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A B S T R A C T

Welds made by high power laser beam have deep and narrow geometry. Addition of filler wire by the arc source,
forming the laser-arc hybrid welding (LAHW) process, is very important to obtain required mechanical prop-
erties. Distribution of molten wire throughout the entire weld depth is of concern since it tends to have low
transportation ability to the root. Accurate identification of filler metal distribution is very challenging. Metal-
cored wires can provide high density of non-metallic inclusions (NMIs) which are important for acicular ferrite
nucleation. Accurate filler distribution can be recognized based on statistical characterization of NMIs in the
weld. In the present study, it was found that the amount of filler metal decreased linearly towards the root. The
filler metal tends to accumulate in the upper part of the weld and has a steep decrease at 45–55 % depth which
also has wavy pattern based on longitudinal cuts. Substantial hardness variation in longitudinal direction was
observed, where in the root values can reach>300 HV. Excessive porosity was generated at 75 % depth due to
unstable and turbulent melt flow based on morphology of prior austenite grains. The delicate balance of process
parameters is important factor for both process stability and filler metal distribution.

1. Introduction

Welding is a very sophisticated manufacturing process where all
four states of matter are involved with rapid spatial thermal gradients
resulting in weld metal with several microstructural constituents having
different mechanical properties [1]. A conventional arc welding such as
metal inert/active gas (MIG/MAG), tungsten inert gas (TIG) and sub-
merged arc welding (SAW) are mainly used in many industries due to
high reliability and easy automatization. A consolidation of the laser
beam with arc welding, forming laser-arc hybrid welding (LAHW) ori-
ginally implemented by Steen [2], has become very popular and its
application is strongly rising. One of the main reasons is that the filler
wire/metal is used as additional material to fill large grooves. This is
particularly essential for thick sections joining and to influence the
weld metal (WM) microstructure. Therefore, more favorable micro-
structure can be provided with enhanced mechanical properties.

The filler metal distribution in LAHW is recognized in the welding
community as a potential problem. However, it has not yet received
significant attention. It may be related to the fact that in conventional
arc welding process with comparatively shallow penetration depths, the

dilution of filler wire and base metal (BM) can be considered as
homogeneous mixture in all direction within the WM. However, in the
more advanced processes such as LAHW, there is high penetration
depth with narrow geometry of welds. They can be termed as high-
depth-to-width ratio welds. The laser beam is used to penetrate the
material in keyhole mode. The filler wire from the arc source is deliv-
ered, or transported, to the weld pool and its distribution throughout
the depth in narrow welds is of high concern. This commonly appears in
welding of highly alloyed materials, e.g. stainless steel [3]. Analysis of
filler metal distribution for such materials can be done by measuring
the Cr [4] or Ni contents [5]. However, in high strength low alloy
(HSLA) steels such method is difficult to implement due to small
amount of alloying elements which is more difficult to quantify. Fros-
tevarg [6] demonstrated that a discolored appearance of welds may
occur after etching and filler metal distribution can be studied. How-
ever, there are limits in quantification since welding of HSLA steel is
performed using filler wire with similar chemical composition as the
BM. Therefore, identification of filler metal distribution in WM remains
to be challenged. It is possible to use stainless steel wire for a better
understanding since it will cause a strong discoloration (contrast) in the
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weld metal as shown by Victor et al. [7]. However, it requires addi-
tional experimental runs and the procedure can be very costly. Another
method might be to use nanoparticles, but it adds more challenges to
the trial experiments and extra costs.

In the present work, longitudinal macrosections were used to assess
distribution of non-metallic inclusions (NMIs) which are mainly sup-
plied by the metal-cored filler wire in HSLA steel. Thermal gradients
and melt flow behaviors were derived from prior austenite grain mor-
phological behavior. Microstructure evolution is studied, particularly
focused on acicular ferrite (AF) as the most desired constituents in weld
metal for its high toughness and strength according to Svensson and
Gretoft [8]. Numerical simulations were performed to understand
thermal cycles at different heat inputs and depths. The proposed
method is viable in assessment of deep and narrow welds. With appli-
cation of automated optical microscope/SEM system and pattern re-
cognition (based on algorithms for image analysis), the method can be
extensively used in the future for the research and quality assessment in
production of thick metallic sections.

