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HIGHLIGHTS

® Melt profile was significantly different in full and partial penetration welding.

® A numerical model was presented and validated for the experiments.

® A double-conical boundary condition allowed modeling the hourglass shape welds.
® The model can potentially be used for solving engineering problems.
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Full and partial penetration welding using high power lasers exhibit different melt pool geometries. The main
difference is that full penetration welds tend to widen at the root side. In recent years, full penetration laser
welding has been modeled using sophisticated multiphase numerical models. However, less computationally-
complex thermo-mechanical models that are capable of accounting for the root widening phenomenon in full
penetration laser welding are lacking. In this study, hybrid laser welding was performed for full and partial
penetration modes on butt joints of structural steel. A numerical model was presented that used a three-di-
mensional transient Finite Element (FE) analysis and thermal conduction heat transfer for calculating the
temperature fields in both full and partial penetration welding modes. For this purpose, a double-conical volu-
metric heat source was developed based on the three-dimensional conical (TDC) heat source in the literature.
The model was validated and calibrated with different experiments. The results show that the model is capable of
calculating the transient temperatures for the common melt pool geometries obtainable by the full and partial
penetration hybrid laser welding of thick-section steels. The model can potentially be employed as the basis for

predicting e.g. microstructural properties or residual stresses for a given welding procedure.

1. Introduction

Hybrid laser welding is a complicated process that involves several
complex physical phenomena. With the development of numerical
techniques and high power computers, numerical methods seem to be
an essential and also convenient way to better understand the under-
lying mechanisms of the process [1]. In this regard, several studies have
been carried out and reported in the literature, and the review of the
subject can be found in [1-5].

The modeling of hybrid laser welding is inherently challenging, as it
must account for the high temperature gradients and rapid cooling rates
due to the high energy intensity of laser beams. In addition, such a
process involves several physical mechanisms that are highly coupled,
for example, mechanisms of laser-material interaction and absorption,

* Corresponding author.

phase transition, and energy transfer in solid, liquid, and gas phases [6].
Although a few attempts for the relatively comprehensive simulation of
laser keyhole welding can be found in the literature (e.g. [7-9]), the
simulation of the whole phenomena in the process is not yet possible
[2]. However, for both arc and laser welding, the simplified so called
“thermo-mechanical” models [2] that are mainly based on thermal
conduction heat transfer have been used extensively in the literature,
e.g. in [10-18]. These models can be employed for many engineering
problems in welding, e.g. for the prediction of the weld pool geometry
and the computation of residual stresses without the need to consider
multi-physical and fluid flow effects. In such models, the absence of
fluid flow, and hence, thermal convection, is assumed to be compen-
sated for by using a volumetric “equivalent” heat source that can be
adapted and calibrated with respect to the experimental melt pool
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geometries.

Various volumetric heat sources have been proposed in the litera-
ture. For instance, the double-ellipsoidal heat source proposed by Goldak
et al. [19] has been used extensively in the literature, especially for the
arc welding processes. Even though, the heat source was intended to be
used for both shallow and deep penetration processes, Goldak and
coworkers [20] suggested the use of a conical distribution power den-
sity for deep penetration welding. Recently, Flint et al. [21] developed
an extended version of the double-ellipsoidal heat source that can be
applied to narrow-groove and very deep keyhole weld configurations as
well. However, for the deep penetration keyhole welding processes, the
conical heat source has been one of the most popular and has been
implemented in commercial Finite Element (FE) software for many
years. Wu et al. [17] proposed a modified three-dimensional conical
(TDC) heat source. This relatively simple heat source considers a
Gaussian heat intensity distribution along the workpieces thickness.
Thanks to its semi-cylindrical geometry, the TDC heat source is suitable
for modeling deep penetration welding processes such as keyhole
plasma arc welding and laser welding. Alternatively, the cylindrical-in-
volution-normal (CIN) heat source proposed by Ranatowski [22] can be
used for modeling such welding processes. Although it is relatively
sophisticated, it offers a high level of flexibility and control to the user
to manipulate the heat distribution density along the thickness direc-
tion as well as radially. However, the combination of two volumetric
heat sources is sometimes required to obtain accurate thermal fields
[16,23-25].

Several laser welding experiments have been modeled successfully
in the literature using different volumetric heat sources. Nevertheless,
these models have been mainly focused on partial penetration welding,
and none of them consider the root widening that often appears in the
case of full penetration welding. Table 1 summarizes the common weld
shapes that are obtained by the hybrid laser welding of thick-section
steels. Three types of weld cross section shapes are often seen, de-
pending on the penetration-mode. Partial penetration welds often ex-
hibit a typical bell shape cross section consisting of a relatively wide
width in the arc-dominated region and a relatively narrow semi-cy-
lindrical shape in the laser-dominated region. Full penetration welds
however, are often associated with an hourglass shape cross section as a
result of a root widening phenomenon, which can be minimal or sig-
nificant depending on the plate thickness and process parameters.

