FORTRAN. However, good
results of residual stress and strain can be obtained using a
uniform distribution of the volume heat flux at the weld
bead [7-10]. The consequence of taking a uniform heat flux
is a different time dependent temperature field compared to
that when the heat flux entered as a volumetric heat flux
proposed by Goldak. This difference is significantly
expressed in the root of the weld and with the distance from
the weld zone it disappears quickly. The magnitude of
residual stresses in the case of modeling with a uniform
heat flux as the load is slightly different from that in which
the thermal analysis is performed with a volumetric heat
flux proposed by Goldak.

This paper presents two numerical simulations of
welding two steel pipes of dimensions @324 x 3.96 mm
with the constant width of the weld of 3.84 mm throughout
the whole pipe wall. The numerical simulations of welding
processes of two pipes are performed using software cods
Abaqus and Ansys. The tensile residual axial stresses are
produced on the inner surface while for compressive
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residual axial stresses exist on the outer surface of pipes.
Farther from the weld zone, residual stresses are of
negligible values. Furthermore, magnitude of residual
tensile stresses is very close to yield stress of materials.

Finite element analysis approach

The numerical simulations performed in this work use
the sequential thermal-stress solution procedure in which
the transient heat transfer analysis is followed by the
thermal stress analysis. Temperatures predicted by the heat
transfer analysis are used as the loading for thermal stress
analysis.

Thermal model

The governing equation for the transient non-linear heat
transfer analysis is:

o(, or\, a(, oT). o, oT or
6x(k 8x)+6y(ky6y]+8z(k az) Q=pCo M

where, k., k, k. thermal conductivity in the x, y and z
respectively, T is the current temperature, Q is the heat
generation, p is the density, C is the specific heat capacity
and ¢ is the time, respectively. The general solution of
equation (1) is obtained introducing the initial and
boundary conditions, as follows:

Initial condition:

T(x,y,2,0) = Ty(x, y,2) 2

Boundary conditions:

or oT oT
(k o N, +k, 8yN +k, )+
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where, N, N,, N are the direction cosine normal to the
boundary, %, h, are the convection and radiation heat
transfer coefficients respectively, g, is the boundary heat
flux and T, is the temperature of the radiation heat source
and T, is the surrounding temperature. Radiation heat
losses are dominant near the weld and can be expressed by
equations:

h=ceF(T* +T>) T +T,) 4)

where, 5.67x10® J/(m?*K*) is the Steffan-Boltzman constant,

€ is the effective emissivity and F is the configuration
factor. Farther from the weld zone, radiation heat losses
decrease and increase the share of the convection heat loses
h.. The total heat input is given by:

_nut

v 5)

where, 77 is the arc efficiency, V is the volume of the weld

bead, [ is the current, U is the arc voltage and V' is the
volume of the activated weld bead element.

Mechanical model
The equilibrium equation can be expressed as:

Gy i+ ph =0 (©6)

Y,J
Oj=0ji (7
In equations (6) and (7) o; is the stress tensor, p is the
density and b; is the body force. In the numerical

simulation, thermal-plastic constitutive equations were
used:

[do]=[ D? |[de]-[C™" |aT ©)

[07)=[p]+[ "] ®

where [D°] is the elastic stiffness matrix, [D?] is the plastic
stiffness matrix, C™ is the thermal stiffness matrix, de is the
strain increment and d7 is the temperature increment.

Butt-weld of two pipes

Welding conditions, boundary conditions and material
properties

The welding process of a butt-weld joint of two SAE
1020 steel pipes with the dimensions shown in Fig.1 was
simulated. The thermal and mechanical properties are given
in Figs. 2 and 3. The material is modelled as an elastic —
ideally plastic.