2. Methodology

2.1. Experimental equipment and materials

The LAHW experiments were performed with the setup illustrated in
Fig. 1a. A continuous wave of maximum 15 kW Yb:fiber laser
(YLR‒15000 type from IPG Laser GmbH, randomly polarized) was used
through a 400 μm fiber core diameter with 1070±5 nm wavelength.
The beam parameter product is 14.6 mm∙mrad. The focal length was
300 mm and focused spot size of 800 μm diameter, as measured, pro-
viding Rayleigh length±4 mm. The laser beam was inclined by a 7°30′
angle to avoid high back reflections. The MAG arc source was TPS4000
VMT Remote power source Fronius GmbH with 60° angle from the
upper plate surface. The MAG source had ability to make reciprocating
motion of the wire which provides the cold metal transfer CMT arc
mode.

The constant process parameters employed were: 15 kW laser beam
power, −7 mm focal point position (FPP), 15±1 mm filler wire stick-
out, 4± 0.5 mm distance between laser and arc sources or process
distance (DLA), 82 % Ar + 18 % CO2 shielding gas composition with 25

Nomenclature

a arc weld pool width (m)
b arc weld pool depth (m)
C specific heat capacity (J·kg−1·°C−1)
cX front (cf) and rear (cr) pool length (m)
fX fraction of heat deposited in front (ff = 1.5) and rear (fr =

0.5) quadrants
Hi heat supplied internally into a body
h film coefficient for convection (W·m−2·°C−1)
I arc current (A)
k thermal conductivity (W·m−1·°C−1)
PA arc power output (W)
PL laser beam power output (W)
PS power of the Gaussian surface heat source (W)
qconv heat flux on a surface for convection (W·m−2)
qf front power density distribution (W·m−3)
qr rear power density distribution (W·m−3)
qrad heat flux on a surface for radiation (W·m−2)
qH total heat flux flowing into a body (J·m−3)
Qt total heat flux of the heat source (W·m−3)
rc radius of the cone as function depth (m)

re external radius of keyhole (m)
ri internal radius of keyhole (m)
rS radius of the Gaussian surface heat source (m)
S surface area (m3)
T temperature (°C)
T0 ambient temperature (20 °C)
TK sink temperature (°C)
TZ value of absolute zero (−273.15 °C)
U arc voltage (V)
V volume of solid material (m3)
vt welding (travel) speed (mm·min−1)
z depth (vertical axis) of radius change (m)
ze upper keyhole plane position (m)
zi lower keyhole plane position (m)

Greek symbols

ε radiation coefficient (assumed to be 0.5)
ηA arc efficiency (assumed to be 0.8)
ηL laser efficiency factor (assumed to be 0.7)
ρ density of material (kg·m−3)
σ Stefan-Boltzmann constant (5.67·10−8 W·m−2·°C−4)

Fig. 1. (a) Experimental equipment: 1 – laser beam head; 2 – MAG torch; 3 – specimens; 4 – clamping system. (b) Groove geometry preparation.
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L∙min−1 shielding gas flow, pulsed arc mode, and trailing arc position
(when laser is leading). No back shielding was applied.

The base metal used was 45 mm thick microalloyed HSLA steel. Its
yield (Rp0.2) and ultimate tensile strength (Rm) is 522 and 629 MPa,
respectively. The plates were cut to 500 × 120 × 45 mm3 specimen
size. During welding, the specimens were heavily clamped to the table
with the fixture to ensure consistent air gap size. An I-groove geometry
with 5 mm root face in the middle (see Fig. 1b) was used with milled
edges having low roughness (Ra =1.6 μm). The top surface of the plates
was sandblasted to remove ferrous surface oxides such as FeO/Fe2O3/
Fe3O4 [9], and corrosion products, and to secure laser from high back
reflections. In this work, it is assumed that sand residuals such as quartz
and silicates do not influence inclusions in the WM.

