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Abstract

Laser joining processes, such as brazing and welding, are a common application in in-

dustry, especially in the automotive industry. These processes are the key to lightweight

and efficient design with regard to the automotive industry. There, laser brazing is used

mainly for visible joints due to the superior paint adhesion and surface roughness of

brazed joints compared to welds. As laser brazing is applied in the automotive indus-

try without using any fluxes or shielding gas, this leads to a difficulty in maintaining and

ensuring the quality of brazed joints.

As the quality influencing parameters have not been thoroughly investigated so far,

studies of laser brazing are needed to identify and understand the parameters that

have an influence on the brazing result. Not only the influence on the brazing result is

important to understand, but also the way these parameters interact and are depen-

dent on each other.

Within this work, the parameters that have an influence on the brazing result are iden-

tified. They are subdivided into material characteristics, laser and process parameters.

Moreover, their interactions and dependencies are shown based on the investigations

made during the parameter studies. These parameter studies were carried out by us-

ing a Nd:YAG as well as a diode laser.

Furthermore, two key aspects are presented, which are important in order to obtain

good quality joints. The first key aspect is the understanding of the importance of the

correct wire positioning to the brazing process. The second aspect is the need for a

pre-heating phase prior to brazing as well as its successful implementation to achieve

a suitable operating temperature at the beginning of the brazing process. These key

aspects are demonstrated and verified within this work, which represent the novelty

of this thesis.

Keywords: Laser brazing, Nd:YAG, diode laser, pre-heating, wire positioning, laser pa-

rameters, process parameters
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4.1. Material properties of DC01 [Württemberger, 1987] . . . . . . . . . . . . . . 74

4.2. Physical properties of iron at 20
◦

C [Iffländer, 1990] . . . . . . . . . . . . . . . 75

4.3. Material properties of CuSi3 [Metall Svetsmaterial KB, 2008] . . . . . . . . . . 77

4.4. First tested parameter set for brazing . . . . . . . . . . . . . . . . . . . . . . . 82

4.5. Adapted parameter set for brazing . . . . . . . . . . . . . . . . . . . . . . . . 84

4.6. Initial experiments: Summary of appropriate parameters . . . . . . . . . . . 88

4.7. Appropriate parameter set for laser brazing . . . . . . . . . . . . . . . . . . . 89

4.8. Appropriate parameter set for Nd:YAG laser brazing . . . . . . . . . . . . . . 98

6.1. Parameters used for the ratios of feed speed experiments with shielding

gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6.2. Initial feed speeds tested with shielding gas . . . . . . . . . . . . . . . . . . . 128

6.3. Initial feed speeds tested without shielding gas . . . . . . . . . . . . . . . . . 135

6.4. Pre-heating: Tested delay times (WZL) and their correspondent delay

times (WZD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.5. Pre-heating: parameters used for laser brazing . . . . . . . . . . . . . . . . . 145

6.6. Parameters used for the heat input investigation . . . . . . . . . . . . . . . . 151

6.7. Heat input: results from the investigation of the polished micrograph sec-

tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155

6.8. Appropriate parameters for diode laser brazing . . . . . . . . . . . . . . . . 155

6.9. Measurement results from tensile testing of sample sets (A) to (C) . . . . . . 163

6.10.Appropriate parameters for diode laser brazing . . . . . . . . . . . . . . . . 168

A.1. Determined Nd:YAG laser beam characteristics via the Laserscope UFF 100201

xv



List of Tables

A.2. Powers used for verification of spot diameters estimation of the diode

laser at the focal position (F)=+5 mm . . . . . . . . . . . . . . . . . . . . . . 209

A.3. Measurement results for the laser spot diameters (dx) and (dy) at the focal

position (F) =+5 mm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 210

A.4. Measurement results for the laser spot diameters (dx) and (dy) at the focal

position (F) =+4 mm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212

A.5. Measurement results for the laser spot diameters (dx) and (dy) at the focal

position (F) =+6 mm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

A.6. Measurement results for the laser spot diameters (dx) and (dy) at the focal

position (F) =+7 mm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

A.7. Measurement results for the laser spot diameters (dx) and (dy) at the focal

position (F) =+10 mm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

B.1. Parameters of the brazing process for thermocouple verification at the

diode laser work station . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

B.2. Parameters used as IR camera SC640 setting for temperature measure-

ment setup verification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

B.3. Verification of temperature measurement setup: IR spot meter measure-

ment results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

B.4. Results from testing the encoder at a feed speed of 7 steps per second

for a duration of one minute . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

B.5. Results from testing the encoder at a feed speed of 2 steps per second

for a duration of one minute . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238

B.6. Results from testing the encoder at a feed speed of 3 steps per second

for a duration of one minute . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238

B.7. Results from testing the encoder at a feed speed of 4 steps per second

for a duration of one minute . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238

B.8. Results from testing the encoder at a feed speed of 5 steps per second

for a duration of one minute . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

B.9. Results from testing the encoder at a feed speed of 6 steps per second

for a duration of one minute . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

B.10.Results from testing the encoder at a feed speed of 8 steps per second

for a duration of one minute . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

B.11.Results from testing the encoder at a feed speed of 9 steps per second

for a duration of one minute . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239

xvi



List of Tables

B.12.Mean values of Rz mean for respective location . . . . . . . . . . . . . . . . 240

C.1. Measurement results of the respective diagonals from the indentation

and the correspondent Vickers hardness for P= 150 W . . . . . . . . . . . . 244

C.2. Measurement results of the respective diagonals from the indentation

and the correspondent Vickers hardness for P= 146 W . . . . . . . . . . . . 245

C.3. Measurement results of the respective diagonals from the indentation

and the correspondent Vickers hardness for P= 148 W . . . . . . . . . . . . 246

C.4. Measurement results of the respective diagonals from the indentation

and the correspondent Vickers hardness for P= 144 W . . . . . . . . . . . . 247

C.5. Measurement results from tensile testing of sample set (A) . . . . . . . . . . 248

C.6. Measurement results from tensile testing of sample set (B) . . . . . . . . . . 248