Due to high temperature and stress gradients near the
weld, the finite element model has a relatively fine mesh in
both sides of the weld center line. The eight-node brick
elements with linear shape functions are used in meshing
the model. The three-dimensional mesh consisted of 14400
elements. The same mesh is used both for the thermal and
the mechanical analysis. Using the Abaqus code [12],
DC3DS8 elements are used in the thermal analysis, while for
the mechanical model C3D8 elements are used. In the
analysis conducted using the Ansys code [13], the
SOLID70element type is used in the thermal analysis, while
for the mechanical model SOLID45 elements are used.

Elements with a single degree of freedom were used in the
thermal analysis while for the mechanical analysis elements
with three translational degress of freedom were used. To
simulate the moving heat source it is necessary to model the
heat source during each time increment. In this analysis the
moving heat source is simplified by assuming that the
welding arc stays at an element with a constant specific
volume heat generation, and then moves to the next element
at the end of the load step as the welding is finished. The
heat input during welding is modeled in the Abaqus and
Ansys by the equivalent heat input which includes the body
heat flux. The amount of heat input was calculated using

Eq. 5, is ¢=2.076x10" J/m’s. The welding parameters

chosen for this analysis are as follows: tungsten inert gas
welding, welding current /=110 A, welding voltage U=20 V
and welding speed v=5 mm/s. The following values are
assumed: the convective heat transfer #,=15 W/m°K, the arc
efficiency 1 =70% and the emissivity e= 0.8. The welding
of pipes is modelled in a single pass. The mechanical
boundary conditions were prescribed for preventing rigid
body motion. The detailed boundary conditions used in the
finite element model are shown in Fig.1 by the triangles.
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Figure 1. Geometry of butt-welded pipes
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Figure 2. Thermal properties of steel SAE 1020 [11].
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Figure 3. Mechanical properties of steel SAE 1020 [11].

Results
Figures 4 and 5 show the temperature fields 110 s after
the start of welding with a f=180° central angle, while
Figures 6 and 7 show the temperature profiles on the outer

surface of the pipe. The proposed method using a simplified
heat source was validated by good agreement in the results.
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Figure 4. Temperature field 100 s after the start of welding, £ =180°,
Abaqus

(DA

Figure 5. Temperature field 100 s after the start of welding, £ =180°,
Ansys

Figures 8 and 9 show the residual stresses field
o distribution in the axial direction computed by the finite
element code Abaqus and Ansys. Figures 10 and 11 give
the comparison of the axial residual stress distribution on
the inside and the outer surface with a £ =180° central

angle. The predictions of the residual stresses have a similar
distribution shapes near the weld zone. Significant
discrepances between the peak values of residual stresses
can be seen at the center of the weld. These values
calculated using both software codes are very close to the
yield stress of materials.
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Figure 6. Temperature profiles t = 100 s and £ =180°, Abaqus
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Figure 7. Temperature profiles t =100 s and £ =180°, Ansys

Figure 8. Residual stresses in O in the axial direction, Abaqus
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Figure 9. Residual stresses in O in the axial direction, Ansys
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Figure 10. Comparison of residual stresses O in the axial direction

on the inner surface, S =180°, calculated in Abaqus and
Ansys
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Figure 11. Comparison of residual stresses O in the axial direction

on the outer surface, S =180°, calculated in Abaqus and
Ansys

Conclusion

This work presents a methodology and the finite element
method to determine residual stresses in high strength
carbon steel pipes, joined by butt weld. The finite element
method is an efficient technique in predicting residual
stresses in welding processes. A three-dimensional finite
element welding simulation was carried out on a one-pass
welding. The welding simulation was considered as a
sequential coupled thermo-mechanical analysis. The finite
element analysis results of the residual stress distributions
of two butt welded pipes in the axial directions are
presented in Fig.10 and Fig.11. Thus the values of the axial
residual stresses calculated by the finite element method,
using two different software codes Abaqus and Ansys are
very close.