Metal-cored filler wire was used with 1.2 mm in diameter. The
chemical composition of the BM and filler wire is outlined in Table 1.
The nominal weld metal yield (Rp0.2) and tensile strength (Rm) is 518
MPa and of 598 MPa, respectively.

2.2. Experimental procedure

Welding was performed from both sides using the parameters pre-
sented in Table 2. One of the experiments (Weld No. 1) is taken as a
reference weld. Then, the effects of increased air gap and welding speed
were studied. The filler wire feed rate (WFR) was adjusted depending
on the actual air gap to avoid underfilling in thick section welding. For
the purpose of comparison, one experiment (Weld No. 2) with different
arc mode was also included (CMT + P). For understanding the filler
metal transporting capability to the root area, the change of WFR has
lower importance due to high power of the laser beam used and high
depth-to-width morphology of the welds. In addition, the effect of
several process variables can be studied within a limited number of test
runs. The synergetic program for the arc part was used to provide stable
processing by a controlled filler wire melting depending on its feeding
rate used.

The total line energy input for LAHW (QH, kJ∙mm−1) can be cal-
culated by summation of the laser beam energy input (QL, kJ∙mm−1)
and the arc energy input (QA, kJ∙mm−1):
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2.3. Analysis of NMIs, microstructure and hardness

In this work, a longitudinal cut (see Fig. 2) along the weld centerline
is studied. A minimum length of the weld was set to be 65–70 mm
(Weld No. 3), which is sufficiently to provide reasonable studies with
high reliability and cost-efficiency. Most of the weld imperfections in
deep and narrow welds are concentrated at the centerline, thus it can
also reveal their position and morphology for the further study. X-ray
radiography and ultrasonic detection are limited since they mainly can
detect imperfections of a certain size (pores, cracks) while small pores/
cracks may be undetected. Non-etched (as polished) samples were
studied by scanning electron microscope (SEM) with a backscattering
detector (to enhance contrast) to accurately characterize NMIs (their
density and size) and etched sample were used for microstructure
evaluation. To cover a whole weld metal area requires many images to
be processed. Therefore, a special procedure was developed and shown
in Fig. 2b. Three SEM images were taken from the same place for each

weld at different columns and depths. One base metal sample was in-
cluded for comparison. The average size and numbers of NMIs and the
morphological features of AF were analyzed by FIJI software (ImageJ)
[10].

The samples were etched with 2% Nital for 30 s to identify the
various microstructure constituents and physical filler metal distribu-
tion along the weld centerline.

The Vickers hardness test was performed based on EN ISO 9015‒1
in accordance with ISO 6507‒1. The selected load was HV10 (corre-
sponding to 10 kg) for longitudinal cuts.

2.4. Numerical simulation

The process was numerically simulated in ABAQUS/Standard,
where the DFLUX subroutine was used to introduce a moving heat
source.

A thermal analysis of LAHW was performed to estimate thermal
history and cooling rates in the areas of interest. The non-linear tran-
sient heat transfer analysis (here the Lagrangian description is assumed)
is obtained by solving equation where the energy balance (Green-
Naghdi type) with combined Fourier law obtained directly by the
standard Galerkin approach within spatial discretization [11]:
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The model applied contained DC3D8 (8-node brick) and DC3D4 (4-
node tetrahedron, for transition zone between coarse mesh and fine
mesh towards the weld centerline) first order isoparametric continuum
linear elements. In total 207 356 elements were used with 0.7 mm3 size
in active zone near the weld centerline.

The specific heat capacity and thermal conductivity applied in the
model were assumed to be temperature-dependent (see Fig. 3) to in-
clude the effect of the ferrite-austenite transformation according to Sun
et al. [12].

Other material properties used in numerical estimation were density
(for solid phase 7800 kg·m−3, for liquid phase 6800 kg·m−3), solidus
point (1450 °C), liquidus point (1530 °C), and latent heat of fusion (250
000 J·kg−1 °C−1) due to phase transformation (liquid-solid) which is
very important for accuracy of the model according to Karkhin et al.
[13].