C.7. Measurement results from tensile testing of sample set (C) . . . . . . . . . . 249

xvii



Glossary of terms

Symbol Meaning Units

α Coefficient of linear expansion K−1

β Image scaling ratio

γH Adhesion energy J
m2

γL Liquid surface free energy J
m2

γSL Solid/ Liquid interfacial free energy J
m2

γS Solid surface free energy J
m2

κ Imaginary part of the refractive index / extinction coefficient

λ Wavelength m

ρ Density kg

m3

σel Electron conductivity A
V m

Θ Full-width far-field divergence rad

θ Contact angle
◦

θ Divergence rad

ε Emissivity

εT Thermal expansion strain

2A Spread diameter µm

A Absorption

Astrain Ultimate strain %

xviii



Glossary of terms

c Specific heat capacity J
gK

cp Specific heat capacity at constant pressure J
gK

cv Specific heat capacity at constant volume J
gK

D Alloy zone µm

d Spot size m

d0 Beam waist m

Dbase Diffusion zone in base material µm

Dbrazingwire Diffusion zone in brazing wire µm

dgap Gap width mm

dk Core diameter of fibre m

dVickers Arithmetic mean of the two diagonals of the indentation µm

dx0 / dy0 Beam waist in respective direction m

dx / dy Spot size in respective direction m

F Focal position m

fc Focal length of the collimating lens m

f f Focal length of the focussing lens m

h Height of the spherical cap µm

hc Ceiling m

Hm Enthalpy of fusion J
kg

I Intensity W
m2

K Heat conductivity W
mK

k Conductibility of temperature m2

s

l Length mm

m Mass of material kg

M2 Beam propagation factor

n Real part of the refractive index

P Peak power W

xix



Glossary of terms

Pabs Absorbed laser power W

Pav Average laser power W

pc Capillary filling pressure P

Q Amount of heat gained or lost by material J

Qm Heat of fusion J
g

Qv Heat of vaporisation J
g

R Radius of the spherical cap µm

R Reflectivity

r Radius m

Ra Average surface finish µm

Re Yield stress N
mm2

Rm Tensile strength N
mm2

Rz Average surface roughness µm

T Temperature K

T Transmittance

Tm Melting temperature, liquidus temperature K

tp pulse length ms

Tv Evaporating temperature
◦

C

v Feed speed of base material m
s

vb Feed speed of the brazing wire m
s

WZD Delay time ms

WZL Delay time ms

zR Rayleigh length m

~q Heat flow density W
m2

Constants / Material constants

αsteel Coeff. of linear expansion for steel at 25
◦

C 11 * 10−6 K−1

xx



Acronyms

ALO Adaptive Laser Optic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

BPNN Back Propagation Neural Network . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

BPP Beam Parameter Product . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

CNC Computerised Numerical Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

CO2 Carbon dioxide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

CuSi3 Copper Silicon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

cw Continuous Wave . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

DPSSL Diode Pumped Solid State Laser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

FPGA Field-Programmable Gate Array . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

FEM Finite Element Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

GA Genetic Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

GMR Giant Magneto-Resistance. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

HAZ Heat Affected Zone . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156

HB Brinell hardness. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .75

HPDL High Power Diode Laser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

HV Vickers Hardness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

LPSSL Lamp Pumped Solid State Laser. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .19

MIG Metal Inert Gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

MPI Message Passing Interphase . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

N2 Nitrogen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .128

Nd Neodymium . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

NDT Non-Destructive Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .34

Q-Switch Quality-switching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

SEM Scanning Electron Microscope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xi

SMD Surface Mounted Devices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

TE Transverse Electric . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

TM Transverse Magnetic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

xxi



Glossary of terms

UT Ultrasonic Testing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

VCSEL Vertical Cavity Surface Emitting Laser . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .11

YAG Yttrium - Aluminium - Garnet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .6

Zn Zinc . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

xxii



Chapter 1.

Introduction

1.1. Project motivation and research objective

Laser joining processes, such as brazing and welding, are a common application in in-

dustry, especially in the automotive industry. These processes can be seen as the key

to lightweight and efficient design [Graudenz and Heitmanek, 2012]. Focusing on the

process of laser brazing, it has a significant advantage compared to laser welding, as

it is capable of joining mating materials that could not be joined by laser welding [Ja-

cobson and Humpston, 2005]. Furthermore, laser brazing is used especially for visible

joints, as their surface condition is superior compared to the ones of laser welding with

regard to paint adhesion and surface roughness [Hornig, 2000].

Figure 1.1.: Laser brazing applied to a zero-gap roof joint of a car [Graudenz and Heitmanek,
2012]

1



Chapter 1. Introduction

Transferring this aspect to the automotive industry, it can be seen in Figure 1.1 that

laser brazing is applied to a zero-gap roof joint [Graudenz and Heitmanek, 2012]. Fur-

thermore, it is used for brazing a hatch car body shell [Hornig, 2000].

To ensure and maintain the quality of brazed joints is important. In automotive indus-

try, laser brazing is carried out without using any fluxes and shielding gas. This aspect

has a difficulty with regard to ensuring and maintaining the quality. Furthermore, the

parameters that have an influence on the brazing result have not been thoroughly

investigated so far. Research is still ongoing in order to ensure and maintain the quality

of brazed joints.

For this reason, studies of laser brazing are needed to understand the parameters that

have an influence on the brazing result and how they interact or are dependent on

each other.

Within this thesis, parameters are identified that have an influence on the brazing re-

sult. These parameters are subdivided into laser, process parameters as well as mate-

rial characteristics. Furthermore parameter studies are carried out with the common

laser types used for brazing in the automotive industry: Nd:YAG and diode [Graudenz

and Heitmanek, 2012].

The results of the parameter studies show the dependencies of parameters as well

as their respective interactions. Moreover, this research demonstrates the importance

of wire positioning as a key to good quality brazed joints. Another key aspect, pre-

sented in this thesis, is the successful implementation of a pre-heating phase prior to

the actual laser brazing process. Good quality brazed joints are achieved due to this

implementation of pre-heating.
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1.2. Thesis outline

1.2. Thesis outline

This thesis is subdivided into 9 chapters. In the following, a brief overview is given with

regard to the chapters and their respective content.

Chapter 1 comprises the research motivation as well as the research scope of this the-

sis.

Chapter 2 gives an introduction to the lasers used within this research (Nd:YAG, diode)

with regard to their working principle and their specific characteristics. Furthermore, it

is an introduction to laser material processing in general with a specific emphasis on

the laser joining process, laser brazing. Subsequently, an overview of the respective

quality control methods is presented and exemplified on a respective area of appli-

cation.

Chapter 3 identifies the parameters that have an influence on the brazing result. These

parameters are subdivided into laser, process parameters and material characteris-

tics. These parameters and their effect to the brazing result are described. Subse-

quently, quality measures are introduced for brazed joints as well as respective exami-

nation techniques.

Chapter 4 presents the experimental procedures and initial tests carried out. First, the

design and implementation of the laser brazing setup including the required measure-

ment equipment for temperature and wire feed are presented. Then the materials

and their preparation used throughout this research are introduced. This is followed

by the initial experiments carried out with the Nd:YAG laser. The observation made

during these experiments highlight the aspects that are further investigated within the

parameter studies. The two most significant aspects observed are pre-heating and

wire positioning, as they seem to be essential in order to obtain a good quality brazed

joint. Finally, a quality control system based on a laser triangulation sensor is presented

for the Nd:YAG laser that is capable of measuring possible deformation over the length

of the brazed joint.
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Chapter 5 investigates the aspects by using the Nd:YAG laser. These aspects were

identified during the initial experiments carried out, as they seem to have an influence

on the brazing result. Within these parameter studies, carried out with the Nd:YAG

laser, the aspects wire positioning itself as well as within the laser spot and the charac-

teristics of disappearing gap width and deformation are further investigated. Further-

more, the influence of the repetition rate (f) to the surface condition of brazed joints is

investigated.

