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Abstract
Welding processes are present in all sectors of the industry, highlighting the manufacturing industry of
thick plates and pipelines. In these applications, welding processes have a major in�uence on costs,
schedules, risk analysis and project feasibility. Conventional arc welding processes, such as the gas
metal arc welding (GMAW) process, have limitations when applied to high thickness joints due to their
maximum achievable penetration depth. On the other hand, the laser beam welding (LBW) welding
process, despite reaching high penetration depths, has several limitations mainly regarding the geometric
tolerance of the joint. In this regard, the hybrid laser-arc welding (HLAW) process emerges as a promising
bonding process, combining the advantages of the GMAW and LBW processes into a single melting pool.
Despite the many operational and metallurgical advantages, the HLAW process presents a high
complexity due to the high number of parameters involved and the interaction between the laser beam
and the electric arc. The present work discusses the challenges involved in the parametrization of the
HLAW process applied to the joining of thick plates and pipes, and empirically evaluated a comparison
between the HLAW and GMAW processes, showing a reduction of operating time of approximately 40
times, and a reduction of consumption of shielding gas and �ller material of approximately 20 times,
evidencing the technical and �nancial contribution of the hybrid process.

1. Introduction
Welding processes are present in all industry sectors. In the construction, repair and maintenance
activities of thick structures, welding is the main manufacturing process used, with the purpose of
granting structural integrity of the joints. In addition, more productive welding processes directly in�uence
costs, schedules, risk analysis and project feasibility [1].

In thick plate and pipe joining applications, conventional arc welding processes are commonly employed,
such as GTAW (Gas Tungsten Arc Welding), GMAW (Gas Metal Arc Welding), SMAW (Shielded Metal Arc
Welding) and SAW (Submerged Arc Welding). Depending on the thickness of the joint to be welded, its
grooving prior to welding is required, followed by several �lling passes, thus ensuring metallurgical
joining in all its thickness. The bevel machining operation, added to the required number of weld beads
required, directly implies longer manufacturing time as well as higher material consumption [2-5].

Pipe welding is a challenging process. The lack of quali�ed professionals and the di�culties in
performing this activity, especially in the root pass, is evident. Typically, pipe welding is performed with
GTAW process in the root pass and SMAW in the �lling passes, both manually. In some cases, depending
on the availability and quali�cation of welders, the root is also performed with SMAW process, usually
cellulosic electrode. However, the worldwide trend in the pipeline sector is the use of GMAW welding
process, and mainly applied with mechanized systems [6].

Another alternative is the Laser Beam Welding (LBW) process, which allows to weld large thicknesses in a
single pass with high welding speeds when compared to arc welding processes. [7].
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When performed autogenously, i.e. without the use of �ller material, the LBW process demands for a
minimum geometric tolerance of the joint, both in its gap and high-low, characterizing a low process
robustness. This high requirement for joint preparation is di�cult to achieve in thick sheets and pipelines
[8].

Given the advantages and limitations of GMAW and LBW welding processes, HLAW (Hybrid Laser Arc
Welding) processes emerge, where the action of the two heat sources in the same melting pool allows
high welding characteristic in speed and penetration depth of LBW process and high geometric tolerance
of the GMAW process, making it a highly productive and reproductive process [9-11]. In the same way, the
interaction of the arc and the laser plume in a common welding pool also enables several metallurgical
advantages, as formation of microstructures with less fragility due the thermal aid of the heat source
generated by the electric arc acting as a cooling retarder in the fusion zone [12]. The HLAW process is
already present in several industry sectors, such as automotive, rail, aerospace, naval, oil and gas
extraction, among others [13].

Despite the potential advantages of the process, the interaction between the laser beam and the electric
arc represents a high complexity to its application, due the large number of parameters already involved
in the individual processes [14, 15]. Previous work carried out by the research group found the complexity
of the interaction between the laser beam and electric arc, realizing the need to expand knowledge in this
area [16]. Several authors report in their works the �nancial advantages of using the HLAW process when
compared to arc welding processes, such as GMAW alone [17].

Thus, the present work proposes an empirical evaluation of the complexity in the parametrization of the
HLAW process to be applied in joining of thick plates and tubes. The tests on thick plates will allow,
besides the points highlighted above, a productivity comparison in the joining application between the
GMAW and HLAW processes, contributing their advantages aspects to the different industrial
applications.

2. Materials And Experimental Procedure
HLAW welding tests were performed on ASTM A516 GR 70 steel sheets. Initially, in order to evaluate the
maximum penetration depth achieved with the available processing system, tests were performed on
25.2 mm thick sheet metal. The use of thicker than necessary sheets was intended to prevent the
penetration depth from being limited by any characteristics external to the welding parameters. The
choice of this substrate was due to its high use in welded pressure vessels, where it is sought to increase
the ductility of the substrate. AWS ER 70S-6 1.2 mm diameter wire was used as �ller material on HLAW
processes. Fiback® �berglass backing manufactured by Aquasol Corporation was used for HLAW joint
welding testing.

Table 1 shows the chemical composition of the substrate and the �ller material used.

Table 1 - Chemical composition of substrate and �ller material used in HLAW processes.
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A �ber LASER source (Yb-Ytterbium) from manufacturer IPG PHOTONICS® with a maximum power of 10
kW, wavelength (λ) between 1070,0 nm and 1080,0 nm, theoretical focus beam diameter (Ø𝑓𝑓) of 0.8
mm, BPP of 8.0 mm*rad and focal length of 300 mm was used in the laser process. The DIGIPLUS A7
multiprocess welding source manufactured by the company IMC Soldagem was used for the GMAW
process, as well as the STA20-2 wire feeder. Welding speed was controlled by a CNC system based on a
Siemens 840D controller. Figure 1 shows the sketch of the equipment setup for HLAW welding tests.

After the welding tests were performed, the samples were analyzed visually and cross
sectioned. Metallographic cross sections were prepared and etched with a 2% Nital (98% alcohol 2% nitric
acid) reagent for 6 seconds, allowing the geometric observation and analysis of the fusion zone and the
presence of internal discontinuities.

As the objective of this work is the parameterization of the HLAW welding process applied in a typical
joint, these parameters were adjusted as needed, and each change was demonstrated during the
observed results, which led to the performing of several welding tests, presented with details in the next
section.

Due to the characteristics of the available HLAW system, the present work focused in the joining of 10
mm root face and 15 mm thick plates, being this length shorter than the highest penetration achieved
during the analysis tests applied on plate. The set of parameters selected for the tests, under their speci�c
conditions, aimed to reach a penetration close to that sought in joint application. Therefore, the initial
parameters were those listed in Table 2.

Table 2 - Initial parameters used for HLAW joint welding.
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Among the parameters above mentioned, the pulse current, pulse current time, background current,
background current time, wire feeding speed and laser power were changed during the experiments.
Besides that, this work focused on the correct setup of the groove in order to optimize the joining
application of the HLAW process in thick plates and pipes.

Several authors [18-23] highlight the in�uence of geometric parameters between the laser beam and the
electric arc on HLAW processes, as illustrated in Figure 2, highlighting the LASER focal point distance
(Fy), the distance between the laser and the arc (DLA) and the angle of the GMAW welding torch (α), and
indicating the chosen values used for the performed tests.

From the set of selected input parameters, it was necessary to evaluate the bevel angle consistent with
the proposed process, which was done based on a GMAW weld bead made on plate. According to �xed
geometric criteria of the desired groove, an area was proposed that would accommodate the
reinforcement obtained, even though a distinct behavior in its application on groove was expected, as
shown in Figure 3. Following the above procedure, a 30° bevel opening angle was chosen for HLAW
preparation joint procedures.

Finally, once the HLAW was optimized with satisfactory results, it was performed welding tests using the
GMAW process alone in two variants, with and without weaving and both manually carried out. Since the
penetration of the GMAW heat source is not comparable with the HLAW process, it was necessary to
adapt the groove to enable the joining of the full thickness of the plate. The adopted geometric setup will
be shown together with the experiments and parameters. These experiments were used to compare the
HLAW and GMAW processes based on operating time, consumption of shielding gas and �ller material,
evidencing the technical and �nancial contribution of the hybrid process.