The LAHW process was simulated as a combination of three com-
bined heat sources QH = Q1 (conical laser source) + Q2 (ellipsoidal arc
source) + Q3 (the Gaussian surface source).

The laser keyhole is represented through a body flux as the conical
volumetric heat source (Q1, W·m−3) provided by the following equation
[14]:
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For the arc source (Q2, W·m−3), the Goldak double ellipsoidal vo-
lumetric heat source was used [15]. The heat source is comprising of
front (qf when y< y0) and rear (qr when y ≥ y0) power density dis-
tribution quadrants [16]:

Table 1
Material chemical compositions, representing wt.%.

Material C Si Mn P S V Ni Cu Mo Fe

BM 0.036 0.082 1.97 0.007 0.001 0.01 0.70 0.18 0.1 Bal.
Wire 0.060 0.350 1.41 0.011 0.017 < 0.05 1.48 < 0.30 < 0.20 Bal.
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In addition to conical and Goldak double ellipsoidal heat sources,
the Gaussian surface heat flux was applied to approach similar weld
geometry in the upper part. The conical heat source does not provide
appropriate width in the upper part due to its nature and heat con-
vection being neglected. The Gaussian surface heat flux (Q3, W·m−2) is
described by the following equation [17]:
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The initial boundary condition is defined by setting the temperature
of the specimens to 20 °C. Natural heat convection (Eq. 7) and heat
radiation (Eq. 8) losses were applied to the surfaces [11]:

= − −q h T T( )conv K (7)

= − − −q εσ T T T T[( ) ( ) ]rad Z Z
4

0
4 (8)

3. Results and discussion

3.1. Processing stability

The transversal and longitudinal macrosections of weld are pre-
sented in Fig. 4a-e. The top weld surface had a slight waviness (in
longitudinal direction) and it was excluded from studies due to low
relevance. The longitudinal macrosection is very informative in un-
derstanding of variation in penetration depth and root morphology
compared to transversal macrosection, the cut location was presented
in Fig. 2. In most cases, welds had incomplete penetration with varia-
tion in maximum penetration with waviness.

In case of Weld No. 5 (Fig. 4e), full penetration was achieved in
most of the length. Consequently, transversal macrosections do not
consistently reveal a true penetration depth over the length. However,
average values are very similar to measured values from random
transversal macrosection (which were taken from the end of welds) in
the range of± 0.3 mm deviation for all studied welds. The change in
penetration depth over the weld length is uniform. An exception is
Weld No. 1 (Fig. 4a), where depth is slightly reduced with processing
time. This observation is possibly due to decrease in air gap between the
plates or related to specific welding condition with other process
parameters. Modern fiber lasers provide very stable maximum power
level, and variation in penetration depth over the weld length may be
related to the periodic characteristic of the molten phase transport at
the keyhole front wall. It can also be attributed to weld plume fluc-
tuations. These also concern 1070 nm wavelength lasers at high power
levels where the beam can be partly absorbed by the weld plume [18].
The thermal fluid flows from the keyhole front wall through the bottom
of the keyhole root as a melt bridge (just under the keyhole). It is well
known that fluid flow at the bottom bridge is 3–10 times faster than at
the rear part of weld pool [19] depending on the process parameters.
This may be a possible explanation of variation in penetration depth. A
periodic transfer of molten metal in discreet portions from the front
keyhole wall through the keyhole bottom to the rear weld pool which
has a high dynamic influence causing eddy and unstable fluid flow
patterns from the bottom towards the plate surface. Another explana-
tion of depth variation can be due to high frequency of fluctuations/
oscillations of the vapor filled capillary in real time [20]. In addition,
Zhang et al. [21] showed that there is an uneven distribution of laser
energy at the keyhole wall and variation of keyhole radius even in quasi
steady-state processing. This indicates a noticeable and complex var-
iation in penetration depths.