Chapter 6 presents the parameter studies carried out with the diode laser. Within these

parameter studies, the aspect of wire positioning is also investigated, since the beam

profile of the diode laser differs from the Nd:YAG laser. As opinions deviate in litera-

ture with regard to the ratio of feed speeds for the same joint geometry, this aspect is

further investigated with and without using shielding gas with regard to the quality of

brazed joints. Furthermore, the successful implementation of a pre-heating phase is

demonstrated and their influence to the brazing result is presented. Subsequently, the

change in heat input to the brazing result is investigated. Moreover, quality investiga-

tions were carried out with regard to Vickers hardness, tensile testing and alloy zone

formation.

Chapter 7 discusses the results obtained in chapter 5 and 6.

Chapter 8 summarises the investigations and concludes the research carried out.

Chapter 9 contains suggestions for future work.
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Chapter 2.

Literature review

This chapter gives an overview of the state-of-the-art concerning the fields of this re-

search. First, the lasers, Nd:YAG and diode, are introduced with regard to their work-

ing principle and characteristics. As these types of laser are commonly for material

processing, especially for laser brazing, and therefore for this research. Subsequently,

both laser sources are compared with each other concerning their efficiency, design,

operational costs, beam characteristics and their areas of application.

Afterwards, the broader range of laser material processing is introduced. It is particu-

larly focussed on the laser processes: laser soldering and brazing, since laser brazing

is part of this research. These processes are defined and the conventional methods

for these joining processes and their applications are named. Subsequently, the ap-

plication areas of laser soldering and brazing are presented.

Quality control is of major concern in industry. Therefore several methods of qual-

ity control regarding the joining processes, especially laser brazing, are presented.

These methods are subdivided into destructive and non-destructive testing methods,

which are named and their area of application is explained. The explanations are

concentrated on the non-destructive testing methods.
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2.1. Lasers used for material processing

Several types of lasers exist that are used for material processing. For this research

Nd:YAG lasers and High Power Diode Laser (HPDL) are used and therefore the em-

phasis is on these laser types. In the following subsections their respective working

principles and characteristics are explained. Subsequently, both laser types are com-

pared with each other concerning their efficiency, design, operational costs, beam

characteristics as well as their areas of application.

2.1.1. Nd:YAG lasers

Within this section the working principle of Nd:YAG lasers, their different modes of op-

eration, types of construction as well as their beam characteristics are going to be

introduced and explained.

2.1.1.1. Working principle of Nd:YAG lasers

The Nd:YAG laser, which was first demonstrated by Geusic in 1964 [Geusic et al., 1964],

belongs to the group of solid state lasers, as its laser active medium is a crystalline sub-

strate. The substrate is the laser host doped with ions. This represents the actual laser

medium. In the case of the Nd:YAG laser, the gain medium is made of Yttrium - Alu-

minium - Garnet (YAG), which is doped with Neodymium (Nd) ions. This combination,

next to many others, has established itself for industrial laser applications.

As summarised by Poprawe the Nd:YAG medium is pumped optically, i.e. the exci-

tation of the Neodymium ions occurs due to absorption of optical radiation in the

energy bands. The emission of the typical wavelength of 1064 nm takes place, due

to the electronic transition of the Nd ions from the upper laser level to the lower laser

level [Poprawe, 2005].

2.1.1.2. Modes of operation

As outlined by Poprawe solid state lasers can be differentiated between their method

of optical excitation (lamps, diode laser) and the geometrics of the laser active medium

(rod, disk, slab, fibre) [Poprawe, 2005].

Furthermore, the mode of operation can either be Continuous Wave (cw) or pulsed.

For the latter mode of operation two opportunities exist as Poprawe outlines. The first

one is gain switching. There the optical pumping source is operated in pulsed mode.
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The resulting laser pulses then follow the characteristic of the pumping pulse and have

a pulse length from 50 µs up to 2000 µs with repetition rates of 4 kHz. The other opportu-

nity is Quality-switching (Q-Switch), where shorter pulses with pulse lengths from 10 ns

up to 500 ns with repetition rates of 100 kHz can be achieved [Poprawe, 2005].

2.1.1.3. Types of construction

As summarised by Poprawe one type of construction is a lamp pumped system, which

is shown in 2.1. There, rod - shaped Nd:YAG crystals are used that have a typical

diameter of 2 - 8 mm and are between 20 and 200 mm in length. The lamp(s) as well

as the crystal is arranged in such a way that each is in one focal point of an elliptical

shaped reflector. If more elliptical reflectors are used, e.g. two, then the crystal is

positioned at the overlapping focal point of both elliptical reflectors (Figure 2.1). The

lamps as well as the laser rod are placed into flow tubes for cooling, where deionised

water is used as a coolant (Figure 2.1) [Poprawe, 2005].

Figure 2.1.: Cross-section of the cavity of a lamp pumped laser rod [Poprawe, 2005]

The optical axis of this type of construction is perpendicular to the polished, circular

end facets (Figure 2.1). For this reason, such an arrangement is called transversally

pumped.

According to Poprawe lamp pumped systems are industrially available with output

powers from 50 W up to 800 W per laser rod which have a beam quality from M2 = 15

up to M2 = 150. Cascading the laser rods can achieve an efficient increase in output

power up to 4 kW with a beam quality of M2 = 70. For gain-switching, gas discharge

flash lamps are used. They have typical average powers from 20 W up to 500 W. The
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achievable pulse peak powers are in the range of 5 - 20 kW [Poprawe, 2005].

As summarised by Poprawe and Koechner gas discharge lamps have a very wide

spectrum compared to the small absorption line of the Nd:YAG laser at 808 nm. There-

fore, the pump efficiency of those gas discharge lamps is marginal. To avoid this dis-

advantage, AlGaAs diode lasers can be used as the pump source, due to the fact

that their wavelength can be matched with the absorption line of the Nd:YAG crystal.

In addition, they have the advantage of better optical formability and adaptation to

the geometry of the crystal. For this reason, the achievable electrical - optical effi-

ciencies range from 10 % to 25 %. Longitudinal and transversal pump adjustments are

realised for rod - shaped Nd:YAG crystals (Figure 2.2) [Poprawe, 2005, Koechner, 1988].