This method implemented in welding simulation can be
used in other analyses. It could consider different process
parameters, for example welding speed, number and
sequence of passes, filling material supplying, etc.
Moreover, various geometrical constraints and material
nonlinearities can be included in the analysis.
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Odredivanje zaostalih napona u zavarenim cevima koriS¢enjem
pojednostavljenog izvora toplote

U ovom radu koriStena je numericka simulacija, koja se zasniva na metodi konacnih elemenata, za odredivanje
zaostalih napona u zavarenim cevima. Simulacija se sastoji od sekvencijalno spregnute termic¢ke i mehanic¢ke analize.
U termickoj analizi, unoSenje toplote je izvedeno koriS¢enjem pojednostavljenog toplotnog fluksa. Temeraturno polje
dobijeno u termickoj analizi, uvedeno je kao optereéenje u mehanickoj analizi. Simulacija zavarivanja je sprovedena
koriS¢enjem dva softverska paketa Abaqus i Ansys. Ovaj rad predstavlja metodologiju odredivanja zaostalih napona
u suceono zavarenim cevima.

Kljucne reci: zavarivanje, zaostali naponi, zavareni spoj, suofeno zavarivanje, cev, termicka analiza, metoda kona¢nih
elemenata.

OmnpenesieHne OCTATOYHBIX HANIPSIZKEHUH B CBapPHBIX TPYOax npu
HCIOJIb30BAHUEM YIIPOUIEHHOTO MCTOYHUKA TEIUIOTHI

B mnasto} ] eii rabote ucmoanszoBama umdposas cumyasuMs, KOTOpasi OCHOBBLIBAETCSH HAa MeTOJe KOHEYHBIX
3J1eMEHTOB, JUISl ONpeAeJeHHs1 OCTATOYHBIX HaNpsKeHHMii B cBapHbIX TpyOax. CuMyJasinMsi COCTOUT M3
MOC/Ie0BATEILHOCTH AP TEPMHYECKOr0 H MeXaHHYeCKOr0 aHAIN30B. B TepMuueckoM aHajlu3e BHeCeHHE TEILIOTHI
NPHMEHEHO HCIO/Ib30BaHHEeM YNPOMIEHHOIO TeIIOBOro noroka. TemmepaTypHoe moJe, NMoJy4yeHO B TePMHYECKOM
aHa/Iu3e, BBEJCHO B POJHU HArPY3KH B MeXaHMYecKoM aHajm3e. CUMYJIsINUSl CBAPKH NPOBEJEHA HCIO/Ib30BaHHEM
JABYX KOMMepPYeCKHX NAaKeTOB POrpaMMHOro odecrnieyeHusi KomnboTopa Abaqus u Ansys. U Tak Hacrosiliasi pagora
SIBJISIETCS1 METO/A0JI0THEl onpe/ie/ieHHsl 0CTATOYHBIX HANPSIKEHUI BO BCTBIK CBAPHBIX TPY6ax.

Kly~evwe slova: cBapka, ocTaToOuHbIe HANIPSIIKEH U], CBAPHO CTBIK, CBAPKA MPHTHIK, TPy0a, TEPMUYECKHUil aHAIN3,
MeTO/l KOHeYHBIX 3J1eMeHTOB.

Détermination des tensions résiduelles chez les tuyaux soudés a I’aide
d’une source thermique simplifiée

La simulation numérique basée sur la méthode des éléments finis est utilisée pour la détermination des tensions
résiduelles dans les tuyaux soudés et elle est présentée dans ce papier. Cette simulation est composée des analyses
thermiques et mécaniques qui sont couplées I’une aprés I’autre. Au cours de ’analyse thermique la chaleur est
introduite par le flux thermique simplifié. Le champ de température obtenu pendant ’analyse thermique est introduit
comme la charge dans ’analyse mécanique. La simulation du soudage est effectuée au moyen de deux progiciels
Abaqus et Ansys. Dans ce travail on a présenté la méthodologie pour la détermination des tensions résiduelles dans les
tuyaux soudés en bout.

Mots clés: soudage, tensions résiduelles, jointe soudée, soudage en bout, tuyau, analyse thermique.