The reason for root widening in full penetration laser welds lies in
the characteristics of the melt flow during the process. In the weld pool
during laser welding, several complex phenomena result in the circu-
lation of the liquid metal [41]. This melt flow induces a convective heat
transfer that has a significant influence on the temperature distribution,
and hence, the melt pool geometry [24,42]. Recent studies on laser

Table 1

Geometrical classification of the common weld cross section shapes obtained by
hybrid laser welding of thick-section steels (10 mm and above) based on their
penetration-mode. Note: mainly includes solid-state lasers and butt joints of
structural steels.

Penetration- Weld shape Schematic References
mode
Partial Bell shape: wide at the [26-31]
top + semi-cylindrical in depth
A
Full (wide Hourglass shape: wide at the [32-37]
root) top and root + semi-cylindrical
in depth ’
Full (thin wide at the top + semi- [33-35,38-40]
root) cylindrical in depth + minor

widening at the root
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welding with solid-state lasers reveal that melt flow is different, de-
pending on the penetration-mode [41,43] (see Fig. 1a). In full pene-
tration laser welding, melt pool at the root side may be longer and more
unstable than on the top side [44]. Powell et al. [41] suggest that,
during full penetration laser welding, (i) the fact that the root of the
weld is insulated on one side by the air and is less effectively cooled by
the substrate — together with (ii) the strong downward thrust on the
melt in the keyhole - resulting in the extension of the melt at the root,
and hence, the root widening of full penetration welds. This has also
been reported by Haug et al. [45], where they observed the root flow
pattern on the lateral (longitudinal) section of the weld that was asso-
ciated with an hourglass shape weld at the cross section (see Fig. 1b).

Although full penetration laser and hybrid laser welding have been
simulated using relatively sophisticated fluid flow models [44,46],
simple thermo-mechanical models that are based on thermal conduc-
tion heat transfer are lacking in the literature. A new volumetric heat
source model is required for such models, to account for the root
widening phenomenon in the full penetration keyhole welding pro-
cesses.

1.1. Scope and objectives

According to the introduction, this paper primarily attempts to de-
velop a numerical model based on the FE method and thermal con-
duction heat transfer to account for the root widening phenomenon in
the full penetration hybrid laser welding of steel. In addition, it aims at
investigating the effect of penetration-mode (for a constant heat input)
on the weld geometry of hybrid laser welds. For the entire numerical
calculations, the unit system (b) was used according to LS-DYNA
manual [47].

1.2. Case studies

Three case studies were considered for the investigation, to account
for the common weld cross sections attainable by hybrid laser welding
shown in Table 1. These case studies have been depicted on the lateral
section in Fig. 2, which is based on a recent work by Frostevarg [48], in
which five different regimes for the root topology of laser keyhole
welding have been categorized: (i) insufficient penetration or quasi full
penetration, (ii) Full penetration with root humping (Fig. 2b), (iii) Full
penetration with good results (Fig. 2c), (iv) root sagging, and (v) over
penetration.

However, for the sake of simplicity, only three case studies that are
depicted in Fig. 2 were defined in this paper as following:

e Case I: Partial penetration (schematic A in Table 1)
e Case II: Full penetration: wide root (schematic B in Table 1)
e Case III: Full penetration: thin root (schematic C in Table 1)

Welding experiments corresponding to Cases I and II were carried
out originally in this paper. However, for Case III, the experiments were
adopted from the experimental results of an external study [49].

2. Experimental procedure

In this section, the hybrid laser welding procedure for Cases I and II
will be described. Experimental procedure for Case III can be found in
[49].

In order to obtain full and partial penetration welds, welding was
performed to form a butt joint in steel plates. Table 2 presents the
welding process parameters. Both full and partial penetration experi-
ments used the same parameters, which were selected for obtaining a
10 mm penetration depth in a single pass. Therefore, using plates with
10 and 25mm thicknesses allowed the obtaining of full and partial
penetration welds, respectively, in which the welding heat input and
penetration depth could be roughly identical.
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(a)

(b)

e

Fig. 2. Three cases of penetration-mode studied in this paper, (image modified
after [48]).

Fig. 3 depicts the schematic preview of the overall experimental
procedure. Steel plate of type S355J2 was used for the experiments. The
chemical composition of the steel is presented in Table 3. Plates were
milled to form butt joints with the dimensions depicted in Fig. 3. As
shown in this figure, two blocks of the same material were tack welded

Optics and Laser Technology 111 (2019) 671-686

Fig. 1. (a) Melt pool geometries in the lateral weld
cross section of full and partial penetration laser
welding obtained by multi-physical simulation
(red = melt) [41]. (b) Schematic speculation on the
melt flow and the corresponding lateral and trans-
verse cross sections of high-quality full penetration
laser welding of 12mm thick steel (red line on the
longitudinal cut = solidification front shape) [45].
(For interpretation of the references to color in this
figure legend, the reader is referred to the web ver-
sion of this article.)

longitudinal

to both sides of the samples, to assure the maintenance of a zero preset
gap along the I-joint seam and to limit the gap variation during
welding. This also made it possible to keep the start and stop points
outside the main plate. The milled surfaces were cleaned using alcohol
to remove the machining liquid from the milling process.

A Trumpf TruDisk 16002 disk laser was used for the experiments,
providing a maximum of 16 kW continuous-wave laser beam with a
wavelength of 1030 nm and 8 mm mrad beam quality. The laser was
guided through an optical fiber to a Trumpf RFO welding head with a
focal length of 600 mm. The laser welding process was combined with a
MAG (Metal Active Gas) welding system with a protection gas con-
taining 92% Argon and 8% CO.. The filler material was ESAB OK 12.50
filler wire with a diameter of 1.2 mm. The main purpose of using MAG
welding was to enhance the heat balance and the process stability.
Therefore, the wire feed speed or heat input of the MAG welding was
relatively limited (about 10%) compared with the heat input of the
laser. As depicted in Fig. 3, a laser-leading configuration was used for
the welding process.

3. Experimental results

The results of experiments for Cases I and II can be seen in Figs. 4
and 5. It is evident from Fig. 4 that penetration-mode can significantly
influence the heat distribution, and thereby the shape of the fusion
zone. Although both experiments used the same welding parameters
and heat input, they exhibited different shapes at the cross section. As
shown in Fig. 4a, partial penetration welding exhibited two distinct
regions at the weld cross section, namely, (i) a wide conical shape in the
arc-dominated region at the top side, and (ii) a relatively narrow semi-
cylindrical shape in the laser-dominated region at the root side. This is
the typical weld shape for partial penetration hybrid laser welding, as

Table 2
Welding process parameters for case I and II. Notes: for case III parameters see [49], and “focal position is above the plate surface.
Laser power  Arc current  Arc voltage ~ Wire feed  Travel speed Gas flow Focal position Laser angle Arc torch angle ~ Wire stickout Arc-laser
kw) (A) w) (m/min) (m/min) rate (I/min) (mm) (degree) (degree) (mm) distance (mm)
12.5 84 16 2 0.9 25 25" -7 20 15 15
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Welding direction
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_—
Arc torch 200 Welding direction
F o0
Blocks
“~+[ Laser beam Arc torch 200 .
—~ Laser beam
i 120 ; 120 mm
Tack weld x4 " Tack weld x4
(a) (b)

Fig. 3. Schematic of the experimental setup: (a) case I: partial penetration welding on a 25 mm plate, (b) case II: full penetration welding on a 10 mm plate, both
using the same process parameters presented in Table 2. Note: the vertical axis is normal to the plate.

Table 3

Chemical composition of the steel S355J2(%) (according to the material certificate provided by the steel manufacture).

C Mn P S

Cu Al Ni Cr

\ Mo CEV

$355J2 0.15 1.44 0.013 0.006

0.22 0.08 0.035 0.04 0.06

0.002 0.007 0.41

stated in Table 1. However, full penetration welding resulted in an
hourglass shape, in which the weld tended to widen at the root side
(Fig. 4b). As shown in Fig. 5c, the full penetration weld was associated

oy

(c)

AT T

(d)

with minor underfilling at the top side, and two humps at the root.
Consequently, the full penetration weld (Case II) fairly corresponded
with the root humping regime depicted in Fig. 2b and the hourglass

Fig. 4. Weld cross section of: (a) case I: partial penetration, (b) case II: full penetration experiments. Weld pool shape at the stop point of (a) case I: partial penetration, and
(b) case II: full penetration welds. Both used the same process parameters presented in Table 2. Note: W: Width, and Dp: Penetration depth are in mm.

674
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Macro section — 3
cut

e

Macro section ——»
cut

Macro section —3
cut

Fig. 5. Weld beads: (a) Case I: partial penetration (top side), (b) Case II: full
penetration (top side), (c) Case II: full penetration (root side).

shape welds described in Table 1.
4. Finite element modeling

Hybrid laser welding was modeled using the FE method based on
conductive heat transfer only. For this reason, LS-DYNA (971 R10) FE
code was employed for the calculations and analysis, while pre and post
processing of the model mainly used LS-PrePost (4.5).

4.1. Assumptions and exclusions

The main assumptions that were made for the modeling are as fol-
lowing:

e Material is isotropic and homogenous. However, some physical
properties such as thermal conductivity and specific heat, are tem-
perature dependent.

e Laser-material interaction and absorption mechanisms are ne-
glected.

e Welding heat transfer is modeled based on only heat conduction.

e Fluid flow and convection in the melt pool is not considered.

However, to compensate for the lack of fluid flow effect, an

equivalent volumetric heat source with a specific shape generates

the heat inside the material to obtain the fusion lines that are
comparable with the experiments.

Weld pool length can be approximated and calibrated based on the

weld bead shape at the stop point of the welding experiment.

Laser-arc distance and synergy effects are omitted.

The zero preset gap between the plates (butt joint seam) is excluded

and the FE model is treated as bead-on-plate.

The filler material has similar material properties as the base metal.

Surface forces, plasma pressure, shielding gas pressure, and the weld

reinforcements on the top and root sides are excluded.

The workpiece is fixed in space and the side planes of the plate

parallel to the welding direction are mechanically constrained for no

translation and rotation.
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4.2. Thermal conduction model

The temperature distribution in the workpiece is essential in the
thermal modeling of welding. In thick-section welding processes, the
heat flow is three-dimensional (3D) [50]. This is essential, especially
when a relatively accurate temperature distribution is required for ca-
libration of the model with respect to the experiment in all directions.
Accordingly, this study calculated the temperature distribution using
the classical Fourier’s heat equation for 3D transient heat conduction.
This equation in a nonlinear form (temperature dependent material
properties) is given by the following governing partial differential
equation:

orT 48 aT ) oT 9 oT
PC(T)E = a(k(T)a) + 5(k(T)g) + E(k(T)g) +4q, a
In the above equation, g, is the volumetric internal energy genera-
tion; T is the temperature; x, y, and 2z represent space coordinates; t
represents time; p represents density; and c¢(T) and k(T) represent
temperature dependent specific heat capacity and thermal conductivity,
respectively.

4.3. Heat source model

As was mentioned in Section 4.1, to maintain the simplicity of the
model, convective heat transfer that is induced by melt flow is excluded
in this study. However, to account for the effect of melt flow, a hybrid
volumetric heat source which consisted of a double-ellipsoidal heat
source for the arc part and a double-conical heat source for the laser part
was used. The latter is a modified version of the three-dimensional
conical heat source (TDC) [17] that will be presented in this study.

4.3.1. Arc heat source

The double-ellipsoidal heat source proposed by Goldak et al. [19]
can be mathematically expressed for a moving arc heat source in £
direction, as shown in Fig. 6 using the following equation:

630 3w X

qaf(g’ ¢9 {) - ahbhchfﬂ'\/ﬁ ‘xp( Cp%f a’% b;% ) (2)
_ 6J3r.Q, 3(6—vt)* 3¢> 38

LS N S A ®

In the above equations, g, and q,- are the volumetric heat flux at
front and rear ellipsoids, respectively; v is the welding travel speed; ay,
bp, cnp, and cy, are the ellipsoidal heat source parameters as in Fig. 6; ¢
and r, are the proportion coefficients at front and rear ellipsoids, re-
spectively (ry+r,=2); and Q, is the effective arc power that is calcu-
lated using the following equation:

Qﬂ = naRI = r)aIU (4)

where P, is the arc power; I represents the arc current; U represents the
arc voltage; and 7, is the arc heat efficiency which was set to 70% for
gas metal arc welding of S355 steel according to [51,52]. The double-
ellipsoidal heat source is defined through six arbitrary parameters
which must be manipulated for the calibration of the model according
to the welding conditions.

4.3.2. Laser heat source

The TDC heat source model proposed by Wu et al. [17] can be
mathematically expressed for a moving laser heat source in x direction
as following:

3[(x—vt)? + y?]
1

9Q1€3
7 (=1 (z—z) (P + 1 + 1)

)

q,(x,y,2) = exp(

(5)
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Fig. 6. Volumetric double-ellipsoidal heat source used in the hybrid heat source for modeling the arc (modified after [19]).

(a)

q [W/mm?]

q [W/mm?]

Fig. 7. (a) Schematic of TDC heat source based on [17], and heat intensity
distribution at (b) the top surface (larger diameter, r,) and (c) the bottom sur-
face (smaller diameter, r;). Heat source parameters: P = 14kW, 7, =1,
2, =25mm, ;= 0, r, = 2mm, r; = 1 mm.

where q; is the laser heat flux; z;, z;, 11, and r; represent the z-coordinates
and radii of the top and bottom surfaces, respectively (see Fig. 7a); e is
the base of natural logarithm; 7, is the distribution parameter that is
linearly decreased from the top to the bottom surfaces of the conical
region; and Q; represents the effective laser power. The two latter
parameters can be expressed as following:

Zt—=%

() = n—(n—n)——

t i

(6)

Q =nP (@)

where P, is the laser power and 7, is the laser heat efficiency. The latter
was set to 75% for laser welding of thick-section S355 steel with solid-
state lasers and milled edge plates according to [53].

As shown in Fig. 7a and explained in [17], along the thickness of the
workpiece, the diameter of the heat density distribution region is lin-
early decreased, depending on the radii of the top and bottom surfaces.
It should be noted that, at any plane perpendicular to z-axis, the heat
intensity is distributed in a Gaussian form. However, the heat density at
the central axis (z-direction) is kept constant. This has been shown in
Fig. 7b and c, where the heat distribution has been compared in two z-
plane sections of the top and bottom surfaces.

Nevertheless, the TDC heat source — in its original form - is not
capable of modeling the full penetration welds that are associated with
the root widening phenomenon. For this reason, a double-conical heat
source model was developed that consists of two TDC heat sources, in
which the distribution factor of the lower cone can be optimized to
obtain an hourglass shape distribution by a reverse cone configuration
(see Fig. 9a) or a direct cone configuration (see Fig. 9b). The double-
conical heat source can be mathematically expressed for a moving laser
heat source in x direction, as shown in Fig. 8, using the following
equations:

_ 9Que? o 3[Ge—v)? + y?]
¥ 2) = (=1 (zi~2p)(? + 1y + rf)wp( 5 )
®
_ 9Qp¢? i 3[(x—vt)* + ]
YD = e S ama i 7 o
where:
1(@) = n—(-n) le__zzb 10)
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Fig. 8. Volumetric double-conical heat source with reverse cone configuration (as an example) used in the hybrid heat source for modeling the laser.

z A Double-conical TDC
q q q q q
r, r, vy
Z
r
>
7 7, ,
1
z; —
1A | |
Zp
Py > 1; Iy <1 'y =7; 'y =71 Iy =1 =T,
Reverse cone Direct cone Zp T E Zp T I
(a) (b) (©) (d) (e)
>
y

Fig. 9. Schematic of double-conical heat source with reverse and direct cone configurations and its simplified versions.

Z—3
ni) = nr—(n—rn
2( ) t (t l)Z[_Z[ (11)
_ Zi—3%p
=, (12)
_ Az
Q= 13)

In the above equations, g; and g;, are the laser heat flux for the
lower and upper cones, respectively; z;, zi, Z», I, i, and 1, represent the
z-coordinates and radii of the cones, respectively; r and r, are the dis-
tribution parameters that are linearly increased or decreased depending
on the corresponding radii of the conical regions; and finally Q; and Q;,
represent the effective laser power for the lower and upper cones, re-
spectively.

As shown in Fig. 9, manipulating the parameters of double-conical
heat source provides different configurations including the original TDC
as well. The high flexibility of this heat source potentially allows the
modeling of a wide range of possible weld geometries obtained by deep

677

penetration keyhole welding processes.

4.3.3. Adaptive hybrid heat source

The hybrid heat source was formed by the combination of the arc
and laser heat source models. However, the hybrid model is not simply
the addition of the two models, due to the complex physical synergy of
the arc and laser in hybrid laser welding [54].

Accordingly, in this study an adaptive heat source model was im-
plemented to allow more flexibility in the calibration. For this reason, it
was assumed that the total effective power of hybrid laser welding (Q,)
is equal to the summation of the effective power of both heat source
models. Based on this assumption, the heat proportion of each heat
source model was approximated so that the following condition was
satisfied:

Q= B,Q + BQ 14

where 3, and f; are the heat partition factors for the arc and laser heat
sources, respectively. This has also been done by another study on the
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modeling of plasma arc welding [15]. These factors, together with the
geometrical parameters of each heat source could be manipulated for
the calibration of the hybrid heat source model with respect to the
experimental observations. The overall mathematical equation for the
moving hybrid heat source (g, = g, + q,, + g, + q;,) in Xyz coordinate
(as in Fig. 8) and with the consideration of the 8 factors can be written
as below:

:h\/bz_iifigaﬁexp ( S(X%;t)z iy; 3(11,_;)2); Front ellipsoid
aéhff,,oﬁ exp( “";hzr”’z 3;; 3(1;;’2); Rear ellipsoid

q =

“ n(e3_1)(1iiﬂ[zf;1(:iz . +yg)"’xP( 3[(x_‘;[12)2+y 1), Lower cone
n(e3—1><ztg flzl)z(j;+r[ri+ri2)€xl) ( 3[(X_vr;z)2+y2])i Upper cone s

In the above equation, g, is the total heat flux of the welding process
and D is the plate thickness, which was used for transferring ¢ to z
coordinate. The moving hybrid heat source was applied as heat flux in
LS-DYNA by  defining a user subroutine in  the
LOAD_HEAT GENERATION keyword and used for modeling the hybrid
laser welding process in this study.

4.4. Thermal boundary conditions

The general solution for Eq. (1) requires initial and boundary con-
ditions. Therefore, initial temperature was set to ambient temperature
(To) as 293K as following:

T(x,y,z,0) = To(x, y, 2) (16)

Besides considering the moving heat source within the volumetric
boundary, heat losses due to convection and radiation were applied to
all the free surface boundaries of the 3D model. Heat loss due to con-
vection (g.) was taken into account using Newton’s law with constant
convective coefficient (h) as follows:

q. = —h(T-Tp) a7

Similarly, heat loss due to radiation (q,) was applied using the
Stefan-Boltzman law:

q, = —o &(T*-T3) (18)

where o is the Stefan-Boltzman constant, and € is the emissivity. The
values for emissivity and convective coefficient were chosen from ex-
perimental measurements for mild steel [55].

4.5. Material model

Thermo-physical properties of the steel, such as thermal con-
ductivity, and heat capacity, as well as material’s density, have sig-
nificant influences on the results of welding simulations [12]. In this
study, thermal conductivity and heat capacity have been considered to
be temperature dependent, as shown in Fig. 10, and their values above
the melting point were assumed to be constant and equal to their
melting points corresponding value.

As shown in Fig. 10, the solid-state phase change has been ap-
proximated by increasing the heat capacity in the temperature intervals
between 873K to 1173 K [56]. This has also been previously done in
other welding simulations, e.g. [12,55,57], on mild steels. Moreover,
thermal conductivity was set to increase when the metal reaches the
melting point. This enhances the heat dissipation in the melt pool and
helps to obtain realistic peak temperatures [10,19,55,57]. Similarly, the
specific heat capacity was enhanced during the phase change between
the solid and liquid temperatures to account for the latent heat of
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Fig. 10. Temperature dependent thermal conductivity and heat capacity;

Adapted from [57,12], respectively. T,, denotes melting point.

fusion, as follows:

¢(T) = m[1—cos27 (

T-T;

D] T<T<T
T—Ts (19)
where T and Ts are the liquidus and solidus temperatures, respectively,
m is a multiplier that is defined in LS-DYNA such that:

1L
L= j;s ¢(T)dT 20)

where Ly is the latent heat of fusion, for which its value, together with
the values of T; and Ts, were chosen for S355 steel according to [58].
Table 4 summarizes the physical properties used for the calculation.

Density value was set to 7840 kg/m? for solid-state steel at room
temperature. The material was modeled in LS-DYNA using the
MAT THERMAL_ ISOTROPIC_PHASE_CHANGE keyword.

4.6. Numerical model

Full-size specimens (120 mm x 120 mm) were used for the FE
models of both full and partial penetration welding. However, to save
computational time, 18 mm thick plates (instead of 25 mm) were used
for the partial penetration welding model. Although, due to symmetry,
considering one half of the workpiece may be more convenient and
economic for simulation, the calculation domain was still considered to
be the whole workpiece in this study because it could be used to cal-
culate unsymmetrical groove geometries in the future.

Three-dimensional solid elements with eight point quadrature in-
tegration were used for the model. The element sizes were determined
by adjusting the resolution and accuracy of the temperature distribu-
tion in the regions of severe thermal gradients. Figs. 11 and 12 show the

Table 4
Physical properties used for the calculation.
Nomenclature Symbol Magnitude
Density ) 7840 kg/m*
Ambient temperature Ty 293K
Solidus temperature Ts 1745K
Liquidus temperature T 1810K
Latent heat of fusion Ly 270kJ/kg
Convective coefficient h 20 W/m?*K
Stefan-Boltzman constant o 5.67 x 10E—8 W/m?K*
Emissivity € 0.9
Specific heat capacity c(T) see Fig. 10
Thermal conductivity k(T) see Fig. 10
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& 0.19 x 0.50 mm

Fig. 11. FE model for a 120 mm X 120 mm X 10 mm plate and the detail views of the mesh. Note the higher densities along the welding path in the center.

[

0.19 x 0.52 mm

Fig. 12. Detail view of the mesh in the transverse cross section (refer to Fig. 11).

mesh characteristics of the entire model. As can be seen, the density of
the elements is higher in the centerline region along the welding path.
The elements were generated using LS-Ingrid (3.5B), which is a pre-
processor and three-dimensional mesh generator.

The solver used an implicit time integration method for the tran-
sient analysis. However, it is important to notice that the accuracy of a
transient model depends on the proper selection of the time step size in
accordance with the element size. In regions of severe thermal gradients
during a transient analysis, the relationship between the element size in
the direction of the heat flow and the time step becomes crucial [59].
This situation is inevitable in the case of our model e.g. on the fusion
line where the solid material is in the vicinity of the high intensity laser
heat source. For this reason, based on the element size As in the fine
mesh region, the following condition was taken into account, to ensure
the minimum time step At would not exceed the critical value:

_ (asy
A= @
where
1=L
cp (22)

In the above equations, A is the thermal diffusivity which is de-
pendent on the thermo-physical properties of the material. The most
conservative time step could be determined when using thermal diffu-
sivity at the melting temperature (4.2 X 107> m?/s). Substituting this
value in Eq. (21) suggests the time step At = 2.4 X 10~*s for the smal-
lest dimension of the element size As = 0.19 mm in the vicinity of the
centerline. This time step was used for the entire numerical calculation
accordingly.

4.7. Validation

According to Oberkampf and Trucano [60], validation is the process
where the accuracy of the model is evaluated by comparison with ex-
perimental results. It is worth noting that the same measurements
cannot be used for both calibration and validation purposes [4].

In this study, the model was validated according to the experimental
measurements of transient temperature for arc welding performed by
Nguyen et al. [61]. The measurements were carried out on the weld toe
of a bead-on-plate experiment on a 240 mm X 240 mm X 20 mm plate.
The material used for the experiment was HT-780 steel, and the tem-
perature measurement was performed by placing a thermocouple
through a 16 mm hole that was positioned below the melt pool in the
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vicinity of the weld toe (see Fig. 13a). To allow comparison, the ex-
periment in [61] was modeled using exactly the same material prop-
erties, process parameters, and double-ellipsoidal heat source para-
meters that Nguyen et al. suggested in their study (Table 5). The result
of validation has been shown in Fig. 13. According to the figure a very
good agreement can be seen between the FE model results and the
measured transient temperatures.

4.8. Calibration

The model was calibrated for the three cases separately. For this
reason, the hybrid heat source parameters were manipulated to obtain
the weld pool shape for each experiment. Unfortunately, for Case II, it
was not possible to calibrate the weld pool length at the root side, as its
shape was not visible (due to the resolidified backward flows).
Similarly, for Case III, the calibration of the weld pool length was
omitted due to a lack of information from the source paper [49].
Moreover, for Case III, the thermo-physical material properties of
Domex 420 MC steel was assumed to be the same as S355J2 steel. The
parameters used for the calibration have been stated in Table 6. The
fusion line was assumed to correspond with the solidus temperature
Ts = 1745K.

5. Results of numerical analysis

Figs. 14 and 15 compare the results of calibrated models with the
experiments. The exact dimensions of the melt pools can be seen in
Table 7. The results shown in Figs. 14 and 15 and Table 7 are evidence
that the numerical model was in fairly good agreement with the ex-
periments.

The double-conical heat source used in the hybrid heat source is
capable of successfully modeling the three cases. In the case of the full
penetration welds shown in Figs. 14b and ¢, employing a reverse cone
configuration (as in Fig. 9a) allowed the model to account for the
convective melt flow at the root side. For the partial penetration weld
shown in Fig. 14a, however, the typical cone and cylinder configuration
was employed that was simply obtained by applying the r;, = r; condi-
tion on the double-conical heat source (Fig. 9¢). It is worth noting that
the best fit for the Case I could have been obtained by applying a
slightly longer (in depth) heat source (e.g. 2z, = 10.5 mm) to decrease

Relative time (s)

(b)
Table 5
Properties and parameters used for the validation based on [61].

Symbol Magnitude Symbol Magnitude
ay 10 mm 0 7820 kg/m>
by 2mm c 600 J/kg/K
Chf 10 mm k 29 W/m/K
Chr 20 mm 1 230 A
rr 15 U 26V
T 0.5 v 0.3 m/min
Na 0.85 ! 6.181 x 107 m%/s

Table 6
Parameters used for the calibration.
Case I Case II Case III
Symbol Magnitude Magnitude Magnitude
v [m/min] 0.9 0.9 2.5
P, [kW] 1.35 1.35 5
Na 0.70 0.70 0.70
Ba 2.4 1.68 1
ap [mm] 7 10 5
by, [mm] 1 3 2
cpy [mm] 3 3 3
cp [mm)] 8 8 7
I 0.5 0.4 0.4
r 1.5 1.6 1.6
P, [kW] 12,5 12,5 7
m 0.75 0.75 0.85
B 0.86 0.93 1
2, [mm] 18 10 7
2; [mm] 13 6 0.8
2 [mm] 8 0 0
r, [mm] 2 2.1 0.7
r; [mm] 1.4 0.4 0.6
1, [mm] 1.4 0.6 1.1

680

and increase the W, and the Dp dimensions, respectively. However, for
simplicity, the length z,-z, was kept at 10 mm for both Cases I and II.
Fig. 16 shows the melt pool shapes in the lateral section during
welding. Fig. 17 also shows the melt profiles in the isometric view. The
results are well in agreement with the schematic illustrations of the
three regimes in Fig. 2. The dashed lines in Fig. 16 denote the isotherm
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Fig. 14. Comparison of experimental and numerical weld cross sections: (a) case I: partial penetration, (b) case II: full penetration, (c) case III: full penetration, and
(d-f) the schematic of their double-conical heat source geomtery, respectively (The macrosection in (c) is from [49]).

that corresponds to the solidus temperature or the solidification front
along the weld centerline. Comparing Cases I and II that used the same
welding heat input, the melt pool shapes and the solidification front
geometries were different depending on the penetration-mode. This is
evidence that thermal cycles and heat distribution can be significantly
different in full and partial penetration hybrid laser welding. As shown
in Figs. 16 and 17, the extension of the melt at the root could be
modeled in both wide root (Case II) and thin root (Case III) full pene-
tration welding. As far as the melt pool shape or the melting point
isotherms are concerned, this model — without the need for complicated
fluid flow simulations — can be used for calculating temperature fields
with a fairly appropriate accuracy.

6. Discussion

The model presented in this paper can be potentially employed as
the basis for different metallurgical analysis and predicting micro-
structural properties or calculating residual stresses in a welded com-
ponent. In this section two examples of metallurgical and structural
applications are discussed.

From a metallurgical point of view, for instance, comparing the
distance between the isotherms in Fig. 16 (a) and (b) shows a tendency

for higher temperature gradients in partial penetration welding, espe-
cially in the root side where a considerable portion of the keyhole en-
ergy is dissipated into the solid metal below the melt. Temperature
gradient is one of the most important parameters that influences the
solidification mode in metal alloys [62]. It would be interesting to study
the influence of penetration-mode on the temperature gradients of li-
quid at the solidification front, and hence, to investigate the solidifi-
cation mode that can be different in some cases of full penetration
welds as reported in the literature [37,63]. Further analysis is required
and the authors of this paper are currently investigating the subject.
From a structural point of view, one of the main applications of
thermo-mechanical models that has been widely used in industry is the
computation of residual stresses induced by welding process [2]. Using
the thermal analysis presented in this study, it is possible to solve the
model for residual stresses that are developed after the welding process.
For example, applying the mechanical boundary conditions mentioned
in Section 4.1, stress analysis was performed using an elasto-plastic
material model and an implicit structural stress solver in LS-DYNA that
was coupled with the thermal solver. Temperature dependent me-
chanical properties were adopted from an external study for SM490
structural steel [64]. The results showed that the magnitude of max-
imum von Mises stress did not exceed 340 MPa in both full and partial
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(a) Case I: partial penetration weld.
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______ Numerical fusion line

Experimental fusion line

(b) Case II: full penetration weld.

Fig. 15. Comparison of experimental and numerical melt pools on the top side,
along the welding direction. The last 2 mm length of the experimental melt pool
tails were approximated according to Fig. 4c and d.

penetration welds. Moreover, Figs. 18 and 19 show the results of stress
analysis in longitudinal and transverse direction respectively. In
welding direction, tensile residual stresses as high as the yield strength
were developed in the depth of the welds and also in the heat affected
zone. However, the peak tensile stresses were larger in the case of
partial penetration weld. Transverse residual stresses, as shown in
Fig. 19, also exhibited a relatively similar distribution in the depth and
top surfaces of both full and partial penetration welds, although the
residual stress at the weld toe of the partial penetration weld was less
crucial compared with the full penetration weld. In addition, one
should also notice that the magnitude of transverse stresses was gen-
erally lower compared with longitudinal stresses.

Apart from studying the effect of penetration-mode on the residual
stresses, the numerical model presented in this study can be used for
optimizing the welding process parameters and the heat input in order

Table 7

Optics and Laser Technology 111 (2019) 671-686

to minimize residual stresses in the critical area of welded components.

In this study, experimental measurements were not carried out to
verify the numerical stress analysis, as the subject was not the main aim
of this paper. However, in general, the results reflect similar tendency
in stress distribution compared with other studies in the literature
[10,65]. For example, considering the residual stresses on a transverse
line on the top surface of the sections shown in Fig. 18, longitudinal
stress magnitude has a slight raise from the weld to the heat affected
zone and then is decreased to compressive stresses as moving away
from the weld in about 15 mm distance from the weld centerline. Si-
milarly, considering the residual stresses on the same top surface line in
Fig. 19, the transverse stress magnitudes are minimal on the weld
surface and are decreased again after a sharp raise in a region about
15mm far from the weld centerline. This may be counted as an in-
dication for the validity of the results as the same tendencies have been
reported in the above-mentioned references. Nevertheless, experi-
mental validation is necessary as welding parameters, mechanical
boundary conditions, and material properties and dimensions are often
unique in each study, which makes such indirect validations and
comparisons difficult. Accordingly, further analysis is required and the
subject is currently under investigation by the authors.

7. Conclusions

Hybrid laser welding was performed for full and partial penetration
modes on butt joints of structural steel. A numerical model using 3D
transient FE analysis and thermal conduction heat transfer was pre-
sented for calculating the temperature fields. An adaptive hybrid heat
source was employed for this purpose. A double-conical heat source was
developed based on the TDC heat source in the literature. The model
was validated and calibrated with various experiments. The following
conclusions can be drawn according to the results of study:

® The double-conical heat source allowed the modeling of three
common weld transverse cross section geometries that are obtained
by hybrid laser welding of thick-section steel: (i) partial penetration
welding: bell shape, (ii) full penetration welding with major root
widening: hourglass shape, and (iii) full penetration welding with
minor root widening.

e For a given welding process parameters for 10 mm penetration
depth, partial penetration welding exhibited a bell shape weld cross
section, whereas full penetration welding resulted in an hourglass
shape weld cross section. Full penetration weld was associated with
the extension of the melt at the root. This is evidence that thermal
cycles and heat distribution could be significantly different in full
and partial penetration hybrid laser welding, despite the fact that
the same welding heat input was employed.

Comparison of experimental and numerical melt pool dimensions (in mm). Note: Experimental results for case I and II are the average of two macrosection

measurements. L denotes the melt pool length along the welding direction.

Case I (Partial pen.)

Case II (Full pen.)

Case III (Full pen.)

wm W, Dp Ltop Lyoot W3 Wy Ws Ltup Lyoot u/Eop Winiddle Wioot Ltup Lyoot
Experimental 7 2.2 10.2 16.5 - 5.8 1.8 3.6 12.9 N/A 3.5 0.8 1.0 N/A N/A
Numerical 6.4 3.2 9.8 16.8 - 5.5 2.3 3.6 14 10.5 3.5 1 1.1 14 3.5
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Temperature

Solidification front

(b) Case II: full penetration: wide root (P;=12 kW, P,=1.35 kW, v=0.9

m/min).

Solidification front

(c) Case III: full penetration: thin root (P;=7 kW, P,=5 kW, v=2.5

m/min).

Fig. 16. Lateral (longitudinal) section on the centerline of the welds (parameters of the heat source models are in Table 6).

(a) (b) (c)

Fig. 17. Isometric view of the melt profiles: (a) Case I, (b) Case II, and (c) Case III.
683
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Fig. 18. Residual stresses in welding direction in the middle of the plate after 600s: (a) Case I, (b) Case II. Note: units are in MPa.
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Fig. 19. Transverse residual stresses in the middle of the plate after 600 s: (a) Case I, (b) Case II. Note: units are in MPa.
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