Figure 2.2.: a) Longitudinal pumped laser rod; b) Transversal pumped laser rod [Poprawe, 2005]

At the longitudinal pumping, the laser rod is pumped through a polished circular sur-

face behind a dichroic mirror (Figure 2.2 a). Such an approach enables fundamental

mode laser (M2= 1) with up to 20 W output power. Transversal diode pumped Nd:YAG

lasers (Figure 2.2 b) that operate in cw mode are commercially available up to 6 kW

through cascading of laser rods. Such systems have less heat loss and therefore, the

thermal lens has significantly fewer aberrations, which results in a beam quality that is

twice as good (M2= 35) compared to identical lamp pumped systems. By operating

these transversal diode pumped Nd:YAG laser systems in Q-switch mode, pulse peak

powers of 10 MW with pulse repetition rates of 100 kHz can be reached according to

Poprawe and Koechner [Poprawe, 2005, Koechner, 1988].
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For further improvement of the beam quality of diode pumped lasers, three other con-

cepts exist with different geometries of the laser active medium. These concepts aim

for an improved cooling and consequently reduced aberrations and higher applica-

ble pumping power densities. These concepts are called InnoSlab

[Du et al., 20. / 21. September 2007], Disk [Speiser, 2008] and Fibre laser [Speiser, 2008,

Koester and Snitzer, 1964, Stone and Burrus, 1974, Melles Griot, 2005, Samson et al.,

2008].

According to Poprawe and Koechner all systems mentioned above are available from

10 W up to several kilowatts with beam qualities of M2 = 1 to M2 < 35 depending on

output power and concept (Figure 2.3) [Poprawe, 2005, Koechner, 1988].

More information regarding these concepts mentioned above can be found in re-

spective literature stated above, which is offered in the references of this work.

Figure 2.3.: Comparison of concepts: InnoSlab, Disk, Fibre and laser rod laser [Poprawe, 2005]

2.1.1.4. Characteristics of Nd:YAG lasers

For characterising propagation of radiation, especially laser radiation, the Gaussian

beam is used, which is a solution of the paraxial approximated Helmholtz - equation.

The Helmholtz - equation represents the time - independent form of the wave equa-

tion, derived by applying the technique of separation of variables, in order to reduce
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the complexity of analysis according to Bahaa and McQuarrie [Bahaa E. A. et al.,

1991, McQuarrie, 2003]. Siegman states that the usage of the Gaussian beam is ap-

proximately valid for angles of beam less than 30
◦

[Siegman, 1986]. For this reason, it

can be used for Nd:YAG lasers due to having a divergence of less than 30
◦

.

As summarised by Meschede and Hecht it is determined by its transversal and longitu-

dinal profile, which is characterized by the Gaussian distribution and the latter by the

Lorentz - profile [Meschede, 2005, Hecht, 2005].For further information on this subject,

please refer to the literature which can be found in the references of this work.

2.1.2. Diode lasers

In this section the working principle, the development over the decades, its character-

istics as well as construction principles of High Power Diode Laser (HPDL) is explained.

2.1.2.1. Working principle of diode lasers and their evolution

As summarised by Eichler, materials used for the production of diode lasers are based

on semiconductors of group III-V compounds. By combining different semiconductor

materials a small junction (p-n junction) develops. To achieve the necessary popula-

tion inversion for stimulated emission, the p-n junctions are forward-biased. In doing so,

electron transitions from the valency to the conduction band of doped semiconduc-

tors take place. When electrons of the conduction band recombine with the holes of

the valency band a spontaneous and stimulated emission occurs. The emitted wave-

length depends on the valence-conduction band gap. The condition for the emission

of laser radiation is fulfilled, if the losses of photons, due to absorption and emission

out of the active zone, are less than the increase of photons due to stimulated emis-

sion. In order to achieve this, a proper resonator is needed, which is formed by the

two opposite facets of the semiconductor itself [Eichler and Eichler, 1998] - forming a

Fabry-Perot lasing cavity [Lin, 2000], for amplification. Furthermore, as another condi-

tion for laser emission, the current source has to inject sufficient charge carriers into the

p - n junction. This necessary current is called the threshold current.

In 1962, the first diode laser consisting of the semiconductor gallium arsenide (GaAs)

with a homogeneous structure was demonstrated by Nathan et al.

[Nathan et al., 1962, Holonyak and Bevacqua, 1962]. Such developed diode lasers

could only be operated in pulsed mode at room temperature due to their homoge-

neous structure. Hall et al. realised an operation of diode lasers in cw mode by cooling
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them down to low temperatures (77 K) [Hall et al., 1962].

In 1970, diodes with hetero structures were developed. They consist of a multilay-

ered body of different semiconductor materials. Transferring this knowledge into ac-

tion for diode lasers, the threshold current density was significantly reduced for laser

mode and for this reason a cw-mode at room temperature was realised by Hayashi et

al. [Hayashi et al., 1970, Doeldisson, 1999].

This invention was the precondition for the technical application of diode lasers and

at the same time the starting point for a fast development in the field of diode lasers.

Wide wavelength spectra were realised against the used semiconductor material from

400 nm (GaN; GaInN) up to 30 µm (lead salts laser). As summarised by Eichler and

Doeldisson different kinds of structural shapes were realised such as edge emitting

laser diodes (Dual hetero diode) or surface emitting diode lasers that are called Verti-

cal Cavity Surface Emitting Lasers (VCSELs) [Eichler and Eichler, 1998, Doeldisson, 1999].

This resulted in many areas of application for diode lasers with low output power, par-

ticularly in the field of telecommunication engineering and consumer goods industry

(CD - player). Explaining the different structural shapes of diode lasers as well as their

working principles, which were developed over the past 40 years, was renounced due

to not extending this work. For more detailed information about this subject, please

use the following literature [Eichler and Eichler, 1998, Winstel and Weyrich, 1981, Cheo,

1989, Koechner, 1988, Hiller, 1990, Schneider, 1988, Haag, 2000] which can be found

in the references of this work.

The application of diode lasers in material processing started at the end of 1970s with

the development of arrays of diodes, which permitted output powers in the range

of Watts. These have wavelengths between 800 nm and 940 nm and that makes

them suitable for the pumping of solid state lasers, since the different laser crystals

have an absorption maximum within this wavelength range. The first experiments with

diode pumped solid state lasers were published in the 1960sas summarised by Schnei-

der [Schneider, 1988].

