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Abstract
This thesis presents an investigation about a common defect that occurs
in high thickness welding, the root droplets. The welds are carried out using
hybrid welding, a promising technology for high thickness welds. The influence
of several factors is analyzed in the droplets appearance using a full factorial
design (focusing in the root shield gas) and some mechanical tests are
performed to compare the mechanical properties of the welds with and without
root droplets. The thesis is divided in 3 parts:
1. Introduction to the laser hybrid technologies, the reasons to couple an
electric arc with a laser beam and the influence of the set up
parameters.

2. Pre-experimentation analyses, some cases of welded steel plates
with root droplets are studied, looking for a better understanding of
the droplets formation processes.
3. Experimental preparation where the equipment used and the election
of the parameters values for the experimental runs are described and
an experimental analysis that contains a two level full factorial design,
the influence of diverse parameters in the root droplet formation and
the study of influence of root droplets presence in some mechanical
properties of the weld.
The main conclusions of the whole study is that, despite droplets are a
defect proper of high thickness welding with high power density, this process
(even with droplet formation) is able to make high strength and high quality
joints. The mechanical tests made for the redaction of this thesis showed that
there are no significant differences between samples with and without droplets
welded with similar parameters. Surface tension and instabilities of the
keyhole seems to be the main reason of droplets formation. Further work must
study this phenomena and ways to control them with welding parameters of
external method.

Index
1. Introduction………………………………………………………………………1
1.1 Aim………………………………………………………………………..1
1.2 State of art………………………………………………………………..1
1.2.1 Laser welding………………………………………………….1
1.2.2 Arc welding………………………………………………….....7
1.2.3 Hybrid welding…………………………………………………8
1.2.4 Full factorial experimental design…………………………..13
1.2.5 Industrial applications………………………………………..15
2. Previous specimens analysis………………………...……………………….16
3. Experimental design, analysis and results…………………………………23
3.1 Materials and set up…………………………………………………….23
3.2 First impressions………………………………………………………...27
3.3 Full factorial experimental design……………………………………..28
3.4 Deductions of the experiments………………………………………...33
3.5 Mechanical properties tests and analysis…………………………….36
3.5.1 Micro hardness tests……………………………………...…..36
3.5.2 Charpy tests……………………………………………………39
3.5.3 Three point bending tests…………………………………….40
5. Conclusions……………………………………………………………………...44
References…………………………………………………………………………..47
Appendix
Appendix 1: Materials data sheets…………………………………………………49
Appendix 2: Metallographic sample preparation…………………………………53
Appendix 3: Welding parameters…………………………………………………..55
Appendix 4: Three-point bending test results….................................................56

1 Introduction
The introduction part of the thesis focuses on giving the reader some indications
about laser and arc welding technologies and especially to the combination of
both, what is called hybrid laser-arc welding. A little theory about full factorial
experimental design and a brief excerpt of industrial uses of this technique are
also explained.

1.1 Aim
It is well known that the industry requires faster, more technological and
economical processes every day to remain competitive in every field. High
thickness welding (over 6 mm thickness sheets) appears to be a field where
technology and processes need to be further researched to achieve a better
knowledge of the technique in order to ensure a higher quality and productivity
for the industry.
Specifically in steel thick plates welding, the formation of droplets of
material in the root of the weld is a common problem. The more appropriate
processes for high thickness welding are those with high power density,
producing small heat affected zones and deep penetrations. This study will
focus on laser and hybrid laser technologies and the droplet defect phenomena.

1.2. State of art
1.2.1 Laser Welding
Metallurgical applications of lasers, including welding, began to be
discussed at the beginning of the 60’s decade. First applications were specific
for to the joining of fine wires in electronic circuits. By 1971-72 with the
apparition of more powerful lasers full penetrations of heavy gauge stainless
steel showed evidences of keyhole formation. [1]
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The formation of keyhole (in opposition to the conduction welding mode
of laser, see fig.1) is essential for welding of thick steel plates. The keyhole is
formed when a high density power beam vaporizes the material forming a “hole”
that is sustained by the escaping vapor. First, a large percentage of laser
radiation is reflected by the material surface (metals are good reflectors in
general) but once the surface is heated enough, ionized metal gas is produced
quickly accelerating the absorption of the laser energy and producing the
keyhole. Most important factor in the formation of keyhole is to have enough
power density (authors talk about a value of 104 W/mm2) in the work area and is
fundamental for deep penetration welds as the laser beam penetrates through it
along the thickness of the steel sheet.
Once the keyhole is formed, it remains open due to the metal vapour
pressure, preventing the molten walls to collapse. If the laser is operated in
pulsed mode, the metal is going to fall down closing the keyhole and solidifying
after the pulse is finished, leaving sometimes a small undercut weld bead. If it is
operated in the continuous wave mode (normally used, except in spot welding),
the beam is moved along the joint line and the keyhole travels with it, creating a
lot of mixing phenomena where surface tension plays an important role.[2]

Fig 1: Typical laser keyhole
In general, laser and electron beam share many characteristics,
especially the ability of producing a high intensity heat source. The main
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difference is that welds can’t be carried out and that they must be carried out in
a high vacuum chamber that drastically increases the cost of the equipment and
making the operations more uncomfortable.
Some of the advantages of laser welding are: [1,3]
-

Deep narrow welds are obtained easily, even eliminating the addition of
filler material and the need of a V joint preparation.

-

Low heat input and high power density in the work piece, producing very
low thermal distortion and small heat affected zones (HAZ) avoiding the
risk of excessive grain growth.

-

High welding speeds (up to several metres per minute) can be used,
permitting high production rates.

-

The process flexibility is high, welding can take place in all laser beam
positions and laser can be easily automated if the beam is delivered by
fiber optics (not possible for CO2 lasers).

-

Laser welding improves component design opportunities, high thickness
materials can be welded, a wide range of joint configurations can be
used and it reduces considerably the post weld machining processes.

On the other hand the main disadvantages of this technology are:

-

Small joint gaps and well clamped joints are required. The laser beam
focused is really narrow and it can pass through small gaps. Also, poorly
fitting parts produce undercut welds.

-

An accurate beam and joint alignment is needed.

-

Safety protections are essential, the equipment needs to be maintained
on a stable base to avoid vibrations and it is not equipment with good
portability.
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-

Equipment and operation costs are high compared to other conventional
welding methods.

1.2.2 Arc Welding
The next logical step is to talk about the laser hybrid welding
technologies but it is interesting to have a little reminded about the arc (MIGMAG) welding to achieve a better understanding of the advantages and reasons
for coupling an arc source with a laser.

Fig. 2: Classic arc welding

Arc welding uses the welding power supply to create an electric arc
between the work piece and an electrode, with the goal of melting the metal in
the joint. Usually, the welding area is protected by some shielding gas (see
fig.2). There are three common groups of arc welding processes: the shielded
metal arc welding (SMAW), the submerged arc welding (SAW) and the the gasshielded arc welding, including metal inert gas (MIG), metal active gas (MAG)
and tungsten inert gas (TIG); being this last group the most commonly used in
the industry.
These techniques are characterized by a low heat input that produces
small depth, medium width and big heat affected zones. The main advantages
are that is a well studied method with high efficiency, with ability of bridging
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quite big gaps, slow cooling rates are obtained and the prize of the equipment is
low. Some of the disadvantages are its slow speed (can cause distortion) and
low power density that makes impossible welding high thickness plates. [5]

1.2.3 Laser hybrid welding
The first ideas of coupling an arc source with a laser beam occurred in
the 70’s, but no immediate application was found. It was not until the year 2000
that the first laser hybrid system was implemented in an oil tank manufacturer
industry and it quickly spread to other important industries as the automotive or
the ship building. [8]

Fig. 3: Two different angle vision of hybrid laser welding
Hybrid welding combines laser and arc sources (see fig.3), it can
produce the benefits of both methods and the disadvantages of each individual
can be compensated by the other one. The lasers type usually used are CO2
(difficult to automate, the beam needs to be delivered with mirrors and it is not
possible to do it with fiber optics), Nd:YAG and fiber lasers. The arc sources
mostly used are MIG and MAG (also called GMAW) due to the facility they offer
to the addition of filler material but there are also industry applications that use
TIG, submerged arc or plasma as the electric source.
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Fig. 4: Comparison between the weld appearance with the tree different
techniques.
The GMAW process transfers heat and molten filler material to the
welding zone to improve the action of the laser beam. Basically, the arc source
is going to determine the mechanical and microstructure properties of the face
of the weld and the laser is going to provide them for the root, also determining
the penetration depth while the arc source maintain the welding speed allowing
large gaps (see fig.4 and fig.5).

Fig. 5: The two regions in a hybrid laser weld

Both sources act in the same melt pool is reported to allow an increase of
the welding speed, the weldable material thickness, the gap bridging ability, the
process efficiency and stability. And it also can reduce the pore formation,
improving the weld quality. [7]
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Summarizing, the main advantages of the laser hybrid technologies
compared to using a laser alone are [8-10]:
o Higher welding speeds.

o Deeper penetration using the same power.

o Higher bridging ability, less edges preparation is needed.

o Lower capital investment costs because of savings in laser energy
(up to 30-40%) and higher electrical efficiency that reduces up to
50% of electrical consumption.
o Greater ductility.

o Less material hardening due to a slower cooling rate.
o Pore formation and crack is reduced.

The advantages of laser-hybrid welding over GMAW are multiple, the two
techniques can’t be compared easily, but simplifying: a higher welding speed is
allowed with a much deeper penetration, using a lower thermal input, giving a
higher tensile strength in the weld and producing narrower weld joints.
The most important disadvantage is the great complexity of the process.
The coupling of the two sources makes that a lot of parameters are involved in
the weld result, getting hard to reach a good level of understanding of all the
process. Analyzing some of the critical parameter it is possible to reach some
conclusions: [8,11]
-

Laser power:

Increasing the laser power will generally allow a deeper
penetration. Coupling an arc source this effect is even greater due to a
better absorption of the energy.
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-

Welding speed:
Higher welding speeds are allowed compared with other methods
maintaining the same penetration depth. Obviously, if the welding speed
is increased, the penetration depth and the gap bridging ability is going to
be reduced and also it will be need to readjust parameters such as filler
wire rate.

-

Focal point position:
The deepest penetration is going to occur if the laser beam focal
position is a few millimeters (generally 2-3 mm.) below the work piece
surface.

-

Relative position between MIG/MAG torch and laser:
The decision between a laser leading or trailing configuration, if
you are looking for the maximum penetration, is going to depend on the
kind of material of the work piece. A laser trailing configuration will
generally obtain a deeper penetration since the arc torch is melting the
material before the laser beam goes through the weld bead. The laser is
almost perpendicular to the welding direction with a slightly deviation
(usually 7 degrees) to avoid damage on the laser lenses due to laser
beam reflections on the work piece. The distance between torch and
laser beam is also a crucial parameter (see fig.6), it has been reported
that distances between 1-3 mm. allow getting better keyholes stability
and deeper penetration.
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Fig. 6: Influence of the distance between sources in the weld
-

Shielding gas type:

This is strongly dependant on the kind of laser used. CO2 lasers
are exposed to plasma absorption, reducing the energy communicated to
the work piece. Gases such as nitrogen or helium and the use of specific
plasma reduction nozzles reduce the plasma absorption while increasing
the penetration. In the case of fiber or Nd:YAG lasers, the plasma
absorption is not such a major concern and the choice of the shielding
gas is going to be determined by the criteria of arc stability and shield
requirements. Gases usually used are argon (with worse shielding
properties than helium but way more economic) mixed with small
percentages of oxygen and helium.
-

Joint Gap:
Hybrid laser processes can manage to bridge gaps larger than 1
mm. if the filler wire rate is higher enough in opposition to the 0.2 mm. of
laser alone.
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1.2.4 Full factorial experimental design
A full factorial experimental design combines all the defined levels of all the
design variables. Full factorial designs are perfectly balanced, each level of
every design variable is studied an equal number of times in combination with
every level of the other design variables. For this thesis, a reduced model of this
experimental design where each variable or factor only has two levels is going
to be used, reducing considerably the number of runs required for the study.
[15] [21]
A two levels full factorial design shows several advantages:
-

Few runs per factor are required and although they can’t determine a
wide region of the factor value, it is enough to get some major trends and
to indicate the direction for further experiments if needed.

-

It is easy to obtain conclusions after the interpretation of the results using
common sense and elementary arithmetic.

-

It is the basis of a fractional factorial design.

-

It reveals interactions of factors.

The advantage of factorial design becomes more pronounced as you add more
factors, but also the runs needed are increased. The factors can be
“categorical” (one type or another) or “numerical” (two different values, rather a
percentage or an integer number). [21]

For example, in a full factorial design with three factors (called 23) 8
experimental runs are needed. In the design matrix of a two level factorial the
notation usually used is the pairs 1 and 0 or + and -, for the higher and lower
level respectively. The + and – notation is a better choice as it makes easier the
construction of a fractional factorial design. The pattern of pluses and minuses
for interaction effects is calculated by multiplying the individual factors terms.
For example, F1F2 column is the product of columns F1 and F2.
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Outcome
Run

F1

F2

F3

F1F2 F1F3 F2FF3 F1F2F3

value

1

+

+

+

+

+

+

+

y1

2

-

+

+

-

-

+

-

y2

3

+

-

+

-

+

-

-

y3

4

-

-

+

+

-

-

+

y4

5

+

+

-

+

-

-

-

y5

6

-

+

-

-

+

-

+

y6

7

+

-

-

-

-

+

+

y7

8

-

-

-

+

+

+

-

y8

number

3

Table 1: Data for a 2 full factorial design

A fractional factorial design consists of exploiting the sparsity of effects
principle to reveal the most important characteristics of the problem studied,
reducing in a selected fraction the number of resources, runs or experiments
required.
Mathematicaly, the calculation of an effect is expressed as follows, where Y+
is the outcome values for the runs where studied factor or interaction of factors
level is +; n+ are the number of runs where studied factor level is + and vice
versa:
=

∑

−

∑

For example, to calculate the estimated effect of factor 1 (F1), the following
equation should be used (where n is the total number of experimental runs):
1=

( 1 + 3 + 5 + 7) − ( 2 + 4 + 6 + 8)

And for the interaction of factor 1 (F1) and factor 2 (F2):
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1 2=

( 1 + 4 + 5 + 8) − ( 2 + 3 + 6 + 7)

The value of the effect obtained represents the estimated average change of
the outcome value that will occur if the factor value changes from one level to
other.

1.2.5 Industrial applications
The hybrid laser technology is quite recent and so, its industry applications
are still growing. Its economic and technical advantages ensure a promising
future in many fields of the industry. The benefits to industry include an increase
of productivity, reduction of post-weld operations and costs (It needs less laser
power and less electrical consumption). Although, the main reasons for this
slow growth are the high capital cost and the high level of skills required to
control all the parameters involved in a hybrid laser weld. Nowadays, hybrid
welding technologies are mainly introduced in automotive and ship building
industries. [7]
Most of the applications consist on welding sheet materials up to 10 mm, but
higher thickness materials are a perfect field to develop the hybrid welding
technologies due to its characteristics previously mentioned: higher welding
speed, acceptable weld quality, deeper penetration, lower equipment cost
(compared to laser)… and these ends on a higher productivity, achieving better
economic and productive results.
Some of the industry fields where hybrid welding technologies are already
implemented are: automotive (because of the better bridging ability),
shipbuilding (deeper penetration), pipelines, aviation and aerospace, power
generation and heavy vehicles industry. [8]
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2 Previous specimens analysis
This chapter of the thesis consists in a study of different steel welded
samples with and without root droplets with the idea of figuring out all the
possible knowledge about root droplet formation, causes and consequences.
The objective of this first study was to prepare some samples of each
specimen to analyze them with the microscope and carry on Vickers hardness
tests to identify the melt pool and the HAZ, and also try to understand the flow
of molten material inside the weld during the process.
As a preliminary study to try to understand the root droplets formation
some hybrid welded plates were analyzed in order to look inside the weld to
know how the material flows until it gets out of the joint and forms the droplet.
The specimens to study were Domex 40 MC steel plates of 10 mm.
thickness (standard weldable steel) hybrid welded using 8-9 kW laser power. At
this thickness droplet formation begins to be a quite common phenomenon, so
in almost all of the analyzed plates it was possible to find them (see fig.7).

Fig. 7: Face and root of one of the analyzed hybrid welded plates.
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As first step the plates were cut in the droplet areas, mounted in a plastic
polymer mold, polished, and chemically treated to observe them under an optic
microscope and identify the different areas inside the weld.
Initially, a first hypothesis about droplet mechanism formation was kind of
a back whirl flow of molten material along the weld (see fig. 9).

Fig. 8: Liquid flows in keyhole

Fig. 9: Separation between
droplet and molten pool

Despite of this kind of flow exists inside the melt pool (see fig. (8), after this
first study this hypothesis was discarded because the final shape of the droplet
was complete attached to the base of the plate, meaning that the dropet was
just an exceed of molten material hanging outside the
weld.
So, what can be the formation mechanism of this
phenomenon? The cross section of the welds shows that
the joint is complete filled (see fig.10) and we also have
material hanging forming the droplet.

Fig. 10 Weld section

Maybe an excess of filler material could motivate the formation of the
droplets (all the material of the droplet is exceed material, should not be there).
This combined with an excessive gap with an excess of laser power could be
the more critical parameters to form droplets in the weld. So droplet formation
should be a particular case of excessive penetration in high power laser weld of
thick plates.
14

Principal causes:


Excess of laser power (excessive penetration)



Excess of filler material



Excess of gap with (joint type)

[NOTE: Posterior analysis showed that is not a cause of excessive penetration,
droplet formation happens when the laser beam has not enough power. We will
analyze this later.]

According to our understanding, the mechanism formations should involve 2
steps:
1) Melt pool accumulates molten material until it exceeds the surface
tension in the root.
2) Material slips down from the melted pool forming the droplets.

This occurs in cycles along the weld creating the droplets forming a “chain of
pearls” (it is not a continuous hanged material). The shape of the droplets
should be influenced by the surface tension of the melted material, which is
directly connected with the temperature of the melted material, depending on
the laser beam power.
It is also showed that the shape of the droplet depends on the laser bean
power, confirming that the surface tension has an important influence in the
droplets formation (in order that temperature has influence in the fluidity of the
molten material):

Higher
laser input

Higher Tª
in the weld

Less
fluidity
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It is possible to appreciate that in the plates where the laser power input
varies along the weld, the droplets shape is not the same (see fig.11):

Fig. 11: Variation of the droplets size along the root

In this case (plate 117), the laser input is 6 kW at the beginning of the
process and it increases until 10 kW. In a first visual analysis is possible to
difference two kinds of droplets (see fig.12). We are going to compare the zone
a (6,5 kW laser input) with zone b (10 kW laser input).

Type 1 (a)

Type 2 (b)



Lower power input



Higher power input



Shorter



Longer in the axis of the weld



More spherical shape



More
droplets
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separation

between

After the samples preparation and getting the cross section of each kind
of droplet:

Type 1 droplet

Type 2 droplet

Fig. 12: Diverse samples of the two different kinds of droplets

The cross sections show that type 2 droplet has a bigger joined section
and is partially attached to the plate, while type 1 is joined to the plate just in the
bead part with a small contact point. Type 1 droplet is bigger (contains more
material) and a bigger part of him is hanging outside the weld than type 2,
where the material is more attached to the below surface of the plate along the
weld axis. An explanation of this is the surface tension, this liquid material has
more surface tension and this causes the material to remain together trying to
form a sphere. In the other hand, higher fluidity material doesn’t hang out so
much, remaining more attached to the plate and having as a result a more
uniform root.
Another theory came out of this. A higher laser input can make a more
uniform root shape, avoiding the droplet formation. This will be demonstrated
later.
Composition of the feed also has some influence in the droplets shape.
Some plates were welded with a nickel based wire, and in this case it was
possible to see that the droplets had a particular shape, not so spherical but
more flat. The different material has different properties and a different surface
tension, making the droplets to have different shape. This phenomenon
confirms the theory of the surface tension being the origin of the droplet
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formation. Despite of this, wire composition doesn’t have influence in the
presence of droplets, only in their final shape.
The study of high speed images showed in slow motion what happens
during the weld process (see fig.13). The studied videos, recorded at 3000 fmp
(frames per second), showed in some cases the face and in others the root
during the welding process.

Fig. 13 Screenshot froma high speed video from the root side of a hybrid
welded steel that shows droplet formation.
No new information was obtained from the videos of the face side of the
weld. In all the cases no face defects were found associated to the droplet
formation.
In the root videos, it was possible to see how the molten material flows
forming the droplets. The formation process is that molten material starts to
concentrate in one point of the root, while the weld point is advancing the new
molten material flows backwards feeding this first point and making it grow
forming a droplet. When the surface or this droplet starts to solidify, it initiates a
new concentration point and the cycle starts again.
Summarizing, droplet formation can be described as a formation and
growing process:
1. Liquid material in the root gets together forming a droplet.
2. Backwards flow of material feeds the droplet until the surface starts to
solidify.
3. A new accumulation point is formed producing a new droplet.
18

The principal point is why this starting point appears. The first hypothesis
was that at some point in the weld there is more molten material than the root
can support, affected by the gravity and the surface tension of the material,
makes it slip down, getting attached to the plate in form of a droplet. Later it was
demonstrated that an increase of the laser input power helps to avoid the
droplet formation, avoiding keyhole instabilities that are the principal cause of it.
Trying to avoid droplets is possible incur in an excess of penetration defect (and
also a waste of laser power), this will be discussed later, after the analysis of
the executed experiments.
All the studies performed for the development of this thesis agree that
droplets were formed with low laser power values (barely enough for a complete
penetration). The droplets are formed as a consequence of an unstable
situation when some air flows appear in the root side and laser beam advances
through the plate warming the air, creating an unstable behavior of the molten
pool.
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3 Experimental design, analysis and
results
This chapter of the thesis consists in the description of the equipment used
and experiments done, the full factorial experimental design used, the
conclusions obtained from these experiments and how the root droplets
influence several mechanical properties of the weld.
3.1 Materials and set up:
The specimens used for the experiments of this thesis were 2 plates 190x80
mm. and 6 mm. thickness DOMEX ™ 700 MC (weldable, high strength, cold
forming steel) plates (data sheet in appendix 1.1). The joint type was square
butt joint with no gap. They were welded using laser-arc hybrid process with a
MIG welding source and a fiber laser. The components of the welding
equipment (see fig. 14 and fig.15) could be designed as:


Laser source



MIG source



CNC unit

Hybrid laser welding involves a lot of parameters (two independent welding
sources are being mixed). For this thesis only a few parameters were adjusted
for our particular case and the others were chosen according to experiments
made in similar conditions. All the welding parameters are collected in appendix
3. During the different experimental welding runs only some of the laser
parameters varied and most of them remained constant. MIG parameters
remained constant in all the experimental runs.
The MIG source was set using default settings according to the plate
thickness, welding speed and feed wire rate. The electric arc power has to
guarantee the correct input of filler material and the feed rate has to be accord
to the plate thickness and welding speed, so there is no need to determine this
parameters. Pulse mode of the electric arc is the most common mode in order
20

to avoid spatters. It was chosen a 12.64 OK Autrod ф 1mm as filler material.
The most common shield gas for hybrid welding is helium or argon (or a mixture
of them), in this case pure argon was used. As usual in hybrid welding, the
shielding gas is given by the MIG/MAG source.
The laser source used was a 15 kW Ytterbium fiber laser (IPG Laser YLR
15000). The laser beam is delivered by fiber optic until the laser head; this
contains the lens that will focus the laser beam. In this case a 300 mm. focal
length lens was used in all the cases. Notice that the laser beam has to have
some angle respect the perpendicular of the samples to weld (7º in our case) in
order to avoid some reflections of the laser beam, hitting back the laser head
and destroying the lens. The laser head also supports the MIG torch, and all of
this was moved by a 3 axis servo mechanism controlled by CNC.

Fig. 14: laser head and MIG

Fig.15: Testing bench showing specimen

nozzle

placement and MIG clamp

Once the distance of the sources to the plate and the starting point of the
weld were fixed, the testing bench moves linearly along the weld during the
process setting the welding speed. The CNC unit control was the responsible of
controlling the process, giving the ON/OFF order to the laser and MIG source
21

and controlling the movement and the speed of the testing bench. The laser and
MIG settings were introduced in its own control units.
One of the objectives of the experiments was running a 2 level full factorial
design to estimate the influence of some parameters in the root droplet
formation. The parameters varying between samples were:


Laser power



Root gas ON/OFF



Laser trailing/leading

Before running each experiment and once set up the welding parameters, it
was needed to also check:


Alignment of the plates in the testing bench.



Alignment of the laser beam along the joint.



Offset laser-wire.



Electrode alignment.



Electrode stick out.

Laser power was the more critical parameter to estimate. Before running
the experiments, some tests were needed increasing the laser input power
along the weld to determinate the power range that causes complete
penetration and form droplets. The firsts tests were with the laser power in the
range 2.5-6 kW. Running experiments varying the laser input along the weld
showed that up to 4.5 kW complete penetration was not obtained, and with 4.5
kW complete penetration was barely reached. On the other hand, at least 5.5
kW was needed to have good welding quality (see fig.16).
The final decision for the two level of laser power was 5 kW and 5.5 kW.
With 5 kW laser input power, root droplets were got in some of the cases, but
always with complete penetration. With less power (4.5 kW), the complete
penetration was not guaranteed in all the cases, making this value not
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interesting for this study. A 5.5 kW laser power input appears to be enough to
obtain a good welding quality.
The actual objective of the full factorial design experiment is to determine if it
is possible to avoid root droplet formation varying another parameter different
from laser input in order to use the less possible power in the welding process.
This is of interest for an industrial production point of view, avoiding the use of
an energy excess.

Fig. 16: Root appearance, varying the power input along the weld. These
were not the final values of laser power.
As a conclusion of this first runs increasing the laser power along the weld, it
is possible to observe that droplet formation in the root occurs between an
incomplete penetration region and another with an considerable excess of
energy and penetration. The keyhole instabilities that occur when the laser
power is barely enough to get complete penetration are going to be crucial in
the root droplet formation.
Root shielding gas is usually recommended in high thickness welding, it
makes the process more stable. The reason of this is unknown yet but it can be
because it influences the oxidation and the viscosity of the molten material in
the root; the oxidation is an exothermic reaction that can give some unwanted
energy to the weld [13]. Pure argon, same as for the shield gas, was used as
root gas. The gas was constantly supplied in a chamber below the samples, so
the root was complete covered by the gas during all the process. The root
shielding gas flow is not an important point of study because the discussion is
just if use root gas could be useful to avoid droplet formation but not in what
level.
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The last parameter to analyze the influence on the droplet formation is the
laser configuration, changing between laser trailing and leading. To vary this,
only a change of the weld direction is needed. In one case (laser trailing) both
sources (laser and MIG) are dragging and in the other case (laser leading), both
sources are thrusting. It is known that laser trailing is the most common
configuration in hybrid welding of thick steel plates, because it is possible to get
more penetration with a narrower HAZ, but it is also interesting to demonstrate if
it has an influence in the root droplet formation.

3.2 First impressions
The first tests were made trying to identify the range of laser power and
they showed that droplet formation is directed influenced by it. Increasing the
laser power along the weld, it is possible to observe that droplets appear close
to the range of complete penetration power. Summarizing, root droplets appear
between an incomplete penetration power area and another with complete
penetration but using an excessive level of power. The appearance of the root
shows in these cases:

Incomplete
penetration

Droplets
presence

Root good
quality

Excessive
power used

Summarizing, root droplet formation occurs when the laser power is
barely enough to have complete penetration in the weld. MIG power input is
much lower compared with the laser power and it doesn’t have influence in the
droplet formation if it is enough to guarantee the correct material filling with the
fixed wire filler rate.
Other samples welded with constant power showed droplets at the end of
the welding but they were formed due to some gap produced by thermal
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expansions during the welding process. Joint gap influences the droplet
formation since in high thickness welding the molten pool contains more molten
material than normal. With a large gap, this material can’t remain inside the joint
and it will slip down until the root side. The clamping system of the workpiece
and the joint preparation must be carefully designed as the thermal expansions
that can occur in the plates can be of a considerable value.
Also, welding higher thickness steel plates, additional methods should be
considered to keep a correct shape of the weld pool. A magneto-fluid dynamic
control system has been applied, to try to increase the molten pool stability
confining the molten material inside the joint. [14]
Another constant power welded plates, with just the necessary power
input to have complete penetration showed droplets at the beginning of the
weld. The reason of this is that the power is hardly enough to penetrate the
whole plate and the keyhole needs a while to stabilize, so before these droplets
are formed as a result of not receiving enough energy, the material starts to slip
down, reaching the root until the keyhole is stable. Keyhole behavior is a really
complicated phenomena and it is not really well known and it is not possible to
control it completely. Keyhole influence will be discussed later.

3.3 Two level full factorial experimental design
A full factorial experimental design allows analyzing the effect of the
different factors and interaction of factors selected in the outcome to study. In
the design matrix of a two level factorial the notation used is + and -, for the
higher and lower level respectively. In this case, it was refused to use a
fractional factorial design due to the low number of parameters used, but it is
always something to consider before execute any experimental run.
As it was said, in the previous chapter, the three chosen factors were:
laser power (LP), shielding root gas (RG) and the relative position between
laser and electrode (LC) (changing between laser trailing and laser leading
configurations).The outcome chosen was the droplets appearance. The data
table for the factorial experimental design is as follows:
25

Run

Outcome

number

LP

RG

LC

LPxRG LPxLC RGxLC LPxRGxLC

value

1

+

+

+

+

+

+

+

y1

2

-

+

+

-

-

+

-

y2

3

+

-

+

-

+

-

-

y3

4

-

-

+

+

-

-

+

y4

5

+

+

-

+

-

-

-

y5

6

-

+

-

-

+

-

+

y6

7

+

-

-

-

-

+

+

y7

8

-

-

-

+

+

+

-

y8

Table 2: Data for the 23 full factorial design
Once the experiments were run, it was necessary to establish a system to
measure the root droplets. There were different options, regarding their width,
length, their frequency of appearance…but it was decided to use a qualitative
method based on a general vision of their presence. The scale is from 0 to 2,
meaning:
0: No droplets in the root.
1: Droplets are only present in some region of the root weld.
2: Droplets in a continuous way all along the weld root.
For each welded plate (or experimental run), three different values were
taken, corresponding to three different sections of each plate. The final value
showed in the next table is the average measure between the three values
taken.
After the selection of the different values for each level of the parameters
and system to measure the root droplets appearance (also in the previous
section), the experimental data ends up like the next table shows:

26

Run

Laser power

Root

Laser

Droplets appearance

number

(kW)

gas

leading/trailing

Values

Average

1

5.5

YES

L. leading

001

0.33

2

5

YES

L. leading

000

0

3

5’5

NO

L. leading

000

0

4

5

NO

L. leading

210

1

5

5.5

YES

L. trailing

000

0

6

5

YES

L. trailing

100

0.33

7

5.5

NO

L. trailing

000

0

8

5

NO

L. trailing

221

1.66

Table 3: Experimental data with the parameters value and results

Besides these experimental runs, a lot of then more were performed, most
of them were discarded but some such as the ones called 9 (4,5kW, with root
shielding gas and laser leading, presenting a root droplet value 1) and 10 (5kW,
without root shielding gas and laser trailing) are of interest for further studies.
On a first sight analysis, it is possible to deduce some preliminary
conclusions:
-

The laser configuration seems that doesn’t affect too much the root
droplet formation.

-

Using 5.5 kW the root droplets are almost not present, except in the case
of laser leading with shielding gas in the root. With a laser power of 5
kW, the problem is more frequent.

-

The use of root shielding gas reduced the appearance of droplets in the
root, except in the run number 1 (5.5 kW and laser trailing).

Besides these facts, there are two important considerations that have to be
taken into account. The first is that generally, is going to be preferable to weld
with the lowest possible laser power, this is translated into a productive and
economic afford.
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The second is that even if a laser leading configuration seems to help
avoiding the root droplets formation, the penetration obtained by this system is
lower compared to a laser trailing set up. Also, the width of the face of the
welding is larger, affecting the mechanical and microstructure properties. The
choice has to be made depending on the producer and the product
specifications, but using a laser trailing configuration a deeper penetration is
achieved, this means that welding a same width steel plate, it would be possible
to reduce power and save money with this configuration.
Once all the experimental runs were executed, the effects measurement
could start. The notation used was: laser power (LP), root gas (RG) and laser
configuration (LC).
For all these calculations, as a reference it was taken the value changes as
it follows: laser power from 5 to 5.5 kW, non-presence of root gas to presence
of it and laser leading to trailing configuration. Also the three individual
measures of effects were calculated:

Main effect of LP =

(

) (

)

(

) (

)

(

) (

)

Main effect of RG =

Main effect of LC =

= - 0.67

= - 0.5

= 0.17

The next step is calculating the interaction effects, in this case, the three
two-factor interactions and the only one three-factor interaction. All these
interactions are symmetrical, it doesn’t matter the order of the factors.

LP x RG =

LP x LC =
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(

) (

)

(

) (

)

= 0.67

= 0.33

LC x RG =

(

LP x RG x LC =

) (

(

)

) (

= 0.17

)

=0

All the calculations of the main and combined effects of the factors are
summarized in the next table:
Effect

Estimate

Average

0.625

Main effects
Laser power (P)

-0.67

Root shielding gas (RG)

-0.5

Laser trailing/leading (LC)

0.17

Two effects interactions
P x RG

0.67

P x LC

0.33

RG x LC

0.17

Three effects combination
P x RG x LC

0
Table 4: Calculated effects for the 23 factorial design

Analyzing the data, we can determine that there most influential variables
are the laser power and the root shielding gas, concretely increasing the laser
power from 5 to 5.5 kW produces an average reduction of 0.67 points in our
scale and using root gas 0.5 points. These values actually are only useful as an
orientation, as it was used an artificial scale for measuring the droplets and it
only show traces of how the parameters influence the root droplet formation. In
the case of the laser configuration, the effect value was low compared to the
rest and nothing can be taken from here except that a trailing configuration
seems to help avoiding droplets in some way.
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So, some conclusions can be taken from the full factorial design are:
-

Higher laser power and using root shielding gas seemed to be useful to
avoid droplet formation.

-

The two effect interaction between increasing laser power and using root
shielding gas also showed this tendency.

-

The choice between laser trailing or leading didn’t show a noticeable
influence compared to the other two parameters.

As the number of runs is so reduced, this is not totally reliable, and it should
be considered to do more than one experimental run for each parameters value
combination, avoiding the possible punctual mistakes that can occur in all kinds
of experiments.
For example, in our case the run number 1, with 5.5 kW, root shielding gas
and laser leading had an unexpected result. There was root droplet presence, in
the case where it was more probable to avoid them, with all the factors in a
favorable value (as it was thought and as it was demonstrated by the
experimental runs). This case, the run 1, was caused by some undetermined
mistake, probably with human origin.

3.4 Deductions from the experiments
In general, the experimental runs indicated what it was thought previously,
increasing the laser power the root droplets are finally avoided, as they appear
in the region between incomplete and complete penetration. In this region, the
laser power input is enough to normally get a full penetration, but due to
different kind of instabilities in the molten pool and keyhole the droplets are
formed in the root of the weld.
The principal cause of droplet formation in the root is the instabilities in the
keyhole that induces instabilities in the molten pool and this mixed with the
gravity effect and their surface tension makes the molten material to slip out of
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the joint. The whole keyhole behavior is difficult to understand and it is not
completely predictable, it is a fairly unstable process that requires energy and
pressure balance to keep opened, with flows of metal vapor out of the keyhole,
being replaced by new evaporated material. [16]. The MIG source has a
stabilizing effect in the laser keyhole, increasing the absorption of the laser
beam. Although a high power laser input is needed to achieve stability enough
in the root of the high thickness plates. It is important to know what is the
exactly power needed to have complete penetration, but this power may not be
enough for a good quality weld and more power will be needed to avoid the root
droplet formation. Keyhole stability not only depends of the laser power, it is the
most critical parameter but not the only one that will determinate the stability
(almost all the laser parameters can have some influence like laser focusing,
but also the material to weld and other external parameters). The study of the
optimization of these parameters is interesting in order to adjust the laser power
as much as possible to the requirements of the weld.
The relative position of the laser beam and the torch and the distance
between them seems to be one of the most critical parameters when we talk
about laser hybrid welding. The selection of this parameter must be done
according to the gap width, penetration depth, welding speed… and it will
depend on the results wanted as the melting efficiency, the process stability or
porosity reduction. [12]. It has been demonstrated that a short distance between
the sources (1-3 mm.) gives a more stable keyhole and a deeper penetration,
with more distance the benefits of using laser beam and electric arc together
disappear (laser absorption is better in a hot weld pool than in a solid surface,
and this doesn’t occur with longer distances) and it can’t be so short than the
sources interfere each other.
In the studied case (square butt joint) with no gap, the pre-heating effect
of the electric arc increases the absorption of the laser beam, giving as a result
a deeper penetration that with trailing torch. With air gap in the joint, a trailing
torch configuration will give a wider arc that allows bridging the joint more
efficiently [18]. The relative position of the sources will determine some of the
welding characteristics and it should be studied case by case. It has been
proved that trailing laser has a deeper penetration because of the pre-heating
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effect of the electric arc, but despite of this is not possible to say that torch
leading is better in high thickness welding because it should be chosen in
function of the material that are welded and the kind of weld properties desired.
In the run experiments, it was concluded that in our particular case despite that
torch leading gets a deeper penetration the laser leading configuration shows a
decrease of droplets presence. This happens because the flow of material
inside the molten pool is influenced by this parameter (see fig. 17):

Fig. 17: Laser leading and trailing comparison

Notice than in the case of laser leading the flow of molten material goes to
the bottom just behind the keyhole, given as a result a more homogeneous
distribution of the weld metal.
Root gas shielding will improve the quality of the root in every case (with the
correct shielding gas). In this case, argon was used as inert shielding gas, a
common choice working with laser sources. In high thickness welding, it is
recommended to guarantee a good root quality that helps to make the process
more stable. [13] The type of gas chosen will depend on the weld requirements
but in most cases pure argon can be satisfactory [19] In the study of droplets
formation, it can be interesting the study of an active root gas in order to see if
an oxidation of the root side has any effect modifying the surface tension of the
root and affecting the droplet formation mechanism.
Besides the chemical interaction with the root, the root shielding gas (in our
case it was provided in a sealed chamber) can also create a pressure gradient
that counteracts the influence of gravity helping to support the molten pool
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3.5 Mechanical properties tests

The main objective of this part is to try to conclude if the presence of root
droplets in the different welds (obtained in the previous section of this thesis)
can cause a negative effect in the mechanical properties of the weld. The
different tests performed were:
- Microhardness tests (MicroVickers)
- Impact tests (Charpy tests)
- 3-point bending tests

3.5.1 Micro hardness test
The first test made was a micro hardness test with a Vickers hardness
tester, comparing two different samples: number 1 and number 7 (see fig.18).

Fig 18: Sample 7 without droplets and sample 1 with root droplets respectively

The experimental data for obtaining these samples was:
Run Number
1
7

Laser power
5.5 kW
5.5 kW

Root shielding gas
Yes
No

Laser configuration
Laser leading
Laser trailing

Two rows of indentations were made in each sample, one to test the root
area hardness and one to compare the face hardness values (see fig.19). A
Vickers hardness test was run, this test gives a reasonably accurate value and
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the test value doesn’t depend on the magnitude of the load applied (in a wide
range). The next pictures indicate the area where the indentations were made:

Fig. 19: Sample 7 and 1 with the indentations area indicated.

In each row of indentations, a reference 0 value was given to the first
indentation in the base, taking the indentations in the first base material part
negative distance values. The indentations were made with a separation of 2
mm through the weld beam. The next table shows the data obtained from this
test:
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Face hardness comparison

Hardness (HV)
450
400
350
300
250

sample 1

200

sample 7
150
100
50
0
-0,4 -0,2 0

0,2 0,4 0,6 0,8

1

1,2 1,4 1,6 1,8

2

2,2 Distance (mm)

Fig.20 Hardness value in the face side of the weld

Hardness (HV)
400

Root hardness comparison

350
300
250
200

sample 1
sample 7

150
100
50
0
-0,4 -0,2 0

0,2 0,4 0,6 0,8

1

1,2 1,4 1,6 1,8

2

2,2 Distance (mm)

Fig 21. Hardness value in the root side of the weld
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In all of the series, the transitions between the different zones of the weld
are well differentiated (see fig.20 and fig.21). The lowest hardness points
belong to the heat affected zone, where the cooling rates of the material are
slower and the central and highest hardness are obtained in the molten pool
where the cooling rates are greater. This is the typical hardness profile of a
common weld.
Comparing the hardness values and profiles from both samples, it can be
seen that there is not any big differences between them. Even in the root side of
the weld, where the droplets would have a greater influence in the material
flows, there is nothing noticeable. The first conclusion obtained from here, it is
that the formation of root droplets doesn’t imply a change in the cooling rate of
the weld, maintaining similar hardness values.
During the microhardness test, with the help of an electric microscope the
microstructure of the samples was observed. Both cases (with and without root
droplets) present a similar microstructure all along the weld. No fragile structure
seems to have been formed during the process and even in the regions of the
root closed to the droplet the microstructure appears to be similar. At a first
sight, the ductility and resistance of the weld will be similar and this was proved
later with the following mechanical tests.

3.5.2 Charpy test
The second test made was a Charpy test with all of the samples obtained in
the experiment. Unfortunately, the size of the device showed up not to be
enough to break the specimens, producing only big deformations in the
samples. After this, it was tried to cool the specimens using liquid nitrogen to
make them more brittle but with identical results. This failed experiment showed
the high values of ductility and good quality of the welds obtained.
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3.3.3 Three-point bending test
A three-point bending test was performed over some of the specimens to
estimate how the root droplets can affect to the resistance of the joining.
Bending test is commonly performed to measure the flexural strength and
deformations in materials. The specimen is supported on two precision anvils of
a defined radius and the force is applied centrally by an indenter. The support
beam is graduated lengthways in metric units for accurate positioning of the
anvils, equally spaced to the center line (see fig.22).

Fig.22 Bending test diagram
With this test is possible to obtain a stress/strain curve of the specimen.
The bend point was situated in the weld to concentrate the stress to the root of
the weld. Test parameters and results are showed in appendix 4. In the
stresses/strain curves most of the specimens show a normal deformation curve
with a slope and a flexural modulus accord to the base material, this suggest
that all the welds have, in a first view, good mechanical properties
independently of the root geometry.
The specimens studied are the following:
-

With root droplets: 1, 4, 6, 7.1, 8, 9 and 10

-

Without root droplets: 2, 3 and 7.2

The specimens with more than one sample refer to different samples
obtained from different sections of the original welded plate.
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A first conclusion is that the root droplet’s geometry has small effect on the
weld resistance due to the fact that almost all of them showed a very good
behavior and there was small difference between the specimens with and
without droplets. All of them were submitted to high stress and bended almost
180º and only one of the specimens (number 9, see fig.23) shows a crack. In
some of the samples is possible to find small cracks in the middle of the joint.
Those seem to be originated by a pore (a defect founded before in some
samples, see fig.24), but this crack doesn’t continue through the joint.

Fig. 23 Bended specimen 9

Fig. 24 Bended specimen 10

The specimens 1, 2 and 4 were grinded and polished to search
microscope cracks or another defect that could not be seen by visual analysis
(see fig.25)
.

Fig.25 Specimen 2 (30x). It is possible to appreciate that the high stress
level deformed the joint (weld and HAZ)
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Microscope pictures showed that in the root, microscopic cracks appear in
the HAZ (they weren’t possible to see without polishing, see fig 26), and then try
to advance perpendicular to the joint in both directions (towards the weld or
towards the base material).

Fig. 26 Specimen 2 details at 50x (left) and 100x (right)

Fig. 26 Specimen 1 details at 50x (left) and 100x (right)
This phenomenon occurs in samples with and without droplets and with
similar type of cracks. Always, the geometry of the root provokes a stress
concentration point in the area between the root and the base, so it is normal
that cracks start there. It appears that, the droplet doesn’t affect the creation of
this high stress focus point, and the main factor for this is the geometry found in
the root face in the transition between the base material and the joint.
All the cracks (specially the big crack in specimen 9) grow up perpendicular
to the joint, and not along it. This means that the joint is not the weak point of
the specimens because even that the cracks begin in the root; they propagates
through the base material.
The samples were bended almost 180º, and only some cracks appeared.
The resistance of the joint is really high and is accord to the resistance of the
base material. It can be concluded that root droplet has small effect to the
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mechanical properties and they doesn’t create a new or bigger stress
concentration point.
Also some microscope cracks appear in the face of the weld (see fig.27),
but they are normal after bending the specimens a large angle value.

Fig.27 Sample 4
More cracks were searched in all the samples using penetrating liquids but
no more were found.
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4 Conclusions
Laser hybrid welding is a complex process that includes more
parameters than normal welding techniques. The principal advantages of this
process are the possibility of get a good quality weld in high thickness plates,
using a high speed welding by mixing the best characteristics of electric arc and
laser welding and giving the possibility of using feed wire (not common in laser
welding).
High thickness welding involves new problems that are not present in
other classic welding processes. The quantity of molten material inside the joint
can become a problem, aided by the instabilities and the gravity effect and
making the material slipping down and out of the joint forming a chain of
droplets in the root side. The experiments run showed this is a common
problem welding plates of more than 6 mm thickness. Despite of this, the
droplets don’t origin lack of material inside the joint due to the filler material,
provided by the MIG source as it is possible to see in all samples used in this
thesis.
Droplets are formed by a backwards flow of molten material during the
process. The high speed videos showed that the material starts to slip down
until the root, forming a droplet that is growing with the material that continues
slipping down as the welding point advances. Once the surface of the droplet
starts to solidify, a new droplet formation point appears and the cycle starts
again.
Surface tension is the main physical reason of droplet formation, as it
was showed that different laser input (different temperature of the molten pool)
origins different droplets shape. With enough laser power input is possible to
avoid droplets. So, it is a strong surface tension that is the origin of the droplets
and that causes their spherical shape.
Instabilities of the keyhole are the cause of root droplets. The stability of
the molten pool will be affected by the stability of the keyhole and the initiation
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of droplets will be influenced by this. Laser beam power will be the most critical
parameter, it stabilizes the keyhole and in high thickness welding; the power
needed for complete penetration is not enough to guarantee the keyhole
stability during all the process. The optimization of the other laser parameters
that can influence the keyhole stability is a point of interest in order to reduce
the laser power as much as possible.
The relative position of the electric and laser sources and the distances
between them is also an important parameter in laser hybrid welding. The
distance is critical to control the interaction between the two sources and the
relative position between them will determinate some of the welding
characteristics and it must be studied for every single case. In our particular
case, leading laser is better to avoid droplet formation.
Root shielding gas improves the quality of the root giving some protection
during the processed by preventing oxidation as it was demonstrated in 3.3 with
the full factorial experimental design. It reduces the root defects, gives the root
a more attractive appearance and in high thickness welding seems to be
needed in almost every case. Oxidation of the steel by the oxygen in the air
may decrease the surface tension of the molten material; this benefits the
appearance of root droplets, so it can be concluded that root shielding gas
improves root quality and appearance in all cases and helps to avoid droplets.
Besides this, creating a chamber with the root shielding gas, a pressure
gradient can prevent the material of slipping down until the root, counteracting
the gravity effect.
An excessive joint gap can increase droplet formation. An excessive joint
gap will not be able to support the material between the two plates. Also gap
mismatch can appear during the process because of some thermal effects (this
was possible to see in many samples that they were not used for the analysis to
estimate the effect on droplet formation by the welding parameters), they are
increased with the thickness of the plates.
Further work in this subject must involve the study of the control of
keyhole and molten pool behavior (external methods such as magnetic
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confinement can be helpful) or a closed loop control of the penetration achieved
in every moment in order to regulate the laser power input.

About the influence of the root droplets in the mechanical properties, the
results obtained are different from the expected. The micro hardness tests of
samples 7 and 1, the microstructure analysis of all the specimens and the three
point bending tests of the samples 1, 2, 3, 4, 6, 7.1, 7.2, 8 and 9 didn’t show
any noticeable differences in the mechanical properties between the welded
specimens with and without droplets as showed in 3.5. The idea of the creation
of a biggest stress concentration because of the new root geometry due to the
presence of the root droplets is discarded and more tests will be needed to test
the influence in different properties not studied in this project.
Besides this, a joint with root droplets would be considered as a defect by
the ISO 13919-1, typified as “excessive penetration”.
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Appendix 1: Materials data sheets
1.1 Domex 700 MC
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1.2 Domex 420 MC
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1.3 MIG wire: OK Autrod 12.64
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Appendix 2: Metallographic simple
preparation
For the metallographic analysis of the cross section of the welds, some
preparation of the specimens were needed for be able to analyze them under the
microscope and recognize the different areas in fthe weld.
This process needs to be executed carefully in order to obtain a perfect
undeformed and scratchfree surface, without introduced particles and with a correct
reflectivity to be able to recognize the crystal structure.
Firstly, the welded plates need to be cut to obtain small specimens suitable to work
with them. After select the interest area of the weld for the study the standard process
for the preparation of this kind of specimens includes:


Cutting, sectioning



Mounting



Planar grinding



Fine grinding



Polishing



Etching

All the equipment used was chosen accord to the kind of steel to analyze, in this
case low carbon steel.
The sectioning was made to get the selected surface for the analysis of the cross
section. The cut was made using a cutting wheel “33 TRE” according to the steel
hardness, which contains small abrasive particles and produces minimum
deformations of the surface layers. During all the process the specimen was cooled
with water in order to avoid excessive heating that could induce structural changes.
The mounting process consists in introducing the specimen in a polymer mold for
the purpose of being easier to handle during the manual preparation. In this case the
samples were hot mounted using “Phenolic powder” at 150 ºC and a pressure of 2000
50

psi for 6 minutes. The result of this process is a cylinder shape (1,1/2” diameter)
polymer mold with the surface to analyze in one of the cylinder faces.
The planar grinding and the fine grinding eliminate the scratches of the cutting
process and possible irregularities in the surface. For this, it was used wet grinding in 4
steps with silicon carbide particles as abrasives of different size (300, 600, 800 and
1200). After this, a flat surface with many but small scratches is obtained.
Polishing is executed in 2 steps: pre-polishing and final polishing. For the prepolishing, it is used textile clothes “TEXMET™” with diamond abrasives applied as
aerosol, in our case “Kemext™ Type WX Xsrt” 9 µm and 3µm with “Kemext™ W2” as
water based lubricant. An opaque surface with no scratches is obtained after this. Final
polishing is executed with a “MIROCLOTH” and “Mastermet™ Colloidal Silica Polishing
Suspension” 40-6370-064, taking special careful with keeping the cloth wet with water
during all the process. The sample must be washed with caution using water and soap
between the different steps and before the polishing in order to drag the particles of
the previous step. After the polishing the sample must be rinsed with methanol and
dry up. A shiny surface with no scratches is obtained now.
Chemical etching will be necessary to be able to see the different structures under
the microscopy. In this case, 3% “Nital” (3% HNO3 in ethanol) was used. An excessive
exposure with “Nital” may cause over etching and the sample has to be polished again.
A less shiny surface is obtained after this and it must be possible to appreciate the HAZ
and the molten pool regions.
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Appendix 3: Welding parameters
MAG PARAMETRES
Protection gas (Argon) [l/min]

13

Torch Angle

44º

Power [V]

28.3 (±14%)

Frequency [Hz]

148

Current [A]

380

Back current [A]

84

Wire feed [m/min]

10

Pulse time [ms]

2.4

Stick out [mm]

17

Offset laser-wire [mm]

3

Wire width [mm]

1

LASER PARAMETRES
Power [kW]

5 / 5.5

Speed [m/min]

2.5

Focal length [mm]

300

Focal depth [mm]

0

Inclination angle

7º (dragging / thrust)

Root gas (Argon)

ON / OFF
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Appendix 4: 3-point bending test results
The company Frånvaro (Luleå, Sweden) performed the 3-point bending tests. From
some of the specimens like 6, 7 or 8 more than one sample was extracted to be tested.
The following data is the strain/stress graph for the tested samples and the color
legend for it.
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Colour legend
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Specimen number
6.1
6.2
6.3
8.1
8.2
10
7.1
7.2
9
2
4
3