3. Results And Discussion
HLAW process presents a complex analysis due to the high number of parameters existing from the two
individual processes, besides the complex resulting interaction between the laser beam and the electric
arc. Thus, initially, several tests were performed in order to evaluate the in�uence of each parameter on
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the geometry resulting from the weld bead, such as the laser power, shielding gas, con�guration of wire
feeding, interdistance between electric arc and laser beam and distance between the laser beam focal
point and the sample surface. The results showed a high repeatability and provide the optimized
parameters to be used.

Assuming a �xed welding speed for all plate tests of 1 m/min, a maximum penetration depth of 14.8 mm
(Figure 4) was achieved. These procedures corroborate the high penetration e�ciency of the HLAW
process and its importance in thick pipe and sheet welding procedures

During the welding procedure on joint using the same process parameters, unlike that observed in the
welding test on plate, a sensitive behavior was observed as to the ability to reach full penetration and to
maintain the root without dropping out of the groove, illustrated in the macrograph obtained through the
cross section of the weld bead (Figure 5). This behavior is explained by the different thermal
management from different thicknesses. A thicker plate will remove more heat from the joint region in
comparison with a thinner one. Figure 5 indicates an excess of heat for this welded joint.

This behavior was also observed by some authors [24, 25], who suggests that high penetration arc
welding processes require the use of backings, also known in the literature as support. Backing is the
name given to the material or device placed at the back of the joint to be welded adjacent to the joint
root. The material may be partially fused or remain unfused during welding and may be metallic or non-
metallic. Among the most commonly used are ceramic, copper, and �berglass backing, each containing
its speci�c advantages and limitations for use.

While copper backing has as its main feature the high value of thermal conductivity, which helps in
solidi�cation and consequent mechanical support of the weld root. Ceramic backing has a high melting
point, making it di�cult to fuse to the weld and substrate. Finally, �berglass backing, in addition to its
�exibility and ease of application, has as its main advantage to allow to some extent a gas �ow inside
the bevel.

Due to the above-mentioned characteristics, it was opted to use Fiback® �berglass backing
manufactured by Aquasol Corporation.

With the use of �berglass backing, the observed behavior of gas and thermal �ow in the molten pool was
abruptly changed, modifying the geometric penetration and width results achieved (Figure 6). This
difference in penetration observed is probably since the backing provides a mechanical shield to the
passage of heat, plasma, and molten metal.

As the preliminary parameters did not reach full penetration for these joint, further tests were made with
the maximum available laser power, with 9 and 10 kW. Still, full penetration was not observed (Figure 7).

The next step was to analyze the groove opening, called in the work as gap. To determine the optimized
gap, welding tests were performed, where an optimized gap of 0.6 mm with 8 kW laser power was
achieved (Figure 8).
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Even achieving a satisfactory root result, the bead reinforcement had a defect by undercut that should be
optimized and avoided. Thus, after several parameter optimization tests, the average GMAW process
current was changed to 170 A and the wire speed to 9 m/min. With the changes described, the optimized
HLAW welding result was achieved (Figure 9).

Also, in order to determine an operating window with the parameters for the joint HLAW process, tests
with a gap variation of 0 to 1 mm were performed in steps of 0.1 mm, where unsatisfactory results with a
gap less than 0.3 mm and greater than 0.8 mm (Figure 10).

As mentioned, the choice of opening angle was made after the previous study of the reinforcement area
reached by the process in sheet metal testing. In this context, tests with bevel openings of 20° and 40°
were also performed using a gap of 0.6 mm, which presented unsatisfactory results (Figure 11).

Finally, joint welding tests were performed with the individual LBW and GMAW processes. The LBW
process, for the plate thickness used and maximum available power of 10 kW, did not achieve full
penetration. Moreover, the unfeasibility of using gapped joints in the LBW process is notorious (Figure
12). In addition, porosity formation can be observed within the weld bead.

For the application of the GMAW process, as it has a certain limitation as to the maximum penetration
attainable, it is necessary to use a shorter root face, allowing a metallurgical joining in the whole length of
the joint. In Figure 13, one can see a comparison between the geometric pro�les of joints used in the
HLAW and GMAW processes.

As for the GMAW process applied in joint, two scenarios were used, with �llet weld bead and weld bead
with weaving. Both processes used 120 A current, 20 V voltage and 3.5 m/min wire speed. However, the
welding speed varied according to the torch movement technique employed. The choice of use of
movement modes was due to the greater coherence for comparative analysis with other processes when
applied in joint �lling (Figure 14).

Common to all sectors of the manufacturing industry, the constant search for more productive and safe
processes represents one of the main guidelines to pursue. Productivity, even though it cannot be
translated exclusively by the speed of the welding process, is highly in�uenced by it, thus being valid an
analysis of necessary process time and input consumption.

Thus, input values were used for input consumption calculations listed in Table 3.

Table 3 - Input values for shielding gas and wire consumption calculation in HLAW and GMAW welding
processes for joining
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From the calculation for 1-meter of joint welding, a comparative �nancial and process time analysis
between HLAW and GMAW processes was performed, illustrated in Figure 15 and Table 4.

Table 4 - Comparison of required time and shielding gas and wire consumption for 1-meter welding joint
with HLAW and GMAW welding processes.

It is noteworthy that this comparative analysis should not be treated absolutely, so that only the
necessary welding time and the consumption of �ller wire and shielding gas were considered in their
calculations. Costs involving pre-welding processes such as joint preparation, initial cost of laser and arc
welding equipment, as well as the actual working hours of operators of both processes were not
considered.

Still, it is important to point out that the two processes are not being used at their optimized levels and
can therefore be considered with an analysis of the usual behavior of both.
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From the analysis of Figure 14, it is clear the difference in productivity and materials consumption
between the two evaluated processes, making the time required to manufacture the joint in the order of
40 times less by the HLAW process. As well as a �nancial reduction of input use by 20 times.

4. Conclusion
From the analyzes and discussions present in the work, it was possible to obtain the following
conclusions:

The application of the HLAW process in a joint was only possible through the use of backing, where
the �berglass backing presented high �t for the purpose, due to its �exibility and relative passivity of
gas �ow transport. This represents a limitation in controlling the heat input and therefore the
penetration in the HLAW processes when comparing with the GMAW process alone, which is capable
to be applied without backing. 

By adjusting the welding parameters, it was possible to achieve a satisfactory 15 mm thick HLAW
joint welding procedure in one pass. In other hand, using two different GMAW variants, with and
without weaving, it was necessary to use multiple welds passes and deep grooves to enable a full
joining among the thickness of the plates.

When compared to the GMAW process it represented approximately 40 times less time required and
shielding gas and wire consumption approximately 20 times less for joining 1-meter joint.

The results obtained clearly indicate the operational and productivity advantages of the HLAW process
applied to joining of thick sheets and pipelines. These results corroborate the importance of studying and
developing hybrid welding processes for application in the industry.
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Figure 1
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Sketch of workbench for HLAW joining procedure.

Figure 2

Geometric parameters between laser beam and GMAW welding torch.

Figure 3

Proposed method for calculating bevel angle corresponding to the resulting bevel area.

Figure 4

Cross section of the HLAW welding bead with 10 kW of laser power, reaching 14.8 mm penetration.
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Figure 5

Weld macrograph performed by HLAW process applied in joint with excess heat and without backing.

Figure 6

Weld macrograph performed by the HLAW process applied in joint using �berglass backing.
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Figure 7

Weld macrograph performed by the HLAW process applied in joint using backing and laser power of 10
kW.

Figure 8

Weld macrograph performed by HLAW process applied in joint using backing and laser power of 8 kW
and 0.6 mm gap.

Figure 9

Weld macrograph (a), surface aspects (b), and root aspect (c) of the weld beam performed by HLAW
process applied in joint using backing and laser power of 8 kW, 0.6 mm gap, and adjustment of the
average GMAW process current to 170 A and wire speed to 9m/min. 

Figure 10

Weld macrograph performed by HLAW process applied in joint using backing with joint opening of a)
0mm and b) 1mm.

Figure 11

Weld macrograph by HLAW process applied in joint using bevel angle backing of a) 20 ° and b) 40 °.
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Figure 12

Weld macrograph performed by the LBW process applied in joint with backing, with laser power of 10 kW.

Figure 13

Geometric pro�les of joints used for process application a) HLAW and b) GMAW.

Figure 14

Weld macrograph performed by the GMAW process applied in conjunction with a) �llet weld beads and b)
weld beads with weaving.

Figure 15

Comparison of required time and shielding gas and wire consumption for 1-meter welding joint with
HLAW and GMAW welding processes.