In the aftermath, the output power of those diode arrays was increased significantly

and many research activities were carried out in the 1980s. But direct applications

of High Power Diode Laser (HPDL)s in material processing were not reported until the

beginning of the 1990s as outlined by Krause et al. [Krause and Treusch, 1992, Krause

et al., 1992, Toenshoff et al., 1993].
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2.1.2.2. Characteristics of diode lasers

One of the characteristics of a diode laser is the linear dependence of the output

power on the driving current above the lasing threshold. Due to power loss, the diode

laser self-heats which results in a change of the temperature dependent diode laser

parameters as summarised by Poprawe [Poprawe, 2005]. One of these parameters is

the emitted wavelength. Furthermore, it is dependent on the band gap energy, the

cavity length and the refractive index of the semiconductor material used. For this

reason, it is material, temperature and driving current dependent. The wavelength of

a diode laser can be tuned via temperature control (up to 0.4 nm /
◦

C) [Melles Griot,

1996]. Wavelength changes can also occur by varying the laser power via the driving

current. For instance, the wavelength typically changes 0.025 nm / mA for AlGaAs

lasers [Melles Griot, 1996].

Another characteristic is the large beam divergence due to diffraction of the emitted

radiation at the narrow p-n junction region (typically 1 - 3 µm). The half angle of the

beam divergence can be up to 45
◦

perpendicular to the p-n junction (fast axis) [Das,

1991] and 2.5 - 6 times less parallel to the p-n junction (slow axis) [Haag et al., 1997]

due to the non-circular cross section of the active zone.

For this reason, the emitted radiation is very asymmetrical. This results in astigmatism,

i.e. the radiation in the two perpendicular directions does not come from one waist

location [Lin, 2000].

This asymmetry also leads to an unequal beam quality of the axis, since the slow axis

is very multimodal compared to the fast axis [Dueckminor and Frede, 2006]. The fast

axis has a maximum beam quality of M2 = 1 due to the small height of the active

zone, whereas the slow axis only achieves a poor beam quality, compared to the

fast axis, of M2 = 20 - 30. As outlined by Poprawe, this is due to the large width of the

active zone (typically 100 - 200 µm) in relation to the emitted wavelength and non-

linear effects within the diode laser itself [Poprawe, 2005]. Furthermore, it needs to

be mentioned that the emitted beam of a diode laser is linearly polarised, either

Transverse Electric (TE), i.e. the electric field polarisation vector is parallel to the x-

axis (plane of the diode junction), or Transverse Magnetic (TM), which means that the

electric field vector is perpendicular to the x - axis (plane of the diode junction) and

the magnetic field vector is parallel to it [Apter, 2005].

Due to the missing conversion from electrical to optical pumping power compared

to solid state lasers, diode lasers achieve higher electrical - optical efficiency of about

12
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< 50 % as summarised by Poprawe [Poprawe, 2005].

2.1.2.3. High power diode laser systems

The achievable output power of a single emitting diode laser is limited due to the dam-

age threshold of the end - facets forming the resonator. Depending on the material,

the damage threshold can be up to 18 MW / cm2 [Erbert, 14./15. September 2000].

The output power can be increased through optimal cooling, e.g. microchannel cool-

ers [Beach and et. al., 1992, Krause and et. al., 1994, Goodson et al., 1997], and

widening of the emitting surface of the active zone. However, Poprawe outlines that

only a maximum of a few Watts of output power can be reached. Therefore, the

output power of a single diode laser is in general not sufficient for a reasonable use

in laser material processing. For this reason, between 10 and 60 single emitters (laser

diodes) are arranged in a line on a common substrate with a little gap between each

of them. Such an arrangement is called 1D - diode array (diode bar). Its dimensions

are typically 140 µm thick (single emitter), about 1 mm deep and 10 mm wide (Fig-

ure 2.4) [Poprawe, 2005]. An important factor concerning diode bars is the fill factor.

Figure 2.4.: Schematic diagram of a diode bar (adapted from [Poprawe, 2005])

13
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It corresponds to the percentage of the bar that is covered by emitters and equals

the width of one emitter divided by the center-to-center spacing between emitters.

For instance, a typical bar might have 19 emitters, each 150 µm wide with a center-to-

center spacing of 500 µm. These dimensions result in a fill factor of 30 %. Depending on

the cooling mechanism, output powers of up to 40 W cw (conduction cooled) with

a fill factor of 30 % [Apter, 2005, Osram Opto Semiconductors GmbH, 2007] as well as

water - cooled versions with output powers of 100 W accw with a fill factor of 80 % are

commercially available [Apter, 2005].

The emitted beam of a laser diode bar is the result of the incoherent interference

of the multiple beamlets of all single emitters. This results in a significant decrease in

beam quality as well as in a very asymmetric beam profile [Loosen et al., 1997].

Although the beamlet of a single emitter is almost diffraction-limited, the beam qual-

ity parallel to the emitter line decreases as the laser power increases, i. e. the Beam

Parameter Product (BPP) increases to the n-times value of a single emitter (n: Number

of single emitters). Hence, both axis of the beam have a very different beam qual-

ity, where the fast axis has a beam quality of M2 = 1 and the slow axis one of M2 >

1,000 [Loosen et al., 1997]. A typical beam profile of a laser diode bar is shown in

Figure 2.5. The slow axis (right, Figure 2.5) has a similar profile as a top - hat due to

the lateral expansion of the emitter line and the interference of the beamlets of the

single emitters, whereas the fast axis (left, Figure 2.5) has a Gaussian profile. These

Figure 2.5.: Typical beam profile of a laser diode bar: in direction of fast axis (left) and slow axis
(right) [Poprawe, 2005]
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beam characteristics require a special collimation. For direct application a fast axis

collimation is required, especially to prevent a decrease in beam quality for material

processing. This can be realized via optical elements, such as a micro cylindrical lens,

with a very small focal length. The optical properties of the fast axis collimation have a

huge influence on the achievable beam quality and therefore of the possible beam

waist [Loosen et al., 1995]. The positioning accuracy of the used optical elements is

also very important as research studies show [Haag, 2000, Loosen et al., 1997].

After fast axis collimation, the divergence of the laser diode bar is reduced to 5 -

10 mrad [Dorsch et al.]. The propagation along the slow axis is not influenced. How-

ever, in most applications an almost rotation - symmetric beam is required. For this

special beam shaping optics are needed, such as a stairs - mirror [Poprawe, 2005].

The beam characteristics of laser diode bars are not only influenced by the dimen-

sions of the single emitters, but also by the production process. Due to the production

process the near field of the emitters is non-linear, the so-called ”smile” - effect. This

effect occurs as a result of a mismatch of thermal expansions coefficients of the used

materials within production, which leads to a curvature in the laser diode bar , e.g.

a convex or concave curvature (”smile” or ”cry” respectively) [Jingwei Wang et al.,

2009].

Jingwei Wang et al. showed that the ”smile” - effect can be reduced for GaAs based

laser bars if different materials for die bonding are used e.g. gold - tin alloy instead of

Indium, since the mismatch of the thermal expansion coefficients is less compared to

Indium - GaAs. Due to exchanging the mentioned materials for this packaging pro-

cess they showed that the smile can be reduced from < 1 µm to less than 0.2 µm [Jing-

wei Wang et al., 2009].