In the case of air gap overfill, a saw-tooth geometry pattern is re-
sembled when partial penetration occurs, as shown in Fig. 4b-d. The
cyclic or discrete characterization of the root morphology (its curva-
ture) is random and not dependent on process variables within the
selected range. For double-sided welding technique, such a periodic
molten metal overfilling is harmful in order to maximize process effi-
ciency. As a result, the second weld must penetrate into the first weld in
order to achieve a sound weld. In this case, a second pass with higher
penetration depth by using high power of the beam can be less stable
causing porosity and additional heat input with higher distortions.

The process stability and resulting porosity is clearly seen from
longitudinal macrosections. Porosities were predominantly located at

Table 2
Process parameter table.

Weld No. vt, m∙min−1 Air gap, mm WFR, m∙min−1 (current/voltage) QA, kJ∙mm−1 QL, kJ∙mm−1 QH, kJ∙mm−1

1 0.6 0.4 7 (188/28.6) 0.43 1.05 1.48
2 0.6 0.6 7 (137/19.0)* 0.21 1.05 1.26
3 0.8 0.3 9 (223/28.9) 0.38 0.79 1.17
4 0.8 0.8 10 (256/28.6) 0.44 0.79 1.23
5 1.2 1.0 18 (379/34.1) 0.52 0.53 1.05

* CMT + P arc mode was used.

Fig. 2. Analysis method of NMIs in longitudinal macrosection indicating areas
of inspection.

Fig. 3. Temperature-dependent variation of specific heat capacity and thermal
conductivity of HSLA steel.
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75 % depth (Fig. 4a-e). Most of the pores had spherical geometry. The
main mechanism of porosity generation is related to the rear keyhole
wall behavior. Kaplan [22] observed that the front wall has the primary
responsibility since it first absorbs the incident laser rays. The vapor-
ization conditions (e.g. angle of incidence, delivered laser beam power)
have a profound effect on the dynamic stability of the rear keyhole wall
during multiple reflections, the Fresnel absorption, of the trapped laser
light. Similar model and assumptions were recently confirmed by
Kouraytem et al. [23]. Eriksson et al. [24] showed that the molten
metal velocities at the front keyhole wall can reach>10 m∙s−1 by
applying> 10 kW laser power. As a result, the waviness of the walls is
significant, especially at the bottom or the root area. This causes an
increase of absorption of the incident laser beam, at grazing angles of
3‒7° [25], along subsequent uneven vaporization with excessive eva-
poration of metal (Fig. 5a). This may, in turn, form the metal vapor

filled pocket at the rear keyhole wall due to critically high deformation
force/recoil pressure related to very high local absorptivity of the laser
beam (indicated by area A in Fig. 5b) with preferable Brewster angle.
Hereafter, the bubble formed filled with plasma vapor detaches from
the weld pool. Similar mechanism was numerically predicted [26]
showing large formation of bulges at the rear keyhole wall. The de-
formation of the rear keyhole surface was experimentally shown by Jian
et al. [27]. At the same time, Zhang et al. [28] showed similar results
where the steel/glass sandwich technique was applied. At faster
welding speeds, the keyhole is more inclined (as shown in Fig. 5b); this
will provide higher laser beam absorption with increased pressure (or
the shockwave of plasma) and larger deformation of the rear keyhole
wall. Similar behavior was experimentally observed by Li et al. [29]. It
can be a reason for higher porosity at 1.2 m·min−1 welding speed and
possibly complete keyhole collapse.

Fig. 4. Internal imperfection and root morphology based on longitudinal cuts alinged with the first pass at weld centerline.
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There is low tendency of porosity at 90–95 % depth except Weld No.
5. These can be generated by molten metal overflow and subsequent
keyhole collapse, illustrated in Fig. 5c. At deeper part of keyhole, the
process is more unstable and turbulent melt flows seem to occur due to
increased welding speed. Since larger air gap between the plates was
used, melting of edges can cause more unstable melt flow conditions at
any depth.

Pores observed at lower depth near the plate surface (< 50 %
depth) may origin from pores generated at 75 % depth. These were
driven by the melt flows (shown in Fig. 5a) with much longer solidifi-
cation rate of the molten metal due to slower cooling time (see Section
3.3).

Large (gas) cavities are shown in Fig. 4b,c,e (by red arrows); these
had small thickness (0.1‒0.2 mm) in transversal direction. This ob-
servation indicates that such cavities may be solidification cracks since
they are clearly visible on transversal macrosections within the same
depth location. Therefore, such solidification cracks might occur mainly
due to unfavorable melt flow dynamics in combination with high

solidification rates (cooling times at different depths are presented later
in Section 3.3) and complete keyhole collapses. Application of CMT+ P
arc mode (Weld No. 2), also exhibited large gas cavities. This may be
related to unstable droplet transfer where wire chopping instability
causing keyhole collapses by chopped filler wire which frequently
strikes keyhole opening areas [30]. As a result, large gas cavities are
mainly generated due to highly unstable processing conditions which
also might represented solidification cracks or hot tearing phenomena.

3.2. Grain behavior

Depending on the process variables, different prior austenite grain
(PAG) morphology can be recognized based on longitudinal macro-
sections and shown in Fig. 6. In the upper part (zone i), columnar PAGs
are generated primarily at 80‒90° direction (perpendicular to welding
direction). In the middle of the weld metal (zone ii), equiaxed PAGs are
dominant. At the root (zone iii), columnar PAGs are curved at −60°
direction. Approximately at 75 % depth, a more complex behavior of

Fig. 5. Keyhole dynamics and porosity generation mechanism at (a) 75 % penetration depth with (b) simplified physical model of pore cavity formation by
deformation of rear keyhole wall and in (c) root 90‒95 % depth.

Fig. 6. Behavior of grains in logitidunal macrosection of welds. Meaning of i-v areas is explained in the text.
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Fig. 7. Statistical characterization of NMIs for individual weld sample.
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the PAGs is recognized falling mostly between −20° and 20° directions
(zone iv). Slightly above this zone (zone v) the direction was mainly at
60° indicating upward melt flows from the root. Based on the mor-
phology of PAGs, thermal gradients can be identified. Thermal gra-
dients may be directly correlated to fluid flow during processing. Based
on the longitudinal macrosections in Fig. 4, the turbulent fluid flow
coincides with grain orientation (thermal gradients) in the same zones,
which is 75 % penetration depth. Such fluid flow behavior might be
responsible for porosity generation.

3.3. Statistical characterization of the NMIs

Statistical characterization of NMIs based on SEM is represented in
Fig. 7 for different penetration depths. The filler metal distribution can
be recognized based on the density (or volume fraction) of NMIs since
the BM has much less amount of NMIs. This is the main reason why
conventional high strength low alloy steels cannot nucleate AF and
usually consist of the mixture of ferrite and bainite.

For the individually selected areas in term of vertical line (the
column through thickness, see Fig. 2), a second polynomial trend line
was used. For the whole sample, including all columns with averaged
results, a linear trend line had the best fitting. Regardless of the column,
there is linear trend with a high coefficient of determination R2>0.95.
As a result, there is a linear decrease of density of NMIs (their number
and size based on SEM images) or decrease of filler metal portion to-
wards the root. Moreover, by averaging all results (see Fig. 8), re-
gardless of welding parameters, there is a strong linear correlation
between diameter and density of NMIs with increase of weld depth.
However, some welds showed poor correlation especially for individual
inspection columns where a second-degree polynomial fitting was used,
with some scatter in results. This finding indicates that filler metal
distribution has wavy or heterogeneous distribution in respect to the
depth in the WM and will be shown later.

To understand such behavior, thermal cycles were extracted from
numerical simulations where comparison with experimental trials is
presented in Fig. 9. Cooling times from 800 to 500 °C, denoted as Δt8/5,
is compiled based on penetration depth (see Fig. 10). Based on Figs. 8
and 10, the average diameter of NMIs and density shows similar de-
creasing trend as cooling time. However, for Weld No. 5, at larger
depths, the cooling rate has higher gradient and hence poorer corre-
lation. Thus, in this case, 3rd degree polynomial trendline shows
stronger correlation. It may be related to narrower joint geometry at the
upper part. In the root, welds had similar fast cooling time regardless
heat input used. As a conclusion, the average diameter of NMIs is evi-
dently affected by the cooling time. This observation is in agreement
with the previous results have shown that the NMI size depends on the
heat input [31].

3.4. Microstructure

The volume fraction of AF for different depths is presented in
Fig. 11. All welds (except Weld No. 5) had a gradual reduction in AF
towards the root (excellent agreement with second order polynomial
trend curve R2 = 0.99 and good linear trend with R2 = 0.90). It has
similar trend with cooling time (see Fig. 10) and seems to be directly
dependent. Weld No. 5 had more rapid decrease of AF at depth> 50 %
but still had a good correlation with second order polynomial R2 =
0.93 and linear fitting R2 = 0.90. Therefore, for the latter case, a more
complex non-linear fitting curve may be more optimum with a steep
decrease of NMIs at 50 % depth, e.g. sigmoid function type.

By SEM inspection, the upper part, or arc zone, mainly consisted of
very fine interlocked AF (Fig. 12a) with high misorientation angles
(Fig. 12b), which is normally connected to high crack arrest property
[33]. In the root, the AF morphology was very different from that found
in the upper zones depending on the cooling time (heat input). In case
of high heat input, AF had larger platelets (Fig. 13a) inherently pro-
viding lower mechanical properties. However, high misorientation an-
gles were maintained (Fig. 13c). Bainite was frequently observed and its
morphology resembles granular bainite. For lower heat input with very
short cooling time, AF platelets were significantly elongated (Fig. 13b),
as intragranular Widmanstätten ferrite (IWF) [34], with the specific
orientations (Fig. 13d). As a result, such behavior will provide lower
mechanical properties. In addition, lath martensite was observed in
substantial quantities but not exceeding 20 % of volume fraction. In
agreement with the lower volume fraction of NMIs in the root, the
volume fraction of IWF is higher, i.e., in the range from 5 to 15 %.

3.5. Filler metal distribution and hardness

The amount of filler metal transported to the root and corre-
sponding dilution can be understood based on the density of NMIs. In
the root, the amount of filler metal is only half of that found in the
upper part (see Fig. 8). This implies that BM dilution is high (more
fused base metal in WM), providing a lower AF volume fraction.
However, based on the filler wire chemical composition, high density of
NMIs can also provide low AF formation [35] when the cooling rate is
high enough.

The use of numerical simulation to predict filler metal mixing can
open a new possibility to reduce expensive experimental runs and post-
weld inspection [36]. However, the application of computational fluid
dynamics related to very complex LAHW with long calculation time and
the accuracy of results is under concern due to oversimplification of the
model. Moreover, an accurate comparison with real keyhole dynamics
is not published since deep penetration laser welding is challenging to
observe. Application of transparent glass to metal, called as sandwich
technique [28,29,37,38], changes the density of fluid and only partially
explain some phenomena. In addition, tracing particles are challenging

Fig. 8. Averaged statistical characterization of NMIs.
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to detect when high melt velocities and complex physics are involved
[39].

By inspection of longitudinal macrosections, a clear discoloration is
visible (as contrast). A schematic discoloration with enhanced contrast
is presented in Fig. 14. To understand such behavior, NMIs were studied
at the borders of discoloration zones (inspected areas are shown in
Fig. 14b by red rectangular). The density of NMIs is significantly dif-
ferent and a higher density is present in darker discolored areas. The
darker area had a density of 0.28 %, while outside the region the
density was 0.17 %. These results are very similar to the statistical data

of NMIs presented in Fig. 9. This observation strongly indicates that the
distribution of NMIs and filler metal is inhomogeneous both in the
longitudinal and the vertical directions. With small air gap and low
welding speed, the filler metal seems to be distributed by the saw-tooth
pattern (Fig. 14a‒c).

At larger air gaps and high welding speeds, the direction of the saw-
tooth pattern is opposite and is very unsteady. Weld No. 5 (Fig. 14e) has
low filler metal transportation ability even with larger air gap com-
pared to other experimental runs, but welding speed was higher and
caused unstable fluid flow in the weld pool.

The hardness results measured in longitudinal direction at different
depths are shown in Fig. 15a and c for low and high heat input, re-
spectively. Hardness indentations were made with 2.0 × 1.5 mm2 grid
size with lower number of indents in the upper part since the micro-
structure is more homogenous in that area (see Fig. 11) with expected
uniform hardness level. The hardness data was processed in Python via
interpolation with the Delaunay triangulation (Matplotlib library v3.1.1
[40] and and NumPy library). Lower hardness was achieved with
higher heat input (mainly from the laser beam), which is consistent

Fig. 9. Numerical simulation results of (a) Weld No. 1, (b) Weld No. 4, and (c) Weld No. 5.

Fig. 10. Numerically estimated cooling times (Δt8/5) in weld metal according to
depth.

Fig. 11. AF volume fraction at different depths. Data adopted and modified
from [32].

Fig. 12. (a) SEM image of fine-grained AF and (b) misorientation angles in
Weld No. 5 in upper zone showing equiaxed behavior.
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with slower cooling rate (see Fig. 10). There is a clear indication of
rapid hardness increase towards the root (based on 2nd degree poly-
nomial fitting) where more steep hardness increase is obtained at larger
depth (> 80 % of total depth). Up to 50–60 % depth, the hardness
follows a linear increase. Based on hardness mapping shown in Fig. 15b
and d for low and high heat input respectively, there is a clear evidence
of hardness variation along the longitudinal direction, and it seems to
follow the discoloration phenomenon due to the filler metal mixing.
Moreover, it seems that the filler metal also tend to reduce hardness
values due to higher AF formation which can be visible from Fig. 15b,d.
This implies that hardness is not only affected by the heat input but also
by various process parameters that control the filler metal distribution.
As a result, lower welding speeds may not only give higher heat input

and potentially improved penetration depths, but also provide better
filler metal mixing and process stability, as discussed in Section 3.1.

4. Conclusions

In the present study, LAHW of thick plates have been used with
metal-cored wire. Based on the experimental observations, the con-
clusions can be drawn as follows:

• Deep penetration laser-arc hybrid welding has inconsistent pene-
tration depth related to process stability and sensitivity. Therefore,
longitudinal macrosections should be examined to understand
welding of thick plates, in addition to the more traditional

Fig. 13. SEM of microstructure and misorientation angles in root of (a,c) high heat input and (b,d) low heat input welding.

Fig. 14. Physical filler metal distribution maps with rapid transition from high to low density of NMIs in longitudinal macrosections after etching based on discolored
pattern in weld metal: (a) Weld No. 1; (b) Weld No. 2; (c) Weld No. 3; (d) Weld No. 4; and (e) Weld No. 5. A – zone depth of columnar PAGs, B – zone depth of
equiaxed PAGs, C – zone depth of curved PAGs. Red squares represent the examined areas where 1 – inspection for low density of NMIs and 2 – area of inspection for
high density of NMIs (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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transversal cross weld macros.

• In the root area, the fraction of the transported filler metal is sub-
stantially lower compared to the upper part of weld. This may lower
mechanical properties due to an associated reduction of the acicular
ferrite volume fraction.

• An increase of air gap provides enhanced filler metal transportation
to the root area at slower welding speeds (< 1.0 m min−1). At faster
welding speed, the weld pool is unstable and has low efficiency in
filler metal transportation.

• Longitudinal cuts may disclose more features concerning weld de-
fects and prior austenite grain morphology. Moreover, NMIs and
filler metal distribution may be readily visible after etching.

• The heat input from the laser beam has significant influence on the
weld metal hardness. The hardness varies both in the longitudinal
and vertical directions, and transverse cross sectioned macros may
thus provide unreliable interpretation of mechanical properties of
welds.
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