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Abstract

The aim of this thesis is to investigate parameters influence in the laser welding of dissim-
ilar metals experimenting with steel and copper by implementing reasoned parameters
in the weld of samples using an Ytterbium Fiber Laser and afterwards examining the
seams through different methods and draw conclusions in order to suggest an optimize
procedure for welding these pair of dissimilar metals.

Seven pairs of plates of the chosen specific materials clamped in a designed fixation
system were welded with the laser according to the selected parameters that were thought
the most interesting ones for the research and proceed afterwards to a macro and micro
analysis of the seams observing their features using optical microscope and submitting
them to a chemical analysis with SEM-EDX measurements. These analysis were used
for drawing solid conclusions of which parameters are preferred to obtain a high quality
weldement of these pair of metals attending to general requirements and mechanical
properties.

The results revealed which range of parameter values, implemented laser variants and
techniques are beneficial to acquire a good weldement leaving for further researches test
experimentally the mechanical properties of the examined samples in order to confirm
the deductions exposed in this investigation.



Contents

1 Introduction
1.1 Motivation . . . . . . . . . . ..
1.2 Objectives . . . . . . . . L
1.3 Background . . . . . .. L

2 Literature review
2.1 Laser. . . . . .. e
2.2 Fiber Laser . . . . . . . . . . . e
2.2.1 Laser beam material interaction in fiber laser of austenitic steels .
2.2.2 Threshold for conducting welding . . . . . . ... .. ... .....
2.2.3 Keyhole welding with fiber laser . . . . . .. ... ... ... ...
2.2.4  Weld pool and weld properties . . . ... .. ... .. .......
2.3 Broad metallurgical aspects . . . . . .. ... oo
2.3.1 The HAZ . . . . . . . . . e
2.3.2 The Fusion Zone . . . . . . .. . ... .. ... ... .o

3 Experimental Procedure
3.1 Materials . . . . ..
3.2 Experimental equipment . . . .. .. ... oL Lo
3.21 Thelaserrobot . . . . . . . ... Lo
3.2.2 The sample fixation system . . . . . . ... ... ... ...
3.2.3 Cutting and polishing laboratory equipment . . . . . . . . ... ..
3.2.4 Optical MicroScopes . . . . . . . . v v i v i it e e
3.2.5 SEM microscope for EDX test . . . . . ... ... ... ...
3.3 Process variants and welding parameters . . . . . . ... ...
3.3.1 Spatial configuration and first considerations . . . ... .. .. ..
3.3.2 Welding parameters . . . . . . . .. .. ...
3.4 Implementation and visual examination . . .. .. .. ... ... ... ..

4 Experimental results
4.1 Nature and characteristics of the samples . . . . . ... ... ... ....
4.2 Macrostructure of laser beam welds . . . . . . . ... ... ...
4.2.1 Geometrical or appearance defects. . . . . . .. .. ... ... ...
4.2.2 Internal or invisible defects. . . . . . . . .. ... ... ...
4.2.3 Quality or property of defects. . . . . . .. ... ... L.
4.3 Microstructure and diffusion of laser beam welds . . . . . . . .. ... ..

5 Conclusions and Outlook

10
11
12
14
15
15
16

19
19
21
21
22
23
24
25
25
25
26
29

32
32
34
34
36
39
39

46



Contents

Appendix. Equipment, Drawing Plans and EDX Measurements

References

49

85



1 Introduction

Nowadays laser welding of metals in now an important industrial technology, in con-
trast this technique is still in its infancy. Apparently laser welding is a straightforward
operation that can be easily implemented, however the reality is completely different
and basically consists of joining two metals together using laser radiation achieving a
balance between a number of competing physical and metallurgical effects to obtain a
weld with the desired quality and mechanical properties. In addition, factors such as
reproducibility and competitive cost are crucial to make laser welding attractive in many
industrial applications. Improvements in this field can only be implemented by a deep
understand on the laser welding process itself, the influent factors and the way in which
this process can be controlled.

Nevertheless, the industry is progressing fast and finding new challenges as its achiev-
ing others, this phenomenon is specially intense in electric and electronic field. For
instance, increasingly there is the need for finding an optimal weld of dissimilar materi-
als such as copper-aluminium in lithium car batteries. Aluminium is much more cheaper
than copper and some components can be replaced by aluminium without affecting no-
toriously conductivity properties, however get a good junction is crucial in order to
not debilitate mechanical and electrical properties and therefore not affect the life of
products. Further examples are the welding of steels and copper, widely used in fields
such as power generation, chemical, petrochemical, nuclear, oil, automotive and aircraft
industries for the purpose of tailoring component properties, normally these kind of
applications require high strength and also weight reduction is desired. Obtaining the
desired properties is crucial due to it is strongly related with the functionability, life time
of complex and expensive structures and obviously the security. Furthermore, the weld-
ing of two different materials is always much complex than homogeneous welds owing
to differences in properties like thermal conductivity, thermal expansion among others
that affect the weldability of materials, also during the process undesired phenomenons
may happen as intermetallic phases, excessive and dangerous hardness zones that over-
all affect directly the performance of the weld and that it is convenient to avoid. What
makes interesting the use of laser welding instead of using conventional methods such
as shielded metal arc, gas tungsten arc, gas metal arc, submerged arc and so on is the
fact that the obvious material mismatches in term of chemical and thermomechanical
properties between steel and copper make difficult to achieve a defect-free dissimilar
joint. However the accurate nature of laser welding process makes attractive their use
[4].

The present scientific report deals with the dissimilar welding of steel and copper by
using a Ytterbium Fiber Laser available in the laboratory where the tests were per-
formed structured following a scientific method and ensuring the reproducibility of the
experiments for further researches.



1 Introduction

1.1 Motivation

The motivation beyond this project is mainly gain deep knowledge about one of the most
recent fields in materials science and metallurgy. Since my first years of my Bachelor
when I was attending to my first lectures about this engineering field I realised my
interest towards this subject. Furthermore, last summer I took an internship in the
Innovation Center of Faculty of Technology and Metallurgy of the University of Belgrade
being part of a research team and working in a project about seeking optimal sterling
silver alloys for a wide range of applications. There I gained theoretical and practical
knowledge that I hope it has been useful to perform this research.

1.2 Objectives

The purposes of this Bachelor Thesis is to research and optimise the laser welding of
dissimilar metals, more specifically steel and copper welds, by performing tests with
samples using a Ytterbium Fiber Laser Robot and analyse the microestructure and
important parameters according the specific applications following the scintific method-
ology. However, few systematic experimental researches concerning laser weld of steel
and copper using lap configuration have been done. The obtained results are interpreted
and considered to propose an improvement in the welding process in order to reach a
better weld in terms of mechanical properties and overall quality of the weld.

1.3 Background

Laser welding is a relatively new technique. During 1960 decade many developments
related to laser were carried out leading huge progresses in this field and creating many
new opportunities for materials processing, one of them was laser welding. By 1962,
there had been several reports on metallurgical applications of lasers, including welding,
and this was followed by a number of fundamental studies of laser welding. In 1965,
Pflunger and Maas realised the advantages of laser welding in comparison to soldering
of fine wires in electronic components and summarize these as follows: elimination of
unnecessary metal interfaces in the current path, elimination of flux, higher mechanical
strength, greater resistance to vibration and shock, higher operating temperature poten-
tial, minimum possibility of degradation of heat sensitive components during assembly
and increase reliability. Soon, it was found that these advantages for specific electronic
applications could be effective in other joining applications, these were discussed in a
series of early reviews in laser applications in industry at the end of 1960 decade and
beginning of the following decade.

In the beginning of 1970 decade, emphasis was placed on pulsed laser welding as
continuous wave (CW) devices of high power, however the average power of these lasers
was low due to their low efficiency and most of them were pulsed ruby laser radiation.
Luckily, Nd:YAG lasers with a higher average power capability soon offered a better
alternative for spot welding and seam welding via overlapping spot welds despite it
was not until CW power levels in excess of 1 kW were available that full seam welding
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capability could be demonstrated In that time also the first trials using CW COs laser
radiation took place in multikilowatt range showed the strong points, capabilities but also
the limitations. The following years development and optimization of high power C' O,
laser welding techniques was reported by research groups in Japan, Germany, United
Kingdom and Soviet Union and most of these researches were focused on obtaining more
compact, reliable laser resources of high-beam quality and understanding the complex
interaction with matter, join design and further parameters such as speed, high-beam
quality, beam focussing and plasma effects in relation to weldability. Nevertheless, those
studies were carried out at limited available output powers about 20 kW fact that made
necessary to progress in the study of these parameters as laser technology were becoming
more mature [29].
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In this chapter the principles of lasers and keyhole welding are explained along with
other typical phenomena in laser welding in order to set the bases for further research
and analysis

2.1 Laser

The word laser is an acronym for Light Amplification by Stimulated Emission of Ra-
diation, as a physical object is an optical oscillator in which the oscillating radiation
is amplified by a process of stimulated radiation, the stimulation process, which is the
core of lasing action, was predicted by Einstein in 1916. He showed that electromagnetic
radiation i.e. light, consists of photons emitted by the light source either spontaneously
or through stimulation [11]. In addition, he calculated that if an atom ready to emit a
photon at some random time to a random direction, it means spontaneous emission, was
passed by a stray photon, the atom would be stimulated by the stray photons presence
and this would cause the atom to emit its photons. Considering lasers, the main feature
regarding to the stimulated emission of radiation is that photons emitted to go exactly
to the same direction as the original photon and have exactly the same frequency. This
laid the foundation for amplifying light to generate a high intensity beam of light which
is coherent, collimated and monochromatic and therefore has great focusability.

It is a natural process that if a molecule or atom is in an excited state, in essence
a higher vibration state or electronic orbit, then it will give up that energy if acted
by on a quantum of the same energy. It is similar to a form of resonance shaking
the energy free from the excited species provided the shaking is done at precisely the
correct frequency. If this principle is translated to the laser machine, it is carried out
by using two parallel reflectors that form an optical cavity, any radiation within the
cavity travelling along the optic axis will oscillate back and forth for ever unless lost by
absorption or diffraction out of the cavity decaying spontaneously. This seed radiation
will be amplified by the stimulated emission process along the optic axis of the cavity at
the speed of light. The oscillating radiation rapidly builds up and if one of the reflectors
is partially transparent then the laser beam will emerge. It will parallel due to the
nature of the oscillating cavity and of a near single frequency due to the nature of the
stimulated emission process. Mention that laser radiation is one of the purest frequency
forms of radiation that we have available [10]. To obtain the excited species in the first
place requires an energy input in the form of an electric discharge (COy and excimer
lasers), electric current (diode lasers), radiation of a frequency that can be absorbed by
the species to be excited (Nd:YAG and fiber lasers). Furthermore, requires additional
equipments such as external cooling devices and maintenance requirements among other
elements and they are becoming more complex as the engineering of these machines are
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becoming more mature. Regarding to the interaction of optical energy with matter it
is important to consider what happens when electromagnetic radiation interacts with
matter. Electromagnetic energy is a waveform travelling at the speed of light (300000
km/s) in which the magnetic field oscillates 90° out of phase with the electric field and
each field as it decays stimulates the other to rise. The electric field is the one important
in interactions with matter, since the atoms and molecules tend to have electric charge.
As matter is composed by atoms and molecules and an atom is composed by a nucleus
that occupies an small volume in comparison with the total atomic size and is surrounded
by high speed electrons which form an electric cloud around the charged nucleus. This
cloud can interact and link adjacent nuclei forming a molecular structure. When a laser
beam flows into this structure, the electric field of the radiation can interact with the
electric field of the structure putting forces on the various parts concerned. Focusing
on welding applications, if the laser beam is strong enough, the heating may become
extreme and the material will melt, boil or even become plasma.

2.2 Fiber Laser

Fiber lasers represents the new generation of solid state lasers in materials processing,
the first laser suited for materials processing was introduced in 2000 and it had an
output power of 100 W [28], nowadays fiber lasers with multi-kilowatt output powers
are available for materials processing, commercial systems having up to 100kW powers.
In a fiber laser beam is generated in a silicon fiber that contains a core doped with
rare earth as Ytterbium, Erbium, Thulium, which is the lasing media. The principle of
generating laser beam in a fiber laser, for instance an Ytterbium doped fiber, that emits
photons at a wavelength of 1070 nm is transported to the processing head through a
optical fiber in order to increase the operability and flexibility of the workstation. The
raw beam coming from the transport fiber is collimated and then focused by the optics
inside of the welding head to achieve a small enough focal point diameter that can be
used for keyhole welding [6].
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Figure 2.1: The structure of a fiber laser includes a doped inner core, which is the laser

itself; an undoped outer core, called inner cladding through which the pump
light is channelled and an outer cladding [9]
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2.2.1 Laser beam material interaction in fiber laser of austenitic steels

When the laser beam impacts the surface of the material, part of the energy is reflected
away from the material and the rest is either absorbed or transmitted. The case at
hand, the laser beam hits steel and the part that is transmitted is close to zero, being
the energy either reflected or adsorbed. For processing of laser materials, absorptivity
is highly desirable since it increases the effectiveness of the process due to the direct
relation to the deposition rate of energy from the laser beam o the material. This is
one additional main benefit of the fiber laser over other lasers such as CO9 laser which
generates ten times higher wavelength. In Fig. 2.2 can be appreciated that fiber laser
is situated at the same vertical line as Nd:YAG laser in a wavelength value of 1070 nm
approximately [11].
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=

Figure 2.2: Absorption of light in % at a different wavelengths on metallic materials at
room temperature [17]

Absorption is depicted through the absorptivity (A) according to equation 2.1 valid
for an opaque surface such as that of a metal.

4n
A 1

It is important to consider that absorption may be enhanced by a variety of factors,
including temperature, surface roughness, oxidation and changes in morphology and it
also changes at the melting point. Furthermore, it takes place in a depth from the surface
(&) that for steels can be determined according to equation 2.2. This fact is due to laser
radiation that impacts the surface of the metal is absorbed by electrons, an electron that
absorbs a laser photon makes a transition from one continuum state F; to another state
E; with Ey — E; = h - v, the energy of the laser photon. With this excess of energy, the
electron is out of equilibrium and rapidly gives up the energy through collisions with
other electrons and with lattice phonons. The short period of time (10715 — 107!s),
over which occurs after absorption of a laser photon ensures that the electron gas within
the metal never becomes superheated under the radiation, condition that prevail in laser
welding [29].
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(2.2)

2.2.2 Threshold for conducting welding

A good model for evaluating conduction welding are the Rosenthal equations that use
a series of simplifying assumptions: steady-state heat flow, point heat source, negligible
heat of fusion, constant thermal properties, no heat losses from the workpiece surface
and no convection in the weld pool. The Rosenthal’s Two-Dimensional Equation can
be applied in welding of thin sheets. Because of the small thickness of the workpiece,
temperature variations in the thickness direction are assumed negligible and heat flow is
assumed two dimensional. This equation can be used to calculate the temperature T(x,
y) at any location in the workpiece (x, y) with respect to the moving heat source [15].

27 (T-T,) kg (vx) vr
= — - K, — 2.3
Q' P \3a) M 2a (2:3)
. Thermal Diffusivity, Volume Thermal Thermal Conductivity, . .
Material o (m2/s?) Capacity, pCs (J/m*K) % (J/m's K) Melting Point (K)
SS 304 5.3-1076 4.7-10° 24.9 1773
Cu 9.6-1075 4.0 - 108 384.0 1336

Table 2.1: Thermal Properties of stainless steel and copper

CoMASEL ¢\
MAATEHREEE 2

A 1,1493x10°

¥ 218.26

Figure 2.3: Simulation taken as an example of application of Rosenthal’s 2D equation
that shows the gradients of temperature in a random welding of a sheet
[1]-modified

In Fig. 2.3 is represented the coordinate system (x, y) with origin (O) in the heat
source, that is the point of impact of the laser beam in the surface of the sheet of

11
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thickness (g) providing an energy (Q’). The coordinate system is moving with the heat
source at a speed, v, that matches with the welding speed. Despite this point could be
analyse much deeper, the purpose is set the basis for understanding the temperature
distribution and the relation with keyhole and heat affected zones that lead to define
the quality of a welding.

2.2.3 Keyhole welding with fiber laser

Laser beam welding can be performed through two different categories depending on
the laser density. These two ways are named conduction-limited welding that occurs in
steels for power densities lower than 1 MW /cm? and keyhole welding that takes place for
upper values. These modes created by different power densities lead to distinct results.

| | T
| | |
— Conduction | | Keyhole P|§Sm§
— mode ' I mode I shielding
Iz |
= I G |
B IS
e [ | £
= B g | power
= =
Q B (=
- - Qo
|
— |
|
B |
|
105 106 107 108

Power density [W/cm?]

Figure 2.4: Relation between Depth, Power Density and Power with the range of each
welding category [20]

Conduction-limited welding. The material is only melted and the heat conducts fur-
ther to the material from the melt pool, which is similar to the arc welding processes.
Weld penetration is achieved by the heat transfer of the laser conducting down into the
metal from the surface. Weld beads created through this mode look wide and does not
have huge penetration [12].

Keyhole welding. It occurs when the material starts to vaporize. The recoil pressure
caused by the evaporating metal opens a vapour cavity to the molten material. This is
called the keyhole and it is kept open by the vapour pressure as the forces caused by the
surface tension and hydrostatic pressure of the surrounding molten metal at to collapse
the keyhole [11]. A keyhole with a simplified geometry, the equilibrium is maintained if
the following equality is fulfilled in all points on the surface of the keyhole (r, z):

12
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Pv + D1 = Do + Dg + Dh (2'4)

The pressure terms p,, p, and p; tend to keep the keyhole open, whereas p, and p,
are restoring pressures. All terms have a dependence on depth z and keyhole radius r(z).
However, the influence of p; and pg is small compared with such terms p, and p,, in
addition py, is small at low welding speed and can be neglected, therefore it is reasonable
to raise the following approximation.

Po ~ Pv (25)

The fact that in a welding procedure appears the keyhole phenomenon is beneficial
because the laser beam is reflected multiple times from the walls of the keyhole and part
of the provided energy of the beam is absorbed to the material every time according
to the so called Fresnel phenomenon. In full penetration laser welding this means that
heat is brought to the joint along all thickness of the material and a narrow weld is
produced with high melting efficiency. In keyhole welding the absorption of the beam
can be over 90% and the absorption increases as the depth of the keyhole increases
since there would be more reflections inside of the keyhole. At the same time Fresnel
phenomenon is higher at the bottom of the keyhole than close to the surface so that at
the bottom more metal is vaporized and the recoil pressure is higher which counters the
increase of the hydrostatic pressure at the bottom keeping the keyhole open all the way.
Stability of the keyhole is highly important in order to produce successful free of defects
and full penetration welds and maintain a good penetration depth, therefore dynamic
of the keyhole is narrowed related to the formation and geometry of eventual defects
on the weld seam. Furthermore, closings and reopenings of the keyhole when showed
equalities are not fulfilled by many reasons, during the process leads to gas traps inside
the molten material which is seen as porosity once the molten material solidifies. It can
be avoided by increasing the output power of the laser so increasing the evaporation rate
of the material. Inclination angle of the laser beam influences also the configuration and
geometry of the keyhole, perpendicular laser beam to the surface leads to a non-tilted
keyhole so that the vapour plume is directed perpendicular as well and the force of the
vapour jet is much less effective [29].

13
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Figure 2.5: Process of keyhole laser welding (a) high speed image of the top surface,
slightly tilted from the side as points the arrow in the draw, (b) sketch of
a vertical x-z-section of the melt pool and the keyhole and (c) high speed
image of the upper part of the keyhole front surface waves also slightly tilted
from the rear side [14]

2.2.4 Weld pool and weld properties

As the heat input and the welding speed both increase, the weld pool becomes more
elongated, shifting from elliptical to teardrop shaped. Also as increases the welding
speed, increases the length-wide ratio, however the influence of this parameter on the
weld pool is stronger for low thermal conductivity values, therefore it would be greater for
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stainless steels than for copper [15]. The first result that produces the effect of melting
is expansion of the surface under the laser beam because of density change associated
with the formation of the liquid, there are some models that estimate that value in
approximately 10% of the depth of the melt. The thermal gradient causes a surface
tension-driven flow of liquid away from the center of the laser beam. This flow is toward
the edge of the melt pool for a negative surface tension coefficient, and the flow occurs in
a surface layer from the outer part of the melt pool towards the center. Then it is directed
into the center of the melt pool and down towards its bottom. This phenomenon based
in a mass transfer flow due to surface tension gradient is called Maragoni convection. A
microdepression takes place under the laser beam and vortices are generated in the melt
pool as well as microconvection cells near the solid-liquid interface ought to the negative
pressure arising on solidification [29]. Furthermore, Heiple’s Model about Maragoni
convection proposed that when a surface agent is present in the liquid metal in a small
but significant amount, the surface tension gradient can be changed from negative to
positive reversing Maragoni convection and leading to the generation of a much deeper
weld pool (Fig. 2.6). This occurs in steel and stainless steel with agents such as S or O.
According to the nature of the described convection, the liquid metal carries heat from
the heat source to the pool bottom more effectively than for negative surface tension
gradients, thus increasing the weld penetration [15].
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Figure 2.6: Heiple’s model for Maragoni convection in a weld pool: (a, b, ¢) low sulphur-

steel; (d, e, f) high-sulphur steel [3]

2.3 Broad metallurgical aspects

2.3.1 The HAZ

The temperature versus time at a particular point in a metal during and after welding is
a critical parameter in determining such factors as microstrucuture, heat affected zone
(HAZ) and tempering. Temperature profile at a particular point in laser welding or so
called thermal cycle, corresponds to a rapid rise to a peak value of temperature followed

15
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by a quasiexponential decay. Thermal cycle can be used to infer the effect of welding on
the region of the HAZ adjacent to the weld. Heating rate in this region determines grain
growth though the dissolution and coarsening precipitates, it determines the thermal
history of the HAZ before onset cooling. The final microstructure is determined by this
prior treatment and the cooling rate. In steels the HAZ is adjacent to the weld and
displays the effect of temperature cycling to a peak temperature, T},4,, which is less
than the melting point but may be sufficient to initiate other transformations. The
cooling rate in the HAZ may be approach 1000 °C/s but varies with the location as does
Tinaz. Normally the width of the HAZ is comparable to that of the weld itself and is
a region of altered hardness and variable microstructure. Hardness is dependent on the
absorbed energy, ¢, and tends to decrease as ¢ increases. Because the thermal cycle
depends on the distance from the fusion zone interface, composition, microstructure and
mechanical properties vary over the HAZ being greater the hardness near the fusion zone
due to a relative high proportion of lathe martensite as expected due to huge cooling
rates to presence of acicular ferrite and polygonal ferrite of more than 0.5 mm from the
fusion zone interface. A small amount of high-carbon austenite and retained austenite is
inferred in all positions. Also there is a narrow correlation between hardness and welding
speed, the maximum hardness within the fusion zone is found to increase almost linearly
with the welding speed, however the HAZ is virtually independent of the speed [29].

7000 T T T T

6000 H b

5000 H — B

4000 H B
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Temperature, °C

2000
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0
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(a) Location of each distinguished zone in a ran- (b) Representation of thermal profiles in different
dom laser welding [23] points with distinct distances from the central
point of the weld [8]

Figure 2.7: Zones in a laser weld and thermal cycle that represents the different cooling
rates depending on the distance from the fusion zone

2.3.2 The Fusion Zone

The fusion zone contains the region at which the laser radiation is absorbed, T(t) profiles
in general extend to higher temperatures than those existing in the HAZ. If key hole is
formed or the surface temperature in a conduction weld reaches the vaporization tem-
perature for an alloy constituent, then selective vaporization can result the loss of minor

16
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elements and therefore can have profound influence on the hardness and mechanical
properties of the weldment and additionally changes in phase and redistribution of pre-
cipitates. The liberation of volatile elements including hydrogen can result in porosity
that may extend over the size range from << 1 gm to macroscopic bubbles. Rapid cool-
ing rates, segregation in the melt and the presence of impurities can lead to solidification
cracking in susceptible alloys. In addition, transverse and longitudinal stresses play a
major role in cracking but may be minimized through control over the time dependence
of laser power input to the workpiece. Liquation cracking or hot tearing also is problem-
atical in many materials and its initiated by grain boundary segregation and enhanced
at high cooling rates. The solidification rate, vs is related to the welding speed, v, as
follows:

Vg = v -cost (2.6)

Vs (beam rate) P
\/ |

vl

(]
Vo

V, (solidification rate)

[ melting ] +—t—+ Soldiication |
:

Figure 2.8: Melt pool formation where vs(mazx) = v}, being v, the welding speed [21]

2
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(a) Direction of the dendritic growth [23] (b) View of the fusion zone of the weld bead of
Sample No. 1, main regions marked in 2.9a
can be differentiated according to the various
textures.

Figure 2.9: Dendrite regions growth of the fusion zone of Sample No. 1
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The local solidification varies from the top of the weld to the bottom whereas the
solidification front propagates with time from the substrate toward the top of the weld
pool. Solidification takes place from the solid-liquid interface into the weld pool and
therefore epitaxial growth may take place with grain growth initiated by the grains
in the region of the HAZ closest to the fusion zone boundary. In addition, individual
grains will have a substructure resulting from microsegregation and are influenced by
the solute content of melt. The characterization of the solidification can be performed
through G/ VR where G is the thermal gradient in the direction of solidification and
R is the rate of advance of the solidification front. The microstructure becomes more
dendritic as G/ V'R decreases while the spacing between dendrites increases with freezing
time. The fact that the dendrites grow in the direction of the heat flow gives way to a
disoriented grain structure in regions close to the center of the weld pool. The growth
of specific grains will be enhanced when the heat flow direction corresponds to the
appropriate crystallographic orientation (Fig. 2.9). In polycrystalline materials, grains
with the optimum crystallographic orientation relative to the direction of the heat flow
will be able to grow efficiently, thus grain growth direction varies drastically among an
upper, medium-depth and depth point in the weld section existing a huge influence of
the weld pool geometry in determining columnar grain growth. This suggests that weld
speed and its relation to thermal properties of the base material are important factors
in determining the grain structure in laser welds [29].

18



3 Experimental Procedure

3.1 Materials

Specific steel and copper materials were used in order to maximize the quality of the
weld without paying too much attention to the final application of the ensemble. More
specific applications of this couple are the cooling systems and heat exchangers in order
to enhance the heat transfer through the copper, which in turn will reduce the weight
of construction. In view to this first assumption, 304 Austenitic Stainless Steel has been
selected, provided with dimensions (L x W xT') 13.5x 7 x 1.5 mm by the laboratory with
an arithmetical mean roughness (R,) of approximately 0.20 ym and Commercially Pure
Copper delivered in plates of 7.8 x 5 x 1.5 mm with a roughness R, of approximately
0.10 um. Due to the available space to fix the samples for the welding procedure as well
as the fixation system designed that will be exposed later, stainless steel plates were cut
to get samples with dimensions of 9.7 x 7 x 1.5 mm by using C'O, laser. Meanwhile the
copper ones were used as provided due to the difficulty to cut them by using laser as
copper has a very high thermal conductivity and also because it was not strictly required
for the proper fixation and later welding procedure.

For the selection has been taken into account the weldability of each material. This
feature of both metals is very important because not only is related to the alloy type and
composition, but also to the practicality of welding these particular materials together
within acceptable conditions regarding to laboratory facilities and posterior production
process that it means considering limitations in welding speed, requirements for joint,
and so on [29]. In our particular case we have to focus specially on the fact that many
desirable dissimilar material combinations create intermetallic regions and segregations
of high or low melting point phases that cause brittleness, it means the apparition of
weaker zones than either the two materials in the weld. However, according to [2] welding
stainless steels within the 3XX series ('3’ identifies the steel as an austenitic steel) are
highly recommended owing to the excellent quality of the welds, low porosity and good
corrosion resistance in comparison with other stainless steel series [29]. Moreover, it
is the most common one use in main applications. Furthermore, we can evaluate the
weldability of the steel by calculating the carbon equivalent value (CEV), this value is
based on the chemical composition of the material and it can be used to evaluate the
susceptibility to cold cracking and the formation of martensite that result in an increased
hardness at the weld zone [11]. According to International Institute of Welding materials
with a CEV below 0.41 are considered to have good weldability and the values can be
evaluated as follows:

M M N1
CEV = C + 6”+CT+50+V+C“;; : (3.1)
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According to Table 3.1, assuming that our steel has the amount of each element
corresponding to the superior limit the CEV value would be 0.13, much lower than the
one that sets the weldability limit.

C Si Mn S P Cr Ni N Fe Cu
SS 304 <0.08 <0.75 <2.00 < 0.030 <0.045 18.00-20.00 8.00-12.00 <0.10 Balance -
Cu - - - <0.004 - - <0.002 - - 99.9

Table 3.1: Chemical composition of each specimen, wt%

Regarding to copper [29] points out the acceptable quality of the welding in thin sheet
with Nd:YAG radiation, claim that we can assume true by using our Ytterbium Fiber
Laser, very similar to the Nd:YAG one.

After analysing the weldability of each material separately the next steep is prevent
possible drawbacks and risks in order to avoid them the maximum possible by choosing
proper values of the weld parameters. Looking through literature all references point
out the fair quality Duley (1999) [29] or just acceptable quality Amada Miyachi (2016)
[2] of the laser weldability of this dissimilar metal combination. First of all we have
to take into account that stainless steel and commercially pure copper have significant
differences such as chemical composition and thermodynamic properties that it makes
dissimilar welding of these materials difficult, the thermal conductivity and thermal ex-
pansion coefficient of copper are significantly higher than those of the stainless steel,
in fact the main setback of the selected steel is the poor heat dissipation during high
temperature service leading the formation of undesirable phases such as sigma phases
and chromium carbide precipitation [5]. Luckily, unlike other dissimilar metal joints
such as aluminium-copper, welding austenitic steel and commercially pure copper has a
great metallurgical compatibility and lack of formation of intermetallic compounds.

Temperature / °C

2.2
800 T~ (aFe) 760°C _\

0 10 20 30 40 50 60 70 80 90 100
Fe Cu
Mass fraction of Cu/ %

Figure 3.1: Binary diagram Fe-Cu [25]
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If we take a look to the diagram Fig. 3.1, it shows that the iron can be alloyed with
copper in all ratios within the limits set in a maximum solubility in §-Fe 6.5%, in ~-Fe
8%, in a-Fe 1.4% at 850°C. Copper dissolves 4% of iron at 1049°C and 0.2% at 650°C. The
solubility is determined by the similarity of the crystal lattices of components, difference
in atomic radius and electronegativity value. For instance, Cu, Ni, Co and Fe has a
slight difference of atomic radiuses and electronegativity respectively, just point out the
close situation of these elements within the periodic table, in fusion welding it means
that these materials can be dissolved in each other forming a row of solid solutions [25].

Regarding to corrosion resistance, an important factor in most of the applications we
can think about, the galvanic series shows us that austenitic stainless steel and pure
copper have a rather similar electronegativity value, fact that is beneficial to reduce the
speed of galvanic corrosion. Furthermore, the high content in chromium (18.00-20.00%)
guarantee oxidation resistance of the stainless steel by using a passivation oxidation film.
Therefore, corrosion should not be a problem that we must face during and after the
welding process. Overall and despite the numerous setbacks it can be said that one of
the main advantages of this composite structure of stainless steel and copper combines
good mechanical properties and corrosion resistance of the stainless steel with the heat
conductivity of the copper.

3.2 Experimental equipment

3.2.1 The laser robot

The welding process was performed by using the Laser Robot available in the laboratory,
composed by a laser unit YLR-1500 CT made by the firm IPG Photonics assembled to
the head of a six-axis M2004 serie robot produced by ABB Robotics. Both devices are
located in a closed room that keep the operator away during the welding process due to
the dangerousness of the radiation. The door and other important systems that have
to work properly to ensure the safety of the operation have interlocking systems so that
the laser cannot operate at least the complementary systems can ensure enough safety.
The operator can control both laser and manipulator through a computer unit and look
the activity performed inside the room through two monitors connected to two cameras.

The laser unit is a diode-pumped CW fiber laser of near infra-red spectral range (1070
nm) with a output power up to 1.5 kW and water cooled. The focal length is 200 mm due
as these lens are installed in the laser. In order to have an idea about some limitations
of the laser, mention that the minimum spot size was 120 pm, the fiber diameter was
0.1 mm and according to the features only can provide continuous pulses up to the
output power previously mentioned. The communication with the operator during the
welding process is carried out through LaserNet software installed in the computer unit
and informs about eventual incidences, laser values and parameters, temperature, state
of the cooling system among other.

The six-axis robot that moves the laser head during the welding process and therefore
is in charge of welding parameters such as speed or orientation, is controlled through a
controller unit IRC5 by using a manual or automatic mode. To use the automatic mode,
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firstly is required to program the movements through RobotStudio software installed in
the computer that controls and registers the activity of the manipulator. In addition, the
manipulator can be operated through a manual operator unit called FlexPendant that in
the experiments was used to make controlled simulacres at low speed after programming
the movements and before change to automatic mode for the welding process, in order
to check the correct movement and avoid eventual collisions of the laser head.

Figure 3.2: In first term the held device, in the background the robot actuator and laser
head

3.2.2 The sample fixation system

The design of the fixation system for performing various experiments is an important
phase in the test procedure due to the quality of them depends on ensure the repro-
ducibility in order to be able to compare them reasonably and perform them again in
the future by other people. At the same time, it is important that the fixation system
must be not only functional but also simple in order to ease the fixation and liberation
of the assemblies without excessive effort and time. After evaluating the possibilities
that the multiple laboratory resources offered, it was came up with the system showed
in Figure 5.1 fixing the samples as the photo depicts. For further details are enclosed
the drawing plans of the whole system and each of the parts that compose the assembly
consisting in 10 elements in total most of them produced by RobotSudio company. In
the assembly drawing plans No. 1/7 and No. 2/7 some measures were not included since
the purpose is to know precisely the location and orientation of normalized parts and
avoid unnecessary represented dimensions for our purpose. The union of the elements
with the base is performed by using 7 bots with hexagonal socket head (Allen bolts)
reference AS 1420 Metric with a metric of 8 mm and 25 mm length and suitable plain
washers reference DIN 125-A. Also for fixing part 7 in base 1 was required use 2 bolts
of same type and suitable washers but with a metric of 6 mm. The orientation of the
assembly respect the laser robot can be seen in Figure 3.2.
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3.2.3 Cutting and polishing laboratory equipment

In order to prepare the welding samples for the posterior analysis samples No. 2, 3,
5 & 6 were cut by using a circular vertical axis saw (Fig. 5.2) to obtain a section
of them taking into account which points of the welding bead were apparently most
interesting to analyse. That it means, edges were avoided and were selected points
located approximately one third and two thirds of the total length of the weld line in
most cases. The main drawback of the mentioned saw available in the Laboratory of
Laser Technology is that was not enough precise and the disc had a thickness of 1.5
mm. Luckily the quality of the cut was acceptably good yielding to a non-tedious and
polishing process afterwards. The polishing process was performed using a disc polishing
machine with grained papers P150, P320, P800 and P1200 (designation according to
ISO) maintaining them wet to avoid generation of deep scratches in the samples. After
improving the quality of the surface in both sides of each sample, they were submerged
in Adler reagent (9 g Copper ammonium chloride 4+ 150 ml HCl + 45 g FeCl3 - 6H20
+ 75 ml Hy0) [22] during 30 s each side and one per one (Fig. 5.8) and finally they
were pulled out, cleaned with water, with ethanol afterwards to get rid of the moisture
and being dried at the end.

Samples No. 1 & 7 were prepared more suitably with the equipment available in the
laboratory of Institut fiir Werkstoffwissenschaft und Werkstofftechnologie (Institute of
Material Science and Technology). Firstly, the weld plates were cut in order to obtain
two samples of the weld for each one, one that shows longitudinally the weld bead and
another one transversally. For this task were used two distinct disc cutting machines
with horizontal axis, the first one to obtain the transversal samples and a rough sample
of the longitudinal ones with a disc model 10S25 Struers (Fig. 5.4) and the second
machine (Fig. 5.7) let us cut accurately the rough longitudinal sample obtained with
the previous cutting machine maintaining and controlling a precise offset along the weld
line performed with a disc model 10S15 Streuers. This offset measured respect the exact
centre of the weld line was removed in the polishing process in order to analyse the exact
centre with the microscope. The final result can be seen in Fig. 5.5. The next step was
embed the four obtained samples in two mounted transparent thermoplastic cylinders
using 20 g of ClaroFast powder per cylinder. Later, they were polished carefully due
to two crucial aspects had to be taken into account (Fig. 5.3). In one hand, the offset
previously measured must be removed and in the other hand, once it was reached this
exact desired plane the quality of the surface had to be the wanted one after having
polished the samples with series of proper grained paper. To control both features after
using each paper the samples were measured carefully in order to not generate additional
defects with a electronic caliper to control the amount of offset removed and the surface
quality was checked through an random light microscope.

23



3 Experimental Procedure

Long. Sample Offset [mm)]

« Weld Bead

Offset / Sample No.1 Sample No.7
J,_ Center of the
|~ Weld Bead 1,4 1,2

TS

Figure 3.3: Schema of the offset Table 3.2: Initial offsets
Polishing
No. grain  t [min]
P320 5,0
P500 4,0
P1200 2,0
P2400 1,0
Mol 3 pm 1,5
P4000 1,0
Mol 3 pm 2,0
Nap 1 pm 2,0
Chem 3,0

Table 3.3: Number of grain of the papers used and time in the disc polishing machine

3.2.4 Optical Microscopes

The optical microscope used for analysing macrostructure details in Samples No. 2, 3, 5
& 6 corresponds to the one called Zetopan produced by the Austrian company Reichert
(Fig. 5.9). The magnification used were objectives of x12.5, x40, x32 and x63 with
different apertures. The photos were taken with a camera coupled to the microscope
and the program Camera Control Pro 2 installed in a computer. Photos of Samples 1 &
7 were taken using a high quality light microscope produced by Zeiss Axio with remote
control movement of the stage and automatic exchange lens system. The objectives used
were x25, x50, x100, x200, x500 and x1000 with different aperture values. The photos
were taken with a proper camera coupled in the device and the program MetaMorph
with several options such as the multilayer one that let take several photos and join
them later for obtaining one high resolution image with proper focus of all regions with
different depths.
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3.2.5 SEM microscope for EDX test

The EDX measurements were performed with a Scanning Electron Microscope (SEM)
Quanta FEG 250 (Fig. 5.10), available in Finrichtung fir Transmissions-FElektronomikros
kopie (Center of Transmission Electromicroscope) with the program Edax Team for ob-
taining the results. However, due to these two samples where mounted in non conductive
material, it was required to generate a thin film of 4 nm thick made of Au and Pd in
the upper surface in order to allow the movement of the electrons through the samples
(Fig. 5.6). This film was generated adding Au-Pd paste connections from the top to the
bottom of samples and introducing them after in a vacuum sample preparation device
during 5 min.

3.3 Process variants and welding parameters

3.3.1 Spatial configuration and first considerations

As mentioned previously, welding steel and copper may have some drawbacks we have
to face to. In the process of choosing the most proper welding parameters we have to
consider the high reflectivity of copper, specially in the samples that were used with
a very low roughness superficial quality. Related to this problem and following the
indications pointed out by Kurynstev (2017) [25] in the wake of performing four different
experiments in very similar conditions as ours but using butt configuration instead,
he reaches to the conclusion that as stainless steel absorbs approximately 35% of the
radiation and pure copper only less than 5% while the rest is just missed, it is beneficial to
use an off-set of the laser beam onto stainless steel side of 2 mm in order to profit better
the energy, ensure a longer interaction of molten stainless steel with copper because
steel needs to be in a liquid state for maximum time but at the same time limit the
amount of copper dissolved in the molten steel because reducing the melted copper
reduces a transition zone created in the welded joint with numerous filler particles near
the interface between Cu plate and the intermixing zone, phenomenon that happens
due to the penetration of copper into grain boundaries of solid steel and that it is not
beneficial at all as indicates [26]. Furthermore, two more disadvantages are avoided.
First one, by the fact that not focusing the laser beam directly on the copper plate,
according to the very high expansion coefficient and thermal conductivity of copper in
comparison with steel, we reduce the possibility to get large misfit strains and residual
stresses that it would be appear in the joint leading to solidification cracking of it. The
second one, it is the porosity defect very common originated from hydrogen which is
highly soluble in liquid copper [4]. Melting points of each metal has to be considered
as well, stainless steel 304 serie has a melting point located in between 1400-1450°C and
commercially pure copper about 1084°C, it would be beneficial to have the metal with a
lower melting point the one which receives the laser beam, however the first observations
has apparently more weight. According to our requirements, the weld must be performed
in a lap seam configuration, therefore in view of the previous observations and taking
into account that both samples have the same thickness, copper plate must be located
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below stainless steel plate in order the laser beam just focus on the steel plate and the
melted mass penetrates into the copper.

3.3.2 Welding parameters

The welding process was performed by creating a straight weld line as can be seen in
further sections. Therefore after solving spatial configuration issues, only is needed to
define the following parameters: output power, welding speed, penetration depth, focus-
ing, shielded gas and blowing direction of shield gas.

Laser Power, welding speed and penetration. The operational range of a laser
welding system is the first parameter defined through the relation between laser power
and welding speed for a given material and specified weld penetration depth. The Fiber
Laser used has a maximum output power of 1,5 kW and maximum speed about 250
mm/s. The three first ones are strongly related according to the following regression
equation 3.2.

P b
S —at- 3.2
vd * v (32)
Metal Laser a (kJ/mm?) b (kJ/mm?) r
SS 304 COs 0.0194 0.356 0.82
Mild Steel CO9 0.016 0.219 0.81
Nd:YAG 0.009 0.309 0.92
Aluminium alloys COq 0.0219 0.381 0.73
Nd:YAG 0.0065 0.536 0.99

@ Units are P (kW), v (mm/s), d (mm).

Table 3.4: Fit Parameters a and b (see eq. 3.2) and Regression Coefficient, r, for Laser
Welding Data

Mention that for the welds performed it was used the parameters a and b for Mild Steel
and Laser Nd:YAG due to their similarities with the Ytterbium Fiber Laser. If we express
welding speed in function of depth penetration for an output power of 1 kW according
to equation 3.2, that matches power output, welding speed and penetration depth, we
obtain the following graph (Fig. 3.4). All these parameter values were selected according
to the graphs showed in Figure 3.5. Overall we can appreciate that the conclusions can
be reached both following Figure 3.5 or the graph in Fig. 3.4 obtained from the showed
equation.
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Regression Equation
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Figure 3.5: Graphs that match power output, welding speed and thickness [29]

Focussing. The focal point is the area where the laser beam focused, regarding to
this parameter, first we must know where the focus actually occurs, in the laser we use
is located 6.6 mm from the head laser. When the diameter of the focal point is taken
into consideration, power density and interaction time can be defined as follows:

4. P
- D2

dp =
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Figure 3.6: Graph obtained from the documentation of the Fiber Laser used

We have to consider that a very high power density and small focal point diameters
imperfections such as humping and undercut are produced [11]. Although the laser in-
tensity is highest in the focal plane, it decreases along the optic or laser beam axis in
either direction away from the focal plane as the laser diverges. The focussing value is
expressed with the f/number and it is positive when the focus plane is below the surface
of the workpiece and negative above of it. This number is greater or smaller from zero
when the farthest the focus plane is from the workpiece surface. Like other parameters,
we have to consider the focussing limits of our laser system, therefore it is important
to know that the small size that we can obtain with the Fiber Laser available is 120
pum. However, the expected effects related to the defocussing number are not trivial,
according to some literature Duley (1999) [29] or Reijonen (2015) [11] that agree the
maximum penetration is not produced when the focal plane matches with the surface,
if not when it is located -5 mm in the surface, that it means the beam diameter is
more than doubled, this phenomenon is in part ought to the enhancement in multiple
reflections. We will return to consider this parameter analysing the samples.

Shield gas. The first role of this gas often is to prevent oxidation of the weldment
and creation of slag in the vicinity of the fusion zone. The second, and critical one, is
to suppress plasma formation in the vapour over the weld zone and to blow away any
plasma that may be created in the welding process, the latter role ensures that the laser
beam can reach the weld zone with minimal interruption, thus improving weld quality
and enhancing the uniformity of such factors as penetration depth and weld bead profile.
The most common gases used as shield gases are Argon (Ar) and Helium (He), Nitrogen
also can be used as a replacement of He ans has many of the same properties but is much
cheaper. The main difference depicted in the weld by using one or other gas is that the
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penetration is considerably shallower in Ar gas than He gas [10], however since is being
used a fiber laser and the thickness of the samples is not relatively big, the use of ar is
enough for our propose. The critical parameters related to the shield gas is the type of
gas, the gas flow rate and the nozzle angle and distance from the weld point.

The shielded gas used was Ar with a purity of 99.999% with a flow rate of 20 L/min
by using a nozzle of 8 mm of diameter coupled to the fixing system that already was
installed in the laser head with the configuration, distances and angular values depicted
in the drawing plan No. 1/7 in the Appendix and keeping a distance from the lowest
part of nozzle perpendicular to the upper workpiece surface of 1,2 mm.

3.4 Implementation and visual examination

Parameters
Sample No.

P kW] v [mm/s|] d[mm] Q [L/min] f{ [mm]
1 1,0 25 1,87 20,0 66
2 1,0 20 2,05 20,0 66
3 1,5 25 4,21 20,0 66
4 1,0 25 § 20,0 71
5 1,0 10 2,51 20,0 66
6 1,5 25 - 20,0 71
7 1,0 15 2,25 20,0 66

Table 3.5: Selected welding parameters for each sample and predicted penetration depth
in each case

In order to be able to draw consistent conclusions about the quality of the weld
according to the welding parameters and conditions, it has been performed seven samples
by changing one parameter in each one taking as a reference the first one as shows Table
3.4. For sample No. 6 have been modified output power and focussing at the same time
in order to compensate one each other and obtain a reasonable good joint to be analysed
afterwards in contrast with sample No.4. In order to ensure the reproducibility apart
from the considerations regarding the fixation system, has been used the same pulse
profile for all of them with an speed output power of 10 ms both in the on and off of
the laser. The output power is delivered constantly with a specific value. The chosen
values for the described parameters have been selected according to the reasons depicted
but also taking as a reference experiments performed in very similar conditions. In the
experiment described in the paper of Li (2017) [16] it is used an Ytterbium Fiber Laser
for welding two plates of copper and maraging steel of 2 mm thick in butt configuration
setting the parameters to output power of 2000W, welding speed 50 mm/s, without any
defocussing, with a slight offset towards steel and using Ar as a shielded gas with a
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flowing rate of 20 L/min. Other articles used as a reference as well have been Weigl
(2010) [18] and Chengwu (2009) [4].

On visual examination of the weld bead of the samples in Fig. 3.7 we can easily notice
that samples No. 1 and 7 have the most uniform aspect without apparent porosity and
defects. The worst objective quality can be appreciated at naked eye in sample No. 4
because was not physically joined due to an excess of welding speed or a lack of output
power and sample No. 5 because a defect of welding speed overheated the steel and
stainless steel penetrated partially the copper leaking down through it as we can observe
by looking at the solidified drops of steel in the opposite surface of the laser beam. At
the same time it can bee seen in sample No. 3 an appreciable superficial and periodical
porosity along the weld line. Regarding to the weld bead dimension samples No. 5 and
No. 7 show a wider one due to the notable reduction of the welding speed from 25
mm/s to 15 mm/s and to 10 mm/s respectively. In this first evaluation we cannot draw
further conclusions for the rest of the samples excepting for sample No. 6 that shows
and inexplicable surface oxidation perhaps due to a slight misalignment of the shield gas
nozzle. For reaching further and more convincing conclusions it was decided to analyse
the macrostructure and microstructure of the best and the most interesting two samples
mentioned No. 1 and No. 7 in the Institute of Material Science and Technology by
using a high resolution optical microscope. Samples No. 2, 3, 5 and 6 were analysed
in Institut fur Fertigungstechnik und Hochleistungslasertechnik (Institute of Engineering
Production and Laser Technology)y by using a random optical microscope. Sample No.
4 was simply not analysed due to the lack of valuable results that can provide a non
joint sample with even wide zones without weld bead. The exact preparation process of
the samples can be read in the section Experimental Equipment.
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(b) No.2 (¢) No.3

(d) No.4 (f) No.6

(g) No.7

Figure 3.7: Weld bead of each of the 7 samples obtained. From now forwards, in all
photos showing a welding bead, direction of welding goes from left to right
side of the picture
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4.1 Nature and characteristics of the samples

Considering the selected welding parameters depicted in Table 3.2, and from the photos
taken (Fig. 4.2) it can be seen rapidly that all samples except sample No. 6 and
presumably sample No. 4 due to the complete lack of penetration, correspond to the
keyhole welding category. The other two samples due to its proximity to the limit value
that set the difference between the two types of welding categories set around 1 MW /cm?
are in the transition between these two types. For instance using equation No. 3.3 and
knowing that the laser beam with 5 mm of defocussing has a diameter of 0.35 mm, we
obtain a delivered power density of 1.55 W/em?. In Fig. 4.2(d) it can be seen that
sample No. 6 shows the typical features of a conduction-limited welding even though
in one side could be observed the root of a incipient keyhole since, however a width
and non-depth melt pool is the highlighted characteristic. Regarding to other features
it is highly appreciable that sample No. 3 (Fig. 4.2(b)) and especially in sample No. 5
(Fig. 4.2(c)) has a wider and deeper fusion zone in comparison with sample No. 1 (Fig.
4.2(a)) with indices of turbulence since the interface shows swirls in many points may it
cause because a higher output power was used (1.5 kW) and a much slow welding speed
was implemented (10 mm/s), respectively, making the viscosity lower and therefore the
liquid in the melting pool much more fluid and vulnerable to turbulences. Samples No.
1 & 7 were extensively analysed, in some regions of the longitudinal weld bead samples
the flow lines of the melt according to Maragoni convection can be perceived since a non
perfect alignment of the cut plane with the central line of the seam shows it (Fig. 4.1).
Mention that focussing in fusion zone of samples No. 1 & 7 (Fig. 4.2(e, f)), sample No.
7 presents a wider fusion zone that No. 1. due to the higher influence of a lower welding
speed.

Figure 4.1: On the left of the photo melt flow currents of steel going up can be clearly
seen as in the right not due to the misalignment of the surface cut plane and
the central weld line
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(a) o. 2 (b) o. 3

(e) No. 1 (f) No. 7

Figure 4.2: Transversal view of the weld seams of each sample obtained with a
magnification of x12.5 using Betrand lens for better contrast (a, b, c, d)
and with a magnification of x50 (e, f)
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4.2 Macrostructure of laser beam welds

In laser welding, a variety of defects or imperfections may occur depending on the kinds
of material and their compositions, welding conditions and so on. In laser welding we can
distinguish three main characteristic groups: geometrical or appearance defects, internal
or invisible defects and property or quality defects.

4.2.1 Geometrical or appearance defects.

Laser welding deformation or distortion. This category includes distortion or deforma-
tion, residual stresses or even cracking of the weld joint due to volume changes of thermal
expansion and contraction produced by the thermal cycles. In thin plates or sheets with
great thermal expansion, welding deformation takes place easily like in sample No. 7
(Fig. 4.2(e)) showing a relative wide gap between copper and steel plates due to the
physical constraints imposed by the designed fixation system that made especially the
steel plate to buckl ought to it has a higher thermal expansion coefficient than copper.
Mention as well that it is a defect difficult to avoid. If we compare with sample No. 1
(Fig. 4.2(f)) we can see rapidly that the gap is much narrower due to the input heat was
much less larger as can be seen in Table 3.4. It is true that some complex and costly
methods can reduce even eliminate this phenomenon such as rapid cooling or quenching
of the welded part and its vicinity just after the molten pool, keeping welded products
cooled to room temperature in the fixture, formation of a parallel full-penetration weld
bead or improve the fixation system and make it more robust. However, luckily the
deformation and distortion is much smaller in laser welding than in other fusion weld-
ing procedures since the heat input and bead width of laser are generally smaller and
narrower, respectively, than those of any other welding process. This defect it is an
indication that constrained dilatation and therefore stresses may favour hot cracking in
the welding and it is analysed in Hot cracking section.

Poor surface appearance of laser welds. The surface of the laser weld and surroundings
is expose to high temperature during laser welding process and despite of the use of
shielding gas to protect the molten pool and its vicinity from oxidation, some degree of
oxidation occurs from the deposition of ultrafine particles produced by evaporation or
spatters of melt particles. This effect was detected in Sample No. 6 (Fig. 4.3). Despite
may it is not perceptible in photos of Fig. 4.2(d), sample No. 6 presents some spatters
in both sides of the laser weld surface probably provoked by the high output power and
defocussing of the laser beam. In continuous wave (CW) laser welding some reasonable
measures can reduce this phenomenon like adopting an extremely small beam spot in
comparison with the molten pool size, enlargement of the keyhole inlet by a proper flow
of shielding gas or a forward inclination of the laser beam.

Burn-through or melt down. Burn-through is a phenomenon that consists of the melt
in a molten pool is dropped down during welding to form an underfilled bead with
concave top surface and convex bottom surface (Fig. 4.4b). It happens in full penetration
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welding of plates and thin sheets with wide bottom surface as in the analysed samples.
It occurs more readily in materials with lower surface tension. In stainless steel plates
it mainly takes place with high output powers, with a lack of oxygen in the keyhole so
that produces a full penetration weld. Melt lower temperatures near the bottom rear
end of the molten pool with a low content of oxygen has such high surface tension to pull
the higher temperature liquid near the keyhole tip resulting in the formation of bottom
humps as happened in sample No. 5 (Fig. 4.4a) due to the reasons given as can bee
seen in Table 3.4.

Figure 4.3: Spatters detected in both sides of the seam in sample No. 6

Humping. It is the periodical formation of humps of weld metal on bead surface as
has clearly sample No. 3 and slightly sample No. 6. This phenomenon may occurs in
a narrow weld bead with a very small focused beam during high speed welding and it
is owing to the backward flow of a melt ejected by plume ejection and the high surface
tension of the accumulated melt due to molten pool width. Despite can be suppressed
by defocussing the laser beam as was done largely with both samples, an excess of speed
could be the reason why still humping occurred.

(a) Burn-through phenomenon detected (b) Underfilled bead caused by the meltdown de-
fect

Figure 4.4: Burn-through effects in sample No. 5
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Figure 4.5: Image of one hump, it can be appreciated the drastic change of the seam
appearance. These periodical humps were distanced approximately 5 mm
one each other in sample No. 3

4.2.2 Internal or invisible defects.

Hot cracking. Also called high temperature cracking in the weld fusion zone and the
HAZ is called solidification cracking and liquation cracking respectively. In austenitic
stainless steel it occurs along the grain boundaries and it was detected in both two
samples No. 1 & 7, analysed with a sufficient magnification lens. In particular, solidific-
ation cracking can occur easily during high speed welding with CW laser. The causes are
attributed to microsegregation and resultant formation of low solidification temperature
liquid films along the grain boundaries. In mild tensile strength steels as considered
austenitic ones, hot cracking or pear-shaped cracking may take place near the middle
or bottom part of a partially penetrated deep weld bead (Fig. 4.6b) made with relative
high power. Some cracks, specially in sample No. 1 are filled with copper as can be
seen in the crack of Fig. 4.7. The causes may be ascribed to the formation of retained
liquid areas due to the melt flows near the bottom part of the laser and it is highly
common in welding dissimilar materials due to the high cooling rates of copper and re-
sidual strengths [25], may generated by the fixation system and constrained dilatation
of the assembly and also but presumably to a lesser extent, due to some intermetallic
compounds formed. Despite the very low concentration of S and P, they are the main
culprits of the existence of these compounds [19].
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et : W il
(a) Solidification cracks in the weld fusion zone of (b) Hot-cracking detected along the weld bead of
Sample No. 7 sample No. 1. It can be perceived how
most of them surround the grains (intergran-
ular cracks) and as exposed happens in the
middle of the weld bead.

Figure 4.6: High temperature cracking and solidification cracking detected in both
samples No. 1 & 7

Figure 4.7: Some liquation cracks detected on the bottom of the photo and in the HAZ
of sample No. 1.

Despite the high sensitivity to the hot cracking, the cold cracking is not a problem since
austenitic steels are not susceptible to cold cracking [7]. To support this fact mention
that no rests of hydrogen in any region has been found in the EDX measurments.

Porosity. It refers to blowhole, pore, wormhole, pit or bubble. This defect is very
easy to be formed in laser welding, in the keyhole type of deep penetration welding,
the majority of bubbles, which are generated from the tip of a keyhole during welding,
lead to the formation of porosity in weld fusion zone. It has been observed extensively
in samples No. 1 & 7 showing pores of 30-50 ym mainly and despite it is complex to
avoid, using a proper selection of shielding gas flow rate for eliminate suitably hydrogen
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and oxygen sources, inclination of the laser beam or creation of a stable conical-keyhole
or even the formation of a heat-conduction type welding are some measures to control
porosity. However, clearly sample No. 1 has much lower porosity than sample No. 7 as
can be perceived in Fig. 4.2(e, f) due to the welding speed in this last one was much
lower (15 mm/s). In Fig. 4.9 a longitudinal weld bead area of approximately 5.5 x 3
mm is considered, in the photo of sample No. 1 can be counted until 3 pores of about
50 pm whilst in the photo of sample No. 7 can be counted 9, that it means that overall
sample No. 7 has slightly more porosity.

(a) Angular pores in the interface between stain- (b) Central pore with a scratch initiated in it and

less steel and copper plates probably generated few inclusions. The brown line upper the
due to rests of organic material (f.i. grease) pore was generated due to preparation of the
that evaporated and left these non-round pores samples, this defects are characterized by reg-

ular patterns such as fine lines and highly al-
ligned and very small dark dots

Figure 4.8: Different kind of defects in laser weld beads

(a) (b)

Figure 4.9: Number of pores detected for a same arbitrary area located far from the
edges with two photos taken with 25x magnification. There are much more
hot cracking in sample No. 1, though
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Inclusions. A particular defect observed in samples No. 1 & 7 is the presence of angular
pores of 60-70 pym along the weld bead in the interface between stainless steel and copper
plate but in the side of the steel (Fig. 4.8a). It can be provoked by rests of grease despite
all samples were cleaned with ethanol before the laser welding process. In some other
regions has been detected very small circular pores in the steel just in the interface as
well, due to the very linear distribution, they could be created from the air trapped
between the two plates owing to the existence of an obvious gap between the plates.
Inclusions has been observed as well (Fig. 4.8b) characterized by no-regular colourful
dots in steel and copper regions near the weld bead.

Macrosegregation. It is present in the weld fusion zone in the case of laser welding
dissimilar materials and can be detected immediately with EDX measurements. It will
be analyse deeply in the diffusion phenomena point.

Microsegregation. Necessarily occurs due to the solidification process in fusion welding
of alloys. It can be detected with EDX measurements and consists of segregation at micro
scale along cellular dendritic boundaries, it can be observed in Fig. 4.7 as small circular
dots in the fusion zone. As a result the solidification temperature of the melt falls during
solidification leading to the occurrence of solidification cracking and degradation of the
strength of the weld joint. It is effective to prevent through solid solution heat treatment
of the joint after welding.

4.2.3 Quality or property of defects.

The presence of defects reduce the mechanical properties in general. Nevertheless form-
ation of harder phases such as lower bainite and martensite the hardness is higher than
those of the base metal and it does not mean that is necessarily good (embrittlement). A
rather common defect such as porosity that always leads to a reduction of strength and
strain and can be avoided by increasing the welding speed. In terms of fatigue strengths
and hybrid weld joints are generally higher than those of other fusion welding processes.
In some steels, failures like stress-corrosion cracking and boundary corrosion may take
place in the HAZ. Selection of proper materials depending on the specific application and
an accurate process is crucial to increase the lifetime of the weld and avoid a chemical
degradation such as the precipitation of carbides in the HAZ of austenitic steels that
promotes corrosion starting in grain boundaries.

4.3 Microstructure and diffusion of laser beam welds

In laser welding of austenitic stainless steel, solidification structure strongly depends on
welding speed from obtaining microstrucutres consistent with primary ferritic solidification
structure in the weld zone at low welding speeds to obtain essentially austenitic micro-
structure with high tendency to hot cracking at high welding speeds. However this
effect is appreciable for large differences between implemented welding speeds (f.i. 4
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mm/s and 20 mm/s) and therefore it could not be seen in the analysed samples. Firstly
it is important to consider the microstructure of base materials.

’ 50 m ~

(a) Fine and coarse grains can be easﬂy identified (b) Common austenitic strucutre in the used stain-
in copper less steel

Figure 4.10: Base materials, commercially pure copper and austenitic stainless steel with
a magnification of 500x

Fig. 4.11b corresponds to a view of the boundary of the fusion zone with the HAZ of
the stainless steel of sample No. 1. The interface between the HAZ and the fusion zone
can be identified rapidly because of presence of a vein of martensite along the border
as black non-aligned lines (marked as 3). Formation of this microstructural element is
common in locations where the highest thermal gradients occur such as the boundary
of the fusion zone and in the centreline of the weld as well [29]. At the same time, it
can be detected that, specially the fusion zone, is covered by equal-distributed circular
black dots within the fusion zone owing to the oxidation of the surface despite of being
cleaned with ethanol the surface after each procedure as described. Also, copper globules
can be seen and specially near the cracks in the austenitic dendrites of the fusion zone
due to the low solubility between iron and copper at solid state [5]. Dendrites (2) can
be easily be observed growing from the upon-right corner towards the lower-left corner
of the photo, despite there are also minor regions of cellular grains (1). In any case,
dendrites show a bright aspect and are surrounded by a black contour. According to
the chemical composition of the austenitic stainless steel used (Table 3.1) and the EDX
measurements, despite they were performed in interface regions, but some of them like
Bereich 2 - Area 2 of sample No. 7 QS (Fig. 4.16) shows a very low content of copper
and expected values of alloying elements it can be concluded that austenitic stainless
steel is about 70 wt% Fe. For this Fe content, corresponds the pseudobinary of the
Fe-Cr-Ni ternary system depicted in Fig. 4.11a. According to the content of Cr and
Ni, they fall into «-region, that it means that dendrites are composed by austenite (7)
that is the primary solidification phase surrounded by d-ferrite that are black particles
surrounding the bright austenitic dendrites that forms when the three-phase triangle is
reached during the terminal stage of solidification. These are called interdendritic ferrite
[15].
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with the HAZ
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Figure 4.11: Primary austenite solidification and postsolidification transformation in Fe-
Cr-Ni weld

In other regions, such as the weld centre and weld face there are equiaxed dendritic
structure mainly (Fig. 4.12a), similar weld structure is reported in Roy et al. (2014)
[5]. In the longitudinal samples it can be perceived the opposite effect than the showed
with Cu in Fig. 4.11b and that is globules of steel embedded in a copper matrix in
the intermixing zone generated by the penetration of steel into Cu matrix promoted by
the turbulent-bursting behaviour of the keyhole that leads Maragoni current to drag
copper to the top of the weld bead. Since conductivity of copper is higher than the
steel, solidification of the liquid metal in the weld pool will start from the fusion zone
on the copper side, leading to the generation of this intermixing zone [4]. Regarding
to interface microstructure, it can be seen a large amount of granular phases (within
the red squares in Fig. 4.12b) due to interaction of stainless steel and copper in the
liquid state in the interface region [25]. However, it can not been seen due to the low
magnification, according to Chengwu et al. (2009) [4] they have diameters of 0.1-8.0
pm and are composed mainly by Fe and Cu and Fe may be Fe-rich bce solid solution
(a-Fe) and Cu is the Cu-rich fcc solid solution (often called the e phase). However,
the performed EDX analysis of this structure such as Bereich 2 - Area 2 of Sample
No. 1 LS showed a high content in Fe (70.5%) than Cu (16.8%). These e-Cu phase
increases the strength of the welding, however in excess is harmful due to its intrinsic
brittle character would overwhelm its beneficial effect on the toughness [16]. However
the EDX measurements performed in those regions show that only a little amount of Cu
is diffused into the intermixing zone that indicates again that the dilution ratio of the
Cu is very limited despite the fact that according to lap configuration and nature of the
welds the keyhole penetrated the copper plate, however absorption occurs in a depth §
that according to the presented equation 2.2 and considering that & for metals typically
is 1-10 and v = 1070 nm, 6 ~ 1076 cm. Thus and the fact that Maragoni stream of melt
steel surround copper during the process explains that copper received only heat from
the steel flow.
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(b)

Figure 4.12: (a) Weld centre and weld face microstructure and (b) microstructure in the
weld interface of Sample No. 1

Regarding to the HAZ of the copper side it can be observed from Fig. 4.11b and
Fig. 4.10a how in the first one grains are much bigger in the first photo than to those
of the metal base of the second photo considering that both were taken using the same
magnification. Coarse grains close to the interface are integral, indicating that copper
does not melt during welding and there is a rather rough morphology between copper
and fusion zone, like liquid phase is frozen rapidly. However the raise in temperature
leads to the recrystallization of copper in the solid state, causing significant grain growth.
The fluid flow of the molten pool is very strong during laser welding, thus the liquid
metal has a strong force acting on the interface of copper that becomes scraggly because
copper became very soft at a high temperature. Subsequently, this scraggly morphology
is frozen rapidly due to the rapid cooling induced by the high thermal conductivity of
copper. Furthermore, this scraggly interface morphology is beneficial to improve the
mechanical property of the joint. Actually, Fig. 4.11b show a really similar structure to
the obtained results for butt joint though of Chen (2015) [24].

Going deeper into diffusion processes it has been detected that sample No. 1 depicts
wider interface region than sample No. 7 as can be seen in Fig. 4.13. Also EDX
measurements reported an overall higher diffusion in sample No. 1 that can be perceived
not only in the wider interface region and highly mixed aspect of two metals but also
in far points such as Bereich 3 - Area 3 of Sample No. 1 QS (Fig. 4.16) located in the
extreme of the interface zone in the side of the steel plate but still having a considerable
content of Cu (24%) meanwhile analysed areas in sample No. 7 QS (Fig. 4.16) are
much closer one each other and located around the well defined interface but clearly
Bereich 2 - Area 2 in the side of the steel has 63.8% Fe and Bereich 3 - Area 3 in
the side of copper has 93.3% of Cu. Broadly the results show a much less solubility
and diffusion in sample No. 7. However this phenomenon is against expected since the
welding parameters are the same but the welding speed is higher for Sample No. 1 (25
mm/s) than sample No. 7 (15 mm/s) higher heat transfer would increased the diffusion
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process and also decreased the viscosity of the melt favouring the mix of both metals.
On the other hand, it is true that macrostructure defects does not contradict the theory
since sample No. 7 shows slightly more pores. Two parameters that could play some role
in this observed phenomenon are the efficiency and the gap dimension between plates.
There are many researches that conclude that melting efficiency, that is the ratio energy
required to create a molten pool from heat energy supplied to the energy absorbed by
the work piece, through conduction and melting of the substrate is greater at higher
welding speeds, thus the total power absorbed by the material increases with increase in
welding speed [27], logically this possible influence must be taken into account carefully
and only if the rest of parameters and conditions, as seem to be, are the same between
the samples. Regarding to the gap existing between the two plates, naturally a wider gap
leads to a worst heat transfer between the plates, as copper has a much higher thermal
conductivity value the presence of air in between reduced drastically the heat transfer
from steel which receives the impact of the laser beam and therefore the heat source,
to the copper. The fact that sample No. 1 shows an appreciable narrower gap would
have let a better energy transfer towards copper and therefore a higher temperature at
the lower part of the weld bead, where are taken photos of Fig. 4.13 leading to a higher
fluidity of steel and greater diffusion phenomena as well, and as a consequence a wider
interface region than the one observed in sample No. 7. However, for analysing this
fact Rosenthal Two-Dimensional is not valid any more being necessary to approach a
Three-Dimensional model.

\ -

50 pm
(a) (b)

Figure 4.13: Interface region at the bottom of the weld seam within copper plate where
it can be perceived the higher mixing rates in sample No. 1 (a) than sample
No. 7 (b). They were taken before submitting them into the etching solution

It is important to consider the rest of the elements and its proportion detected. In
general, values are the expected ones, the presence of gold and palladium is due to the
generation of a conductive film using these elements as described in 3.2.5. Content of C
and Si is much higher considering the expected chemical composition of the austenitic
stainless steel used but it may due to contamination through polishing process as grained
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papers are made with silicon carbides. Furthermore in some regions such as Punkt 1 -
Point 1 and Punkt 2 - Point 2 of sample No. 1 LS (Fig. 4.14) there are rests (~0.2%)
of Vanadium, unexpectedly rests of Calcium (~0.3%) are detected in Bereich 1 - Area
1 in sample No. 7 QS and Bereich 2 - Area 2 of sample No. 1 LS maybe due to
contamination from rests of previous samples polished with the same naps. Also it is
interesting to observe the different quantity of chromium and nickel in each sample.
Sample No. 1 has about 10% Cr and 5.5% Ni and sample No. 7 has around 15% Cr and
7.5% Ni considering that are analysis performed in interface regions but nevertheless
indicating higher content of Ni and Cr for sample No. 7 in all points and areas.

oo )

={EDX Punkt 2
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Figure 4.14: (a) view of the bottom of the weld and interface region of sample No. 1 and
(b) location of the analysed points and areas with SEM method

]

(a) (b)

Figure 4.15: (a) view of the central part of the weld near the main pore and (b) location
of the analysed points with SEM method
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“Gewahiter Bereich 2)\Gewahiter Bereich 1

Gewahiter Bereich 2
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Gewahlter Bereich 3

(a)

Figure 4.16: View of the points and areas analysed in the longitudinal samples (a) No.
1 and (b) No. 7. The clear areas corresponds to copper, the clear grained
ones to the mentioned Cu-¢ phases and the dark zones to the steel
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Based in the investigation conducted regarding to the laser welding of dissimilar metals
such as copper and steel, the following are concluded for contributing to the optimization
of the process and ensuring a general good quality of the weldment:

1. For these pair of dissimilar metals, in lap configuration, austenitic stainless steel
must be the one which receives the laser beam impact in order to control dilution
ratios between steel and copper, reduce the amount of copper dissolved in the mol-
ten steel in order to avoid many defects. Additional important reasons to support
this assertion are related to intrinsic welding properties more favourable in steel
than in copper such as higher absorptivity, less reflectivity and thermal conduct-
ivity that contribute to increase the quality and efficiency of the welding. The
lack of researches using this configuration, being the most common the butt one,
it has required implement and transfer improvements based on butt configuration
experiments into lap configuration.

2. In view of the hot cracking present in samples No. 1 & 7, analysed extensively,
a fixation system that does not constrain the thermal dilatation in the plane of
the plates (bi-dimensionally) during the welding procedure it would be beneficial
to avoid macrodefects such as thermal distortion and stresses that make more
feasible hot-cracking phenomena. Therefore the installation of specific parts in the
fixation system for ensure reproducibility would be highly recommended to replace
them or remove at least partially and search for a solution that implement both
requirements.

3. According to the results and welding parameters used, the best weld beam ob-
tained correspond to sample No. 7. Therefore parameters used for welding this
sample are the most convenient ones. It presents a notable uniformity, without
superficial irregularities. Despite of having slightly more porosity than the second
best obtained weldment (sample No. 1) it has really few macrodefects such as
hot-cracking or inclusions. Microstructurally it also presents appropriate features
such as a well defined and narrow interface between steel and copper with very few
inclusions of one material into another result of a lack of turbulences in the melt
pool and lack of melted copper but at the same time a scraggly morphology that
benefits mechanical properties of the joint.

4. According to the selected parameters and conditions of the welding, sample No. 1
has a wider interface than sample No. 7 that can only be explained by the existing
gap between samples, much wider for the second one. These gap can deteriorate
the heat conduction from the steel plate to the copper plate leading a reduction of
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the temperature in the bottom part and its vicinity and can lead to a reduction of
the fluidity of the melt pool near than for narrower gaps.

. Further researches based in this investigation would be suggested by analysing ex-
tensively the mechanical properties of the samples. Tensile strength may be weakly
dependent on the melting of the copper but the melting of the copper might induce
a decrease in the toughness joint. Also, obtain additional samples with a fixation
system that does not constrain the thermal dilation would be highly recommended.
Increase slightly the shield gas flow rate considering that the fixation elements does
not provoke disturbances to the flow and therefore turbulences would be another
further point to examine.
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(1) Picture that shows how the Samples are
placed in the fixation system

(3) In the background the mounting press for
generation of the mounting samples and
in the foreground two disc polishing ma-
chines with suitable supports for the moun-
ted samples

Disc cutting machine with horizontal axis
used for obtain a sample from weld plates
No.l1 &7

(5) Samples No.1 & 7 after being cut and ready
for being mounted in transparent thermo-
plastic. The black marks point the face
from where are going to be polished and
analysed

50

(6) Final aspect of the mounted samples No.

1 & 7 after EDX measurments. It can be
appreciated the thin dark film n the upper
surface of Au-Pd and the electric path to-
wards the bottom part. They were moun-
ted in order to be seen the seams from the
lateral surface
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(7) Disc cutting machine with horizontal axis (8) Adler reagent used for samples No.2, 3, 5 &
cutting precisely along the weld line for 6 and tweezers system for submerge them
obtaining an accurate longitudinal sample in the etching solution

from one of the weld plates

- o
(9) Optical Microscope used for analysing (10) Optical Microscope used for analysing
Samples No. 2, 3, 5 & 6 in the laboratory Samples No. 1 & 7 in the Center of Trans-

of Laser Technology mission Electromicroscopie
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CK 5.2 20.6 337.4 11.7 0.0134 1.3060 0.8399 0.2039 1.0000

SiK 0.2 0.3 67.7 23.8 0.0010 1.1550 0.9226 0.4397 1.0060

CaK 0.1 0.1 37.1 55.0 0.0010 1.0992 0.9681 0.9152 1.0765

CrK 10.1 9.2 2851.4 3.1 0.1168 0.9915 0.9931 0.9858 1.2171

FeK 42.8 36.4 8055.2 2.3 0.4391 0.9887 1.0037 0.9787 1.0903

CuK 33.9 25.4 3608.1 2.8 0.3119 0.9527 1.0164 0.9506 1.0447



EDAX TEAM seited

EDX Punkt 3

kv: 20 Vergr.: 3999 Abnahmewinkel: 36.8 Live Messdauer(s): 30 Filterzeit(us): 3.84 Auflésung:(eV)

EDX Punkt 3

11,0k

Fe

9,9k
8,8k

7,7k

Au
Au Au

0,0 13 2,6 39 5.2 6,5 78 91 104 117 13,0

Lsek: 30.0 335Cnts 4.970 keV Det: Octane Elite Super Det

eZAF Quant. Ergebnisse

Element Gewicht% Atom% Net. Int. Error % Kratio Z R A F
CK 4.6 18.5 302.0 11.2 0.0123 1.3053 0.8405 0.2065 1.0000

SiK 0.3 0.5 110.4 16.0 0.0016 1.1544 0.9233 0.4472 1.0063

VK 0.2 0.2 57.2 29.5 0.0021 0.9749 0.9878 0.9777 1.1980

MnK 1.0 0.9 220.1 11.3 0.0106 0.9712 0.9991 0.9910 1.1166

NiK 5.7 4.7 742.3 4.5 0.0552 1.0010 1.0132 0.9290 1.0519



EDAX TEAM sefte?

Gewahlter Bereich 1

kv: 20 Vergr.: 3999 Abnahmewinkel: 36.8 Live Messdauer(s): 30 Filterzeit(us): 3.84 Auflésung:(eV)

Gewahlter Bereich 1

Fe

9,9ki
8,8k

7,7k

Au
Au Au

0,0 13 2,6 39 5.2 6,5 78 91 104 117 13,0

Lsek: 30.0 328 Cnts 4.970 keV Det: Octane Elite Super Det

eZAF Quant. Ergebnisse

Element Gewicht% Atom% Net. Int. Error % Kratio Z R A F
CK 44 17.5 279.1 11.7 0.0116 1.3065 0.8400 0.2058 1.0000

SiK 0.3 0.5 105.3 15.0 0.0015 1.1554 0.9228 0.4460 1.0063

CrK 115 10.6 3179.5 3.1 0.1360 0.9917 0.9932 0.9870 1.2245

FeK 49.4 42.7 8925.1 2.2 0.5077 0.9890 1.0038 0.9772 1.0738

CuK 26.6 20.2 2743.9 3.0 0.2475 0.9528 1.0165 0.9435 1.0455



EDAX TEAM seitet

Gewahlter Bereich 2

kV:

20 Vergr.: 3999 Abnahmewinkel: 36.8 Live Messdauer(s): 30 Filterzeit(us): 3.84 Auflésung:(eV)

Gewahlter Bereich 2

Cu
27,9k

24,8k
21,7k
18,6k
15,5k
12,4k

9,3k Fe Cu

6,2k

S Pd
Si Au S Pd pd

Au
Au Au Au

3,1k| S

e ... = = - ———— ——
0,0 13 26 39 5.2 6,5 78 91 104 117 13,0

Lsek: 30.0 324 Cnts 4.970 keV Det: Octane Elite Super Det

eZAF Quant. Ergebnisse

Element Gewicht% Atom% Net. Int. Error % Kratio Z R A F
CK 5.2 215 297.8 12.1 0.0125 1.3212 0.8321 0.1850 1.0000

SiK 0.2 0.3 61.2 26.2 0.0009 1.1691 0.9151 0.4016 1.0051

CrK 3.9 3.8 1076.0 4.0 0.0465 1.0046 0.9867 0.9789 1.2193

NiK 2.7 2.3 386.4 7.0 0.0296 1.0158 1.0072 0.9747 1.1131



EDAX TEAM sefte’

EDX Punkt 4

kv: 20 Vergr.: 3999 Abnahmewinkel: 36.8 Live Messdauer(s): 30 Filterzeit(us): 3.84 Auflésung:(eV)
EDX Punkt 4
13,0k Cu
11,7k
10,4k
9,1k
7,8k
6,5k
5.2k
3,9k
2,6k
13k G
Au Au Au
0,0k
0,0 13 26 39 5.2 6,5 78 91 104 117 13,0
Lsek:30.0  311Cnts  4.970keV  Det: Octane Elite Super Det
eZAF Quant. Ergebnisse
Element Gewicht% Atom%  Net.Int.  Error % Kratio Z R A F
CK 5.7 22.0 360.6 10.5 0.0150 1.3019 0.8414 0.2053 1.0000

SiK 0.2 0.4 78.7 20.0 0.0012 1.1513 0.9241 0.4430 1.0060

VK 0.1 0.1 44.3 43.4 0.0017 0.9724 0.9885 0.9770 1.1926

FeK 45.6 38.0 8302.1 2.2 0.4711 0.9854 1.0049 0.9796 1.0854

CuK 3119 234 3294.3 2.8 0.2964 0.9493 1.0174 0.9493 1.0449
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EDAX TEAM seitez

Gewahlter Bereich 1

kV:

20 Vergr.: 1000 Abnahmewinkel: 36.7 Live Messdauer(s): 30 Filterzeit(us): 3.84 Auflésung:(eV)

Gewahlter Bereich 1

52,2k
46,4k
40,6k
34,8k
29,0k
23,2k

17,4k

11,6k o Cu

Cr S Pd Au
58kl . C
s- F Au S Pd pd cr Cr Fe  Fe Y Au Au Au

0,0k ——
0,0 13 26 39 5.2 6,5 78 91 104 117 130

Lsek: 30.0 339 Cnts 4.835 keV Det: Octane Elite Super Det

eZAF Quant. Ergebnisse

Element Gewicht% Atom% Net. Int. Error % Kratio Z R A F
CK 6.2 255 350.0 11.3 0.0143 1.3256 0.8297 0.1775 1.0000

SK 0.1 0.1 25.0 59.0 0.0004 1.1525 0.9292 0.6142 1.0135

FeK 0.9 0.8 249.7 111 0.0140 1.0062 0.9958 0.9912 1.5455
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Gewahlter Bereich 2

kV:

20 Vergr.: 1000 Abnahmewinkel: 36.7 Live Messdauer(s): 30 Filterzeit(us): 3.84 Auflésung:(eV)

Gewahlter Bereich 2

12,0k Fe

Au
Au Au Au
0,0 13 26 39 5.2 6,5 78 91 104 117 13,0
Lsek: 30.0 293 Cnts 4.835 keV Det: Octane Elite Super Det
eZAF Quant. Ergebnisse
Element Gewicht% Atom%  Net.Int.  Error % Kratio z R A F
CK 5.0 19.5 333.1 10.6 0.0136 1.2987 0.8435 0.2113 1.0000

SiK 0.3 0.6 122.2 14.8 0.0018 1.1483 0.9261 0.4590 1.0066

CrK 12.8 115 3619.8 3.0 0.1517 0.9852 0.9960 0.9890 1.2313

FeK 56.1 46.8 10042.7 21 0.5598 0.9823 1.0065 0.9760 1.0577

CuK 16.8 12.3 1736.5 3.4 0.1535 0.9462 1.0188 0.9366 1.0468



EDAX TEAM seited

Gewahlter Bereich 3

kV:

20 Vergr.: 1000 Abnahmewinkel: 36.7 Live Messdauer(s): 30 Filterzeit(us): 3.84 Auflésung:(eV)

Gewahlter Bereich 3

11,0k [
9,9k
8,8k
7,7k

6,6k

4,4k

2,2k s

Pd A
1,1k Si Au g Pd py . Cu

Au
Au Au Au

0,0 13 2,6 39 5.2 6,5 78 91 104 117 13,0

Lsek: 30.0 291 Cnts 4.835 keV Det: Octane Elite Super Det

eZAF Quant. Ergebnisse

Element Gewicht% Atom% Net. Int. Error % Kratio Z R A F
CK 5.3 20.6 347.3 10.6 0.0141 1.3001 0.8427 0.2077 1.0000

SiK 0.3 0.5 99.3 17.2 0.0014 1.1497 0.9254 0.4521 1.0064

CrK 11.9 10.6 3344.5 3.1 0.1396 0.9866 0.9953 0.9878 1.2250

FeK 50.8 42.3 9252.8 2.2 0.5137 0.9837 1.0059 0.9770 1.0688

CuK 24.0 17.6 2503.8 3.1 0.2204 0.9476 1.0183 0.9423 1.0460
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EDX Punkt 1

kV:

20 Vergr.: 5999 Abnahmewinkel: 37.1 Live Messdauer(s): 30 Filterzeit(us): 3.84 Auflésung:(eV)

EDX Punkt 1

Fe

Au
Au Au Au
0,0 1.3 2,6 39 52 6,5 7.8 91 104 11,7 13,0
Lsek: 30.0 883 Cnts 2,620 keV Det: Octane Elite Super Det
eZAF Quant. Ergebnisse
Element Gewicht% Atom% Net. Int. Error % Kratio Z R A F
CK 5.1 185 349.3 10.6 0.0140 1.2841 0.8502 0.2160 1.0000

SiK 0.4 0.6 140.3 12.9 0.0020 1.1350 0.9326 0.4796 1.0071

CIK 0.6 0.7 262.4 10.5 0.0049 1.0615 0.9562 0.7867 1.0277

MnK 15 1.2 315.6 7.5 0.0150 0.9537 1.0066 0.9941 1.0941

NiK 7.0 5.2 879.2 4.3 0.0645 0.9824 1.0198 0.9163 1.0419



EDAX TEAM seite3

EDX Punkt 2

kv: 20 Vergr.: 5999 Abnahmewinkel: 37.1 Live Messdauer(s): 30 Filterzeit(us): 3.84 Auflésung:(eV)
EDX Punkt 2
10,8 (R
9,6k
84k
7,2k
6,0k
4,8k
3,6k
2,4k
1,2k Au
Au Au
ool n 1 el. .h,.... .~ e e
0,0 13 26 39 52 6,5 78 91 104 117 13,0
Lsek:30.0  705Cnts  2.620keV  Det: Octane Elite Super Det
eZAF Quant. Ergebnisse
Element Gewicht% Atom%  Net.Int.  Error % Kratio 4 R A F
CK 10.2 334 719.2 9.7 0.0280 1.2715 0.8546 0.2193 1.0000

SiK 0.5 0.7 201.1 13.8 0.0028 1.1236 0.9367 0.4805 1.0067

CIK 0.4 0.4 168.4 124 0.0031 1.0508 0.9601 0.7865 1.0264

MnK 13 0.9 278.0 8.6 0.0129 0.9440 1.0099 0.9948 1.1039

NiK 6.3 4.3 825.9 4.4 0.0589 0.9721 1.0227 0.9277 1.0465
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EDX Punkt 3

kV:

20 Vergr.: 5999 Abnahmewinkel: 37.1 Live Messdauer(s): 30 Filterzeit(us): 3.84 Auflésung:(eV)

EDX Punkt 3

Fe

Au
Au Au
00 13 26 39 5.2 65 7.8 91 104 117 130
Lsek: 30.0 941 Cnts 2.620 keV Det: Octane Elite Super Det
eZAF Quant. Ergebnisse
Element Gewicht% Atom%  Net.Int.  Error % Kratio z R A F
CK 438 17.5 3243 111 0.0129 1.2855 0.8496 0.2131 1.0000

SiK 0.4 0.6 140.8 131 0.0020 1.1363 0.9320 0.4746 1.0069

CIK 0.6 0.8 292.3 10.1 0.0054 1.0627 0.9556 0.7830 1.0269

MnK 14 11 306.3 7.6 0.0145 0.9549 1.0061 0.9935 1.0974

NiK 6.6 4.9 838.8 4.4 0.0612 0.9837 1.0194 0.9208 1.0443
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Gewahlter Bereich 1

kV:

20 Vergr.: 1200 Abnahmewinkel: 37.2 Live Messdauer(s): 30 Filterzeit(us): 3.84 Auflésung:(eV)

Gewahlter Bereich 1

13,UK

Fe

11,7k
10,4k
9,1k
7,8k

6,5k

Au
Au Au Au

0,0 13 26 39 5.2 6,5 78 91 104 117 130

Lsek: 30.0 337 Cnts 4.945 keV Det: Octane Elite Super Det

eZAF Quant. Ergebnisse

Element Gewicht% Atom% Net. Int. Error % Kratio Z R A F
CK 43 16.8 288.3 11.1 0.0119 1.2983 0.8441 0.2162 1.0000

SiK 0.4 0.6 138.4 134 0.0020 1.1478 0.9267 0.4694 1.0069

VK 0.2 0.2 55.7 29.6 0.0021 0.9690 0.9907 0.9819 1.2162

MnK 15 13 318.6 7.4 0.0157 0.9652 1.0019 0.9930 1.0967

NiK 7.2 5.8 889.4 4.3 0.0677 0.9945 1.0156 0.9140 1.0421
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Gewahlter Bereich 2

kV:

20 Vergr.: 1200 Abnahmewinkel: 37.2 Live Messdauer(s): 30 Filterzeit(us): 3.84 Auflésung:(eV)

Gewahlter Bereich 2

13,0k

Fe

11,7k

104k

Ni S Pd

St Au g Pd py -

Au Au Au

0,0 13 26 39 5.2 6,5 78 91 104 117 130

Lsek: 30.0 332 Cnts 4.945 keV Det: Octane Elite Super Det

eZAF Quant. Ergebnisse

Element Gewicht% Atom% Net. Int. Error % Kratio Z R A F
CK 43 17.0 292.3 11.9 0.0121 1.2974 0.8446 0.2181 1.0000

SiK 0.4 0.7 155.4 12.8 0.0023 1.1470 0.9272 0.4734 1.0070

VK 0.2 0.1 48.9 35.3 0.0019 0.9682 0.9912 0.9827 1.2169

MnK 15 13 311.9 7.7 0.0155 0.9644 1.0023 0.9933 1.0924

NiK 7.5 6.0 914.5 4.3 0.0698 0.9937 1.0160 0.9110 1.0407



EDAX TEAM seited

Gewahlter Bereich 3

kv: 20 Vergr.: 1200 Abnahmewinkel: 37.2 Live Messdauer(s): 30 Filterzeit(us): 3.84 Auflésung:(eV)
Gewabhlter Bereich 3
VU, UK!
Cu

45,0k

40,0k

35,0k

30,0k

25,0k

20,0k

15,0k

Cu
10,0k
50k . o Rd c Au
F Au  Pd pd Fe  Fe Y Au Au Au
0,0k y . e
0,0 13 26 39 5.2 6,5 7.8 91 104 117 130
Lsek: 30.0 300 Cnts 4,945 keV Det: Octane Elite Super Det
eZAF Quant. Ergebnisse
Element Gewicht% Atom% Net. Int. Error % Kratio Z R A F
CK 5.7 23.7 307.1 12.1 0.0131 1.3289 0.8284 0.1770 1.0000
FeK 0.3 0.2 72.2 24.0 0.0042 1.0089 0.9948 0.9911 1.5695
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Nomenclature

A

g
Q'

b

Po

Py

Ph

Absorptivity, see equation (2.1)

Workpiece thickness, see equation (2.3)

Heat transferred from heat source to workpiece, see equation (2.3)
Welding speed, see equation (2.3)

Welding speed, see equation (2.6)

Welding speed, see equation (3.2)

Workpiece thermal diffusivity, namely x/pC, where p and C are density and
specific heat of the workpiece respectively, see equation (2.3)

Modified Bessel function of second kind zero order, see equation (2.3)
Radial distance from origin, namely, (22 + y2)(1/2), see equation (2.3)
Pyhidrostatic pressure, see equation (2.4)

Pyhidrostatic pressure, see equation (2.5)

Rear refractive index, see equation (2.1)

Surface tension, see equation (2.4)

Vaporization pressure, see equation (2.4)

Vaporization pressure, see equation (2.5)

Hydrodymic pressure, see equation (2.4)

radiation pressure, see equation (2.4)

Solidification rate, see equation (2.6)

Angle between welding speed and normal to the molten trace at one point, see
equation (2.6)

Carbon Equivalent Value, see equation (3.1)
Output power, see equation (3.2)

Output power, see equation (3.3)
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Imaginary part of the refractive index, see equation (2.1)
Penetration depth, see equation (3.2)

Fit parameters, see equation (3.2)

Average power density, see equation (3.3)

Focal point diameter, see equation (3.3)

Imaginary part of the refractive index, see equation (2.2)
Depth where absorption occurs, see equation (2.2)

Laser wavelength, see equation (2.2)

Temperature, see equation (2.3)

Workpiece temperature before welding, see equation (2.3)

Workpiece thermal conductivity, see equation (2.3)
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