Furthermore, they demonstrated that the smile can be reduced by increasing the

thickness of the sub-mount heatsink as well as by using different materials for the pick-

up tools that are used within the die bonding process, e.g. using tungsten instead of

stainless steel [Jingwei Wang et al., 2009].

Except for the single emitter, the laser diode bar is the basic module for high power

diode lasers used in material processing. In the following section, different technical

realisations for a further increase in output power are introduced.
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Technical realisations for increasing output power of HPDLs

Stacking

Several diode bars that are each mounted onto a heat sink are densely arranged ei-

ther next to or on top of each other. As outlined by Poprawe, such an arrangement

is called diode laser stack. Typically stacks consist of up to 15 diode laser bars, but

as a matter of principle larger quantities can be utilised. Thus, the output power is

scaled to the number of diode laser bars in a stack. By doing so, the beam qual-

ity decreases with the increase of output power due to enlargement of the emitting

surface [Poprawe, 2005].

Polarisation coupling

Due to the fact that the emitted diode laser bar / stack radiation is linearly polarised,

it can be interfered with the emitted radiation of another diode laser bar / stack via a

polarisation beam splitter, as summarised by Poprawe. By doing so, the emitted output

power is almost doubled without any loss in beam quality [Poprawe, 2005].

Wavelength coupling

Wavelengths of different diode laser bars / stacks can be interfered with each other

via wavelength selective mirrors or similar methods. Technically an interference of four

wavelengths can be realised. Therefore, the emitted output power can almost be

quadrupled without any loss in beam quality, as outlined by Poprawe

[Poprawe, 2005]. It has to be mentioned that power losses as well as reduction of

the beam quality occur at the technical realisation of the polarisation or wavelength

coupling due to additional optical components. For this reason, the given factors

should be regarded as theoretical limiting values [Poprawe, 2005].

With the techniques described above, high power diode laser systems have been

realised.

2.1.3. Comparison of Nd:YAG with high power diode lasers

Within this section Nd:YAG lasers are compared to the high power diode lasers re-

garding design, efficiency, operational costs, beam characteristics and its areas of

application.
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2.1.3.1. Design, efficiency and operational costs

When comparing the designs of both lasers with each other, it is obvious that an HPDL

unit with cooling is much more compact than an Nd:YAG laser unit. Due to this, it is

possible to have portable HPDLs.

Furthermore, lamp pumped Nd:YAG lasers have high losses in electrical to optical

conversion. This is caused by the wide spectral range emitted by the lamps and the

small absorption line of the Nd:YAG crystal (see section 2.1.1.3) [Poprawe, 2005]. For

this reason, the efficiency of lamp pumped Nd:YAG lasers is very low (about 1 - 5 %).

Even if they are diode pumped, only a small increase in efficiency can be realised of

about 8 - 12 %. However, efficiency is almost doubled compared to the lamp pumped

ones. Nevertheless, HPDLs have higher electrical to optical conversion efficiency than

Nd:YAG lasers due to the missing losses caused by optical pumping. Therefore, HPDLs

can reach efficiencies from 20 % up to 50 % [Lin, 2000, WEKA FACHMEDIEN GmbH,

2009].

Another factor that has to be regarded is the maintenance intervals of both units and

therefore their service life. Lamp pumped Nd:YAG lasers have to be maintained every

few hundred hours (approx. 800 h) due to replacing lamps, whereas diode pumped

Nd:YAG lasers as well as HPDLs can be described as almost maintenance free, be-

cause of their long service life of about 10,000 h. The service life is very much depen-

dent on degradation in conjunction with output power and thermal loss with respect

to temperature, i.e. the respective output power has an influence on the amount of

thermal loss of HPDLs, which in turn influences the temperature and the degradation

is again dependent on temperature [Lin, 2000, WEKA FACHMEDIEN GmbH, 2009].

Regarding all the factors mentioned above, it is obvious that the operational costs of

HPDLs are less than those of the Nd:YAG lasers in respect of electrical to optical effi-

ciency [Haag, 2000].

HPDLs are commercially available with output powers of up to 10 kW cw [Laserline

GmbH, 2009] and lamp pumped Nd:YAG lasers with output powers of up to 4.4 kW

cw [TRUMPF GmbH + Co. KG (Holding), 2009].

2.1.3.2. Beam characteristics

The beam of an Nd:YAG laser can be described as a Gaussian beam, because of

having a divergence less than 30
◦

(see section 2.1.1.4). Its Beam Parameter Prod-

uct (BPP) of a lamp pump system ranges from 0.3 up to 30 mm∗mrad compared to
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one of a HPDL that has a range of 3 - 1,000 mm∗mrad (Figure 2.3). The BPP quantifies

the beam quality of the emitted radiation and is a measure for the focusability of a

beam, i.e. how well it can be focussed to one spot [Haag, 2000].

For this reason, it is obvious that the focusability of Nd:YAG lasers is a lot better than

that of HPDLs, which results in a higher achievable intensity on material and a signifi-

cantly higher working distance for Nd:YAG lasers [Haag, 2000].

Furthermore, research has been done in the field of improving the beam quality of

HPDLs, for instance with different structures of diode bars such as tapered ones [DILAS

Diodenlaser GmbH and Osram Opto Semiconductors GmbH & Co, 2005] or by using

an off - axis external cavity [Zhouping et al., 2007].

Although, the beam profile of Nd:YAG lasers can be described as a Gaussian beam

due to the less divergence, their profile does not exactly comply with the one of a

Gaussian beam as the M2 - values show. The M2 value, which is called the beam prop-

agation factor, is also a measure for beam quality. It is defined as the ratio of the BPP of

an actual beam to the one of an ideal Gaussian beam at the same wavelength [DIN

EN ISO 11146-1, 2005-04], i.e. an ideal Gaussian beam has a value of M2 = 1. Nd:YAG

lasers have M2 values in the range of 15 - 150 compared to the ones of HPDLs from >

1,000 (in direction of the slow axis) up to 1 (in direction of the fast axis). Therefore, the

beam profile of HPDLs can also be described as a Gaussian beam due to M2 = 1 along

the latter mentioned axis. However, the beam profile corresponds to a top hat in the

direction of the slow axis (see section 2.1.2.3).

Regarding all mentioned beam characteristics, it can be stated that the beam quality

of Nd:YAG lasers is better than that of HPDLs. Furthermore, the ability of Q-switching

is another characteristic that needs to be mentioned. Hence, Nd:YAG lasers can be

Q-switched compared to HPDLs which cannot [Lin, 2000].
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2.1.3.3. Application areas of Nd:YAG and high power diode lasers in material

processing

At first, an insight should be taken into the laser market concerning market share and

sales revenues of different laser types in order to get an impression of the main areas

of application regarding Nd:YAG lasers as well as HPDLs.

The market share of lasers used in material processing in respect to overall revenues

corresponded to 29 % in 2008 (Figure 2.6a). Although, the market share of diode lasers

(Figure 2.6b) was 58 % in 2008 compared to Solid state lasers

(Diode Pumped Solid State Laser (DPSSL), Lamp Pumped Solid State Laser (LPSSL)) that

had a market share of 6 % and 9 % respectively, the main area of application of HPDLs

can be seen in optical storage and telecommunication as sales figures show (Fig-

ure 2.6a) [Overton and Anderson, 2009].

(a) Laser applications segmented into overall

percentage of revenues in 2008

(b) Laser technologies segmented into overall percentage

of revenues in 2008

Figure 2.6.: a) Laser applications as well as b) laser technologies are segmented into the overall
percentage of revenues in 2008 [Overton and Anderson, 2009]

Although, the worldwide sales of diode lasers in the market of material processing are

significantly low (Figure 2.7a) compared to the worldwide sales of non-diode lasers,

which also include the Nd:YAG lasers (Figure 2.7b), HPDLs are trying to enter the mar-

ket [Steele and Strategies unlimited, 2007, Kincade and Anderson, 2008].
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The limiting factor for the usage of HPDLs in material processing is their beam char-

acteristics, such as focusability. However, important characteristics for material pro-

cessing are the achievable power density as well as the output power, since the

power density determines the interaction between laser beam and material, e.g.

keyhole welding > 106 W/cm 2, and the heated volume is dependent on the output

power [Huegel, 1992]. Figure 2.8 shows the established application areas in material

(a) Worldwide diode lasers sales by application

in 2006 - 2007

(b) Worldwide non-diode lasers sales by application

in 2007 - 2008

Figure 2.7.: a) Worldwide diode laser sales by application in 2006 - 2007 [Steele and Strategies
unlimited, 2007] as well as b) worldwide non-diode laser sales by application in 2007
- 2008 [Kincade and Anderson, 2008]

processing depending on BPP and laser power. The BPP can be used as an indication

of the focusability of a laser beam and therefore, it is a measure for the achievable

power density. Furthermore, the limit of HPDLs (in 2000) regarding power and power

density is shown in Figure 2.8. In this respect, HPDLs are used for applications such as

soldering, hardening, welding and brazing.

One of the earliest reported applications of HPDLs in material processing was sol-

dering [Polijanczuk and Whitehead, 18.04.1991]. For instance, surface mount solder-

ing has often been achieved by means of 10 W - 25 W air - cooled HPDL fibre guided

beams [Loosen et al., 1997, Gilbert, 1995]. Those HPDLs within this power range are

more compact and more reliable than other lasers, such as Nd:YAG lasers. In addi-

tion, the radiation of HPDLs can be better absorbed to a certain extent by the mate-
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Figure 2.8.: Parameter fields for laser material processing in 2000) [Bachmann, 2003]

rials used compared to Carbon dioxide (CO2) and Nd:YAG lasers, due to their shorter

wavelength.

Furthermore, the usage of HPDLs in surface treatments, with required power densities

of 103 - 105 W/cm2, is of interest due to the characteristic line - shaped spot and higher

absorption in metals. For this, they have advantages concerning process efficiency

compared to other laser types. For instance, the homogenous power distribution has a

positive effect on work geometry for hardening, remelting and coating [Schuermann

et al., 1999]. For example, HPDLs are used for hardening of controller shafts fabricated

from 100Cr6 steel, with an output power of 300 W and a flat - top rectangular beam.

For this application, good uniformity of the hardened depth was found [Haag et al.,

1997]. For instance, transformation hardening of tool steels by means of a 1.5 kW diode

laser having a Gaussian beam profile in one direction and a rectangular one in the

other direction was demonstrated. There, it was shown that the HPDL achieved better

results in hardness and wider track width due to increased absorption as a result of the

shorter wavelength compared to a 2 kW Nd:YAG laser with a Gaussian beam [Schnei-

der, 1988].

Another application area is welding that can be subdivided into conduction, polymer

and deep penetration welding. Most welding applications are limited to conduction

welding due to the achievable power density. For instance, conduction welding was
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demonstrated for welding of thermocouple wires by using a fibre - coupled beam of

an HPDL [Triantafyllidis et al., 1999]. The results showed a superior weld quality concern-

ing bead and porosity compared to the existing plasma arc - welded thermocouples.

The same work was carried out with an Nd:YAG laser that resulted in a marginally worse

weld compared to the HPDL [Lin, 2000]. Another application of conduction welding

is, the welding of tailored blanks [Bonss, 14 / 15. October 1999]. Reasons for this ap-

plication area are the features of HPDLs, such as the quiet weld pool as a result of a

time - constant beam characteristic [Brandner et al., 1999], no plasma and the lack of

the circulation effect due to the absent capillary tube. These features lead to a very

smooth weld bead.

Furthermore, HPDLs require less edge preparation than CO2 or Nd:YAG lasers and gaps

up to a few tenths of an mm can definitely be bridged. Polymer and plastics welding

was reported by Haensch et al. [Haensch et al., 16-19.11.1998]. A much greater beam

transmission was found for the HPDL (5 % - 75 %), although absorption of polymer at the

near IR is similar to that at the far IR spectrum (10 % - 15 %). To vary the beam absorptiv-

ity various pigments were used. In this work, it was found that green - coloured polymer

has the highest absorption coefficient (70 %) followed by red, blue, natural and yellow

coloured ones. The absorption length can be reduced to 0.1 mm. A special feature

of such an arrangement is that the surface absorption can lead to deep penetration

because of the high transmission or absorption length of the HPDLs. These techniques

are applied to welding of e.g. car seat belt holders and sun glasses [Lin, 2000].

Deep penetration welding, as it can be seen in Figure 2.8, could not be carried out

via HPDLs due to their low power density. However, proof of this concept was given by

e.g. Bliedtner et al. [Bliedtner et al., 2000], who reported successful keyhole welding

of stainless steels that were up to 3.9 mm thick at a welding rate of 1,000 mm/min. This

was done with a 2.5 kW Jenoptik diode laser delivered with 1.5 mm optical fibre that

gave a power density of 2.6 · 105 W/cm2 on the workpiece. To prevent the weld plume

from damaging the processing head that was 34 mm away from the surface of the

workpiece, a cross gas jet was used.

HPDLs with sufficient power density and low BPP of about 22 mm∗mrad were

launched from LIMO [Naumer et al., 2007]. Furthermore, Trumpf developed a high-

brightness fibre-coupled diode module that delivers 100 W at a numerical aperture

of less than 0.12 from a fibre with a diameter of 100 µm. Due to the small diameter

of the fibre, multiple fibres can be close-packed together to produce an increased

power output, which can then be coupled into a delivery fibre. For instance, 19 mod-
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ules can be coupled together reaching an output power of 1,900 W with a BPP of

25 mm∗mrad [Wallace, 2009].

These developed concepts can open the market of deep penetration welding and

marking for HPDLs due to the significantly reduced BPP at sufficient output power. In

future, non-diode lasers such as Nd:YAG lasers might have to give way to HPDLs in

these areas of application. However, the required BPP depending on output power

for processes such as cutting of metals has not been reached so far.

For brazing, Nd:YAG lasers are still the conventionally ones used, although, as exper-

iments show, HPDLs obtain the same results as Nd:YAG lasers. For instance, brazing

of Zinc (Zn) - coated steel (0.9 mm) with Copper Silicon (CuSi3) brazing wire (1 mm in

diameter) led to very smooth seams. For this, a HPDL with an output power of 2.5 kW

was used and the brazing speed was 2 - 4 m/min [Bachmann, 2003]. The material used

within the mentioned example is typical for the automotive industry, which is one of

the main application areas of brazing [Ribolla et al., 2005].
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2.2. Laser material processing

Nowadays lasers are commonly used in material processing. They are implemented

in many processes such as forming, joining, machining and surface engineering. Fig-

ure 2.9 gives an overview about the processing of materials with lasers.

Figure 2.9.: Classification of laser material processing [Dutta Majumdar and Manna, 2003]

In the following, it is focused on the joining process especially soldering and brazing.

Both of these joining methods are introduced, defined and transferred to laser solder-

ing and brazing and its areas of applications within the next subsections.

2.2.1. Soldering and brazing

The joining technology of soldering has been known for thousands of years. In 4000

B.C. jewellery was made by soldering gold and silver. Also weapons, chain mail as

well as household articles, from Roman times were found at excavations, which were

soldered [Zaremba, 1988]. In the 19th century soldering lost its alchemical character

due to metallurgical research [Wuich, 1972]. Since this time soldering techniques have

been permanently enhanced.
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2.2.1.1. Definition of soldering and brazing

Soldering is defined as processing a coalescence of materials by heating them to

a suitable temperature and by using a filler metal that has a liquidus temperature

which is below or equal to 450
◦

C. Furthermore, the solidus temperature of the base

materials used is not allowed to be reached. Brazing is similar to soldering except

for the temperature range used. A process is defined as brazing, if the temperature

exceeds 450
◦

C [Jacobson and Humpston, 2005, Brandner, 2003].

During the process of soldering / brazing diffusion takes place, i.e. atoms of the solder

diffuse into the base material to achieve a positive joint. This area of diffusion is called

diffusion zone [Fritz and Schulze, 2006].

In contrast to soldering / brazing, welding is defined as melting both materials to form

a weld pool, where both materials are mixed. After cooling, an inter-metallic phase

forms, which is the positive joint [Britannica, 2009].
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2.2.1.2. Conventional methods

Soldering and brazing are differentiated in several types regarding the heat source

used. In the following, the main conventional methods are introduced [Jacobson and

Humpston, 2005, Manko, 2001, DIN ISO 857-2, 2007-3].

Soldering:

• Soldering via solid body

– Hand soldering with soldering
irons, e.g. assembly of elec-
tronic circuit boards

• Soldering via fluids

– Dipping solder bath, e.g. as-
sembly of electronic circuit
boards

• Soldering via gas

– Flame soldering, e.g. plumbing

• Soldering via radiation

– Infrared soldering, e.g. electron-
ics

• Soldering via electrical current

– Resistance soldering, e.g. as-
sembly of electronic circuit
boards

• Furnace soldering

– Furnace soldering, e.g. semi-
conductor device joining

Brazing:

• Brazing via fluids

– Salt bath brazing, e.g. joining of
aluminium parts [Dip Braze Inc.,
2009]

• Flame brazing

– Flame brazing, e.g. plumbing
(joining of pipes)

• Electric arc brazing

– Electric arc brazing, e.g.
joining of metallic compo-
nents [Svarkainfo, 2009]

• Brazing via radiation

– Laser brazing, e.g. automotive
industry

• Brazing via electrical current

– Induction brazing, e.g. joining
of metallic or ceramic materi-
als [TWI Ltd., 2009]

The methods of soldering and brazing via radiation are introduced in more detail in

the subsequent section. For radiation, the laser beam is used. Therefore, the methods

are called laser soldering and laser brazing respectively.

2.2.2. Laser soldering and brazing

In the following different areas of application concerning laser soldering and brazing

and its advantages are introduced.
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2.2.2.1. Laser Soldering

New requirements evolve on joining technologies due to the fast developing miniatur-

isation of components in electronics with regard to the increasing packing density on

e.g. circuit boards as well as the incremental complexity.

For instance, electronic or semiconductor components become more and more pow-

erful and effective and the number of connections / ports increases, whereas the

size of these connections / ports decreases as well as the pitches between each of

them [Klein Wassink, 1991]. But, conventional mass - soldering methods such as vapour

phase soldering are constrained to pitches not smaller than 400 µm [Verguld, 1992].

Therefore, these methods cannot fulfil the new requirements, since pitches decrease

and the danger of solder - bridging increases in the same manner.

For this reason, smaller pitches can only be realised via selective soldering operations

such as hot bar or laser soldering. Although, hot bar soldering is mainly used in elec-

tronic manufacture, the productivity is relatively low, the range of solderable compo-

nent types is limited and an even heating of the hot bar cannot be guaranteed [Nor-

walk, CT : Reed Exhibition Companies, 1997, Lish, 1986]. Hence, laser soldering is an

alternative, where pitches down to 50 µm can be soldered [Krause and Treusch, 1992].

The advantages of using a laser as a contact - free tool evolve out of its special char-

acteristics. Since it is precise and results in locally narrow energy input with a good ca-

pability of automation, several advantages accrue [Semerad et al., 1993, Alavi et al.,

1990]:

• Individual adjustment of the heat input to the specific requirements of soldering

tasks

• Soldering of temperature - sensitive components and connections is possible

close to plastic components, due to the locally narrow heat input at the sol-

dering point

• Opportunity of soldering pressure - sensitive components, since the laser does

not strain the components mechanically

• Formation of brittle inter - metallic phases is inhibited due to the quick soldering

time in conjunction with its high cooling rates. For this reason, a fine - grained

structure develops, which can be highly loaded.
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• The soldering process results in low stress joints due to the low thermal load of the

components and the whole printed board [Verguld, 1992, Lish, 1986].

In spite of these advantages mentioned above, laser soldering did not really enter in-

dustrial manufacture, except for niche applications, where the technological advan-

tages of laser soldering pander to its usage, e.g. temperature - sensitive components.

Reasons for this behaviour can be found in the high investment costs and low produc-

tivity due to the sequential method.

However, the usage of laser soldering is indