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Simulations in multipass welds using low
transformation temperature filler material

L. Novotny™®, H. F. G. de Abreu?, H. C. de Miranda® and M. Béres?

Transient thermal and residual stress fields in flux-cored arc welds were examined using a finite
element (FE) model. Experimental multipass welds were produced using both conventional and
low transformation temperature (LTT) filler metals. Temperature-dependent material properties
and both convective and radiant heat loss boundary condition have been considered in the FE
model. The effects of the transformation temperature and interpass intervals on residual stresses
were examined. It was found that compressive longitudinal residual stresses were developed at
the weld centreline in the LTT filler metal. A short-time interpass interval causes the weld fusion
zone to be above the martensite start temperature allowing the optimal use of the phase
transformation effect. The FE model is sensitive to alteration in welding parameters and can
satisfactorily predict the residual stress distribution in welded parts.

Keywords: Welding simulation, Finite element method, Phase transformation, Low transformation temperature filler material, Martensite, Residual stress

the austenite to martensite transformation is

Introduction

Although welding is an established industrial practice for
metal joining for more than a hundred years, the process
is still not fully understood. This is because of the complex
nature of the welding process in addition to the absence of
appropriate numerical models that take in account all
process and physical parameters. Regions in the vicinity
of the welding are heated up to the melting temperature
of the material and then cooled down by conduction
and radiation. Such thermal cycle leads to a non-uniform
temperature distribution in the welded components which
give rise to large thermal stress gradients causing residual
stress and distortion. Furthermore, the individual phases
in the material have different physical, thermal and mech-
anical properties (e.g. thermal expansion, thermal con-
ductivity and yield stress) inducing additional
heterogeneity.! Therefore, an accurate numerical model
should account for temperature-dependent materials
properties, phase transformation kinetics, a precise
description of the moving heat source, microstructural
changes during welding in addition to thermal and trans-
formation strains. The finite element method (FEM) is
typically employed to solve the transient thermal fields
around the weld. FEM is based on the theory described
by Goldak and Akhlaghi.? Although finite element (FE)
models are simplified in some way, they should keep all
the attributes and characteristics necessary for the given
approximation level.> In many cases, FEM approach
was employed considering thermal strains only.” How-
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ever,
accompanied by an approximately 5% increase in volume,
in addition to volumetric expansion which it is essential to
consider.* In the present work, both the thermal analysis
and resulting stress distribution considering thermal and
transformation strains in an experimental weld were per-
formed using FEM approach. The simulations are based
on a real welding process of multipass welds produced
using low transformation temperature (LTT) filler
material.’ This kind of welding consumable was
thoroughly analysed in Refs.®'®

Thermal analysis in welding

Mathematical modelling of welding phenomena is very
complex and involves solidification phenomena, micro-
structural changes in the heat-affected zone, heat flux,
radiation and thermal stress simulation.!”'® Calculation
consists of thermal and stress analysis and may be
coupled or uncoupled.' In general, the thermal analysis
is assumed to be transient while the stress analysis (elas-
tic—plastic) is quasi static. In most cases, a thermal analy-
sis is first performed to solve temperature fields in the
welded component and then results are used as input
data for a stress analysis.”® In solid having uniform
material properties (isotropic body), the heat flow in
x, ¥, z directions is proportional to temperature gradient,
by Fourier’s law

oT T
k= , =

oT
= =—k— (1
qx ax > (1- 32 ( )
where k is the thermal conductivity (J (m2 Cs)~'), 7 is the
temperature (°C). Magnitudes of ¢y, gy, ¢- Jm=>s7!)
give the rate of heat flow across a unit area by conduction

in subsequent directions. Heat flow is vector and can be
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written in the form
q = igx +iqy + kq,.
Then equation (1) can be written in vector form
q=—kVT,
where V is the nabla (Hamilton) operator

0] a 0]
Ve=i—+j—tk—
Yo Ty 552
The energy balance equation for transient heat conduc-
tion analysis is given by the formula

*PT T  0°T 0T 5

<@+87J/2+@>+g_p(/p§’ (@)

where ¢ is the time (s), p is the density (kg m™), ¢, is the

specific-heat capacity (Jkg™! °C!), g is the rate of heat

generated per unit volume and per unit time (Jm=3s~!).
This equation can be written in the form

aT
kAT—i—g:pcpE, (3)

where A is the Laplace operator given by formula

* PP
A=V.V=V= 4 — 4.
a2 ay? oz
Initial and boundary conditions are needed to be pre-
scribed to solve equation (2). In transient heat transfer
problems, the temperature field in the material changes
with time, initial temperature is

T(x, 1 = 0) = To(x, », 2).

Common boundary conditions in transient analysis are
temperature, surface heat flux, volumetric heat flux, con-
vection and radiation. Temperature prescribed on the
region I't in time 7 (Dirichlet boundary condition) is writ-
ten as

T(X, [) = Td(xa Vs Z, [)a X € FT-

Surface heat flux ¢*(x, y, z, t) for the surface region I'q
(Neumann boundary condition) is written as

- q(X, t) ‘N = _q(x’ t) = q*(x’ V. Z, [)’ X € an

where n is the unit vector of external normal line on I’y
region. Surface heat flux is positive value if heat gets
inside to region. Volumetric heat flux r*(x, y, z, ) for
the surface region I'; is written as

—gx, ) =r(x, ) =r'(x, y,z, 1), x €T}

Convection ¢ (x, y, z, t) defined on surface region I, is
calculated by

q(x, 1) -n = ge(X, 1) = gy (x, y, 2, 1)
=h-(T-Ty,xel “)
where £ is the film coefficient (J(m2°Cs)™!), T is the

temperature on the surface region I'; and T3 is the sink
temperature (°C).
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Radiation ¢} (x, y, z, ) defined on the surface region I';
is calculated by

q(x, 1) -n=gi(x, ) = g;(x, », 2, 1)
=A-((T-273"C)* — (T, — 273 C)%
=e-0-(T-273C)* — (T, —273°C)Y), x €T,

where A is the radiation constant (J(m2K%*s)™!), o
is the Stefan—Boltzmann constant
(0=5,67x 108 Tm 2K *s7!), & is the emissivity
0 <e<1 (¢ =1 for ideal radiant-black body), T' (°C)
is the temperature on the surface region, I'c, T} is the
sink temperature (°C).

Moving heat sources

During welding, the heat energy is supplied to the solidus
area. In arc welding, the heat input can be expressed by

0 = Ulny,

where Q (J) is the available heat (Q is input heat per time
(W)), I is the current (A), U is the voltage (V) between the
electrode and baseplate, 7 is efficiency of heat input,
which takes into account loss of energy by radiation
and convection. High efficiency such as = 0.9 — 0.99
is expected in submerged arc welding, low efficiency
n = 0.3 — 0.6 in tungsten inert gas (TIG) welding. Distri-
bution of heat flow is not constant along directions and
also depends on each welding process.”!*

Goldak proposed double ellipsoid model for modelling
of heat source.” The model uses Gaussian distribution of
heat input and is practical for modelling of heat source in
simulation of TIG, MIG (metal inert gas) or flux-cored
arc welding (FCAW) process. Moving heat source can
be also defined by convection ¢%(x, y, z, f) (equation (4))
on the surface region I'; which is equal to position of
weld torch (moving in z direction), and with the sink
temperature 73 (°C) which is equal to melt temperature
T (°C)

gex, z, ) =h-(T' —Ty)=h- (T — Tp).

Experimental welds, numerical
calculations

Below, an example of welding simulation based on exper-
imental multipass welds® is presented. Experimental trials
were performed at the Department of Metallurgical and
Materials Engineering, Federal University of Ceara, For-
taleza/Brazil. Sections of pipeline, with dimensions pre-
sented in Fig. la, were welded in five passes employing
FCAW automatic process.

Both, a conventional and a LTT, weld filler materials
were used. The chemical composition of both filler
materials and that of the base metal is shown in
Table 1. Solid state austenite to martensite/ferrite trans-
formation start temperature in the conventional and
LTT filer material were 560 and 180°C, respectively.
Welding conditions for the conventional weld filler
material were — voltage U, = 24V, current A, = 210 A.
For the LTT weld filler material, following parameters
were employed — voltage Uppr =28V, current
ve =virr = Smms~!. The welding wire speed for
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(a) 90

100 100

R 142,5

1 a Schematic representation of the welded sample, b defi-
nition of cylindrical coordinate system

both  weld consumables was maintained at
ve = virt = Smms~!, joint preparation angle was 60°,
root gap was 2 mm (Fig. 1a).

A K-type thermocouple, located on the bottom side at
the mid-length of the sample 4 mm away from the centre-
line, was used to monitor the temperature changes during
welding.

The residual stress was measured by the X-ray diffrac-
tion using chromium K, radiation. The operating voltage
and current were 20 kV and 50 mA, respectively. The sin’
w technique was used with ¢ angle variation between —45
and +45°. Before the measurements, surfaces perpendicu-
lar to the weld seam in the mid-length of the sample were
etched using ammonium chloride (NH4CI) electrolyte. At
these etched surfaces, 15 points 3 mm apart from each
other (distance —18 mm and +18 mm from centreline
with first measurement point being at weld centreline),
were selected to perform residual stress measurements.

2 Finite element model of weld sample showing weld seams

At each point, stresses along the weld seam-longitudinal
residual stresses and perpendicular to the weld seam-
transverse residual stresses were measured (the longitudi-
nal and transverse directions are explained in details in
the section ‘Results and discussion’). Further experimen-
tal details can be found in Abreu et al.’

An FE model of the weld with highlighted weld beads is
presented in Fig. 2. The contour of each bead approxi-
mately corresponds to the actual weld seam shape observed
in macrograph of the welded joint.” Interpass intervals
were 420, 450, 700 and 530 s equally as in experiment.

During welding of ferritic steel, if phase transformation
occurs, latent heat and transformation strain is generated.
In the solution of equation (2), the latent heat was
included by using an equivalent specific-heat capacity
c§.23 The components of the total strain rate &; can be
decomposed into the sum of elastic strain rate com-
ponents &, plastic strain rate components ég-, thermal
strain rate components é}}“, transformation strain rate
components &

. . -p . th . tr
gj=¢&;+¢&;+8& +&;. 5)
Elastic strain rate components £§; can be written in the

ij
form

&5 = Cy(T) b,
where Cj(T) are components of the second-order com-
pliance tensor, oy are components of the stress tensor.
Plastic strain rate components 85 are most commonly
expressed in the form

. alll
P
8’7_)\80,7’

where ¢ is the scalar function and represents the plastic
potential, A is the scalar parameter (scalar multiplier).

Table 1 Chemical composition (wt-%) of base metal and weld filler materials

C Mn Si Cr Ni Mo N Al
Base metal (API 5L Grade B PSL1) 0.13 0.89 0.12 0.03 0.01 0.03
Conventional weld filler (ESAB OK TUBROD 711 OA) 0.25 0.7 0.4 1.6
LTT weld filler 0.08 1 0.6 135 4.3 0.5 0.1
Science and Technology of Welding and Joining 2016 voL 21 NO 8
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+1.500e+03
+1.377e+03
+1.253e+03
+1.130e+03
+1.006e+03
+8.829e+02
+7.595e+02
+6.361e+02
+5.127e+02
+3.892e+02
+2.658e+02
+1.424e+02
+1.900e+01

3 Predicted temperature distribution in the welded component T (°C) using conventional filler material for a the first pass in
time 7.5 s, b the second pass in time 447 s, ¢ the third pass in time 914 s, d the fourth pass in time 1640 s, e the fifth pass

in time 2190 s, f colour legend indicates temperature T (°C)

Thermal strain rate components sfjh can be calculated by
formula

& = o(T)T8y, (6)

where o(T) is the thermal expansion coefficient (°C™).
The steel microstructure can be composed of various
phases (austenite, ferrite, perlite, bainite, martensite,
cementite). In regard of their phase fraction, the following
must be valid

S PATD=1,
i=1

where P;(T, t) is the phase fraction of i phase. If €} is
defined as phase fraction i originated from phase j, then

n
P=Y 0,
i=1

Science and Technology of Welding and Joining 2016

Transformation strain rate components & can be cal-
culated from equation ‘

8}; = E‘EIQ]{]&/‘, ®)
where £}, is the material constant and represents the strain
corresponding to a fully transformed phase / to phase k.>
The martensitic transformation is diffusionless and takes
place only in non-isothermal processes.”* The formation
of martensite during cooling begins at temperature M,
and finishes at temperature M;. The volume fraction of
martensitic transformation can be computed by using
Koistinen—Marburger law

P(T) = PA(1 — e MM, )

where Py, is the residual volume fraction of austenite at
temperature M, k is the constant and can be determined

voL 21 NO 8
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800 \ ,

600

‘l location of the thermocouple

NIEN

| —

T[°C]

200 KJ \\| \
0 500 1000 1500 2000 2500
time [s]

4 Calculated thermal cycle T (°C) at the location of thermo-
couple (conventional filler material)

experimentally.?® In equation (9), P(T) depends only on
the temperature 7, so if only martensitic transformation
occurs, then (;; depends only on the temperature 7'
too, equation (8), considering equation (7), can be written
in the form

e™ = &) O(T)8; = ey Py
= ay( — Poke FMTDTS, (10)

Thermal strain rate components &' and transform-

ation strain rate components s}]‘ can be calculated

+7.439e+0.

+6.471e+02
+5.504e+02
+4.537e+02
+3.570e+02
+2.603e+02
+1.636e+02
+6.683e+01
—2.989%e+01
—1.266e+02
—2.233e+02
—3.200e+02
—4.168e+02

+5.339e+02
144980402
13.6560+02
+2.814e402
119720402
111310402
128910401
155260401
1394e+02
222360402
30780402
_3919e+02
_4761e+02

5 Predicted residual stress (MPa) distribution in a longitudi-
nal and b transverse direction (cylindrical coordinate sys-
tem), conventional filler material

Science and Technology of Welding and Joining 2016 voL 21

together, considering that equations (10) and (6) have a
similar form

aT)T8; + 85(— k)Pae "M=D 15,
[(T) + 85 ( — k)Pae X M=D1T5,. (11)

«th tr
£ —l—sij

Numerical calculations consisted of thermal and stress
analysis and were considered as uncoupled (temperature
fields were independent of the stress fields and strain
fields). The thermal analysis was considered as transient,
the stress analysis was considered as quasi static (no iner-
tia forces were considered), the elastic—plastic material
law was considered. The temperature-dependent material
thermo-physical and mechanical properties for individual
materials (LTT filler material®® and conventional filler
material,”® base material’’) were incorporated in the
numerical model. Transformation strain rate components
s}]r in case of the martensitic transformation were included
based on equation (8) considering 8™ =9.9 x 10732
The element birth technique was used in the calculation.

Results and discussion

The results of thermal analysis with transient temperature
fields during the weld pass of appropriate beads (conven-
tional filler material) are shown in Fig. 3. The heat flow

(@)

+7.844e+02
+6.500e+02
+5.157e+02
+3.813e+02
+2.470e+02
+1.127e+02
—2.169e+01
—1.560e+02
—2.904e+02
—4.247e+02
—-5.591e+02
—6.934e+02
—8.278e+02

+9.290e+0.

+7.819e+02
+6.348e+02
+4.876e+02
+3.405e+02
+1.934e+02
+4.625e+01
—1.009e+02
—2.480e+02
-3.951e+02
—5423e+02
—6.894e+02
—8.365e+02

6 Predicted residual stress (MPa) distribution in a longitudi-
nal and b transverse direction (cylindrical coordinate sys-
tem), LTT filler material

NO 8



longitudial
stress

transverse —
stress

residual stress [MPa]

300

-50

transverse distance [mm]

7 Predicted longitudinal and transverse residual stress dis-
tribution at the curve in the mid-length of the sample

(cylindrical
material

coordinate system),

conventional

filler

from weld beads to the weld plate can be also seen in these
fields. The calculated thermal cycle at the location of the

Novotny et al.

In conventional weld filler, the longitudinal stresses in
the weld region are of a positive value (tensile stresses)
and around the weld have a negative value (compressive
stresses), Fig. 7. The residual stress in the transversal
direction is negative (compressive stresses) and heteroge-
neously distributed through thickness (Figs. 556 and 7)
causing an undesirable transverse deformation.

The research of Murakawa ef al.*° showed that using
LTT filler material, the volumetric expansion of the
material during phase transformation austenite to mar-
tensite, i.e. the transformation strains s}jr (defined in
equations (6) and (9)) is positive during the cooling.
This volumetric expansion, causes longitudinal stresses
in the weld regions, will be negative (compressive stresses),
Fig. 8. The compressive stresses are preferable for cyclic
loading and for fatigue strength improvement as shown
by Ohta er al.*® In addition, the use of LTT weld filler
material causes positive transverse stresses to be gener-
ated through thickness as shown in Fig. 65 which leads
to reduction in distortion.

Both the simulation and experimental results con-
firmed the above-mentioned facts about the use of the
LTT weld wire material. Similar values of residual stresses
using LTT weld wire material can be found in the work of

Simulations in multipass welds using LTT filler material

thermocouple is presented in Fig. 4; the position of ther-
mocouple on the bottom side 4 mm away from the centre-
line is also shown.

The normal component of the stress tensor in the tan-
gential direction is called longitudinal stress, o, the nor-
mal component of the stress tensor in z direction (Fig. 15)
is called transverse stress, .. The residual stress fields cal-
culated for the conventional filler material are shown in
Fig. 5; the residual stress fields calculated for the LTT fil-
ler material are shown in Fig. 6. Components of the stress
tensor (Figs. 5 and 6) are represented in the cylindrical
coordinate system which is defined in Fig. 15.

The longitudinal residual stress o, and transverse
residual stress o distribution calculated for the conven-
tional filler material is shown in Fig. 7 (along the perpen-
dicular curve to the weld line). The longitudinal residual
stress o, and transverse residual stress o calculated for
the LTT filler material is shown in Fig. 8 (along the per-
pendicular curve to the weld line).

400

300 |

200 £

100 £

-100 |

-200 £ .~
[ longitudial
stress

residual stress [MPa]

-400 transverse —

stress

-500 £

. SIETTETET FTRTEITITI PRI
-100 -50 0 50 i

transverse distance [mm]

8 Predicted longitudinal and transverse residual stress dis-
tribution at the curve in the mid-length of the sample
(cylindrical coordinate system), LTT filler material

Science and Technology of Welding and Joining

Ramjaun et al. *°

(a) 800
600 \
_ location of the thermocouple
©. 400 \ e .
= long time interpass intervals
‘ short time interpass intervals
200 -
0 t ; t + t
0 1000 2000 3000 4000 5000 6000
time [s]
(b) 800 T
L long time interpass intervals
700 —]
[ short time interpass intervals
600 £
500
© 400 f
L [
300 +
200 +
100 +
0 L
0 50 100 150 200 250 300
time [s]

9 aCalculated thermal cycle T (°C) at the location of thermo-
couple (LTT filler material) for both short- and long-time
interpass intervals, b thermal cycle in detail
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600

longitudinal residual stress [MPa]

transverse distance [mm]

Distance below surface:

—— 0 mm; short time interpass intervals
—— 5,8mm; short time interpass intervals
— 11,7mm; short time interpass intervals
—19,5mm; short time interpass intervals
—— 0 mm; long time interpass intervals
—— 5,8mm; long time interpass intervals
——11,7mm; long time interpass intervals
——19,5mm; long time interpass intervals

10 Predicted longitudinal residual stress distribution in the
LTT filler material for both short- and long-time interpass
intervals as function of distance from weld centreline,
cylindrical coordinate system

Sensitivity study of FE model to
alteration in welding parameters

In this section, sensitivity of proposed FEM to alteration
in welding parameters, i.e. time interval between each
deposited layer using LTT filler material is demonstrated.
First case considered long-time interpass intervals, i.e.
500, 1000, 1500, 2000 and 10 000 s enabling each individ-
ual welding pass is fully transformed to martensite before
the next layer is deposited. Computed thermal cycle for
this case is shown in Fig. 9a (green line). One can see
that the weld region cools down below M temperature,
i.e. 180°C after each deposited layer. Second case assumed
short-time intervals between each deposited layer, i.e. 5's,
permitting the interpass temperature to be maintained
above M for all passes. The welded sample was finally
allowed to cool to room temperature. A detailed view of
thermal history for short-time interpass intervals, red
line in Fig. 9b, revealed that the interpass temperature
for all deposited layers was maintained in excess of M.
This causes that layers 1-5 transform collectively into
martensite after 5™ pass is completed allowing optimal
use of phase transformation effect.

Figure 10 shows computed longitudinal residual stress
profiles in the LTT filler material for both long- and
short-time interpass intervals. Stress analysis was per-
formed across a plane perpendicular to the weld seam in
the mid-length of the sample, as shown in Figs. 7 and 8,
at surface in addition to 5.8 mm, 11.7 mm and 19.5 mm
below surface. At surface, compressive residual stresses
of ~500 MPa were generated, whereas stresses of ~200
MPa were found at 19.5 mm below surface. Largest
residual stresses of ~800 MPa were induced at a depth
of 5.8 mm below surface during long-time interpass inter-
vals. In comparison to short-time interpass intervals,

Science and Technology of Welding and Joining 2016 voL 21

300
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-100
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transverse residual stress [MPa]
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Distance below surface:

—— Omm; short time interpass intervals
—— 5,8mm, short time interpass intervals
——11,7mm; short time interpass intervals
——19,5mm; short time interpass intervals
—— O0mm; long time interpass intervals
—— 5,8mm; long time interpass intervals
——11,7mm; long time interpass intervals
——19,5mm; long time interpass intervals

11 Predicted transverse residual stress distribution in the
LTT filler material for both short- and long-time interpass
intervals as function of distance from weld centreline,
cylindrical coordinate system

these stresses are higher in magnitude, however, cover
smaller field. Thus, the phase transformation effect can
be fully exploited if the whole multipass weld metal trans-
forms at once after last layer has been deposited. Similar
results were observed in Ramjaun e al.*°

Predicted transverse residual stress profiles in the LTT
filler material for short- and long-time interpass intervals
are shown in Fig. 11. Tensile transverse residual stresses
of ~200 MPa were generated at the surface, whereas com-
pressive transverse residual stresses of ~130 MPa were
found at 5.8 and 19.5 mm below surface. Short-time inter-
pass intervals cause a shift towards positive stresses at the
surface and in the root pass. Transverse residual stresses in
the mid-thickness increased during long-time interpass
intervals.

Conclusions

A three-dimensional FE model was developed to analyse
temperature fields and residual stresses during multipass
FCAW process employing both conventional and LTT
weld filler materials.

The numerical and experimental results indicate that use
of weld metals with different transformation characteristics
has substantial impact on residual stress patterns. The LTT
welding alloy induced compressive longitudinal residual
stresses in the weld zone and its vicinity. This was in con-
trast to the conventional weld filler where tensile longitudi-
nal residual stresses were found. Transformation plasticity
is fully exploited if the interpass temperature is maintained
above M for all passes and the entire weld metal trans-
forms during cooling after the last layer has been depos-
ited. The proposed analytical model is sensitive to
alteration in welding parameters and can satisfactorily pre-
dict the residual stress distribution in welded parts.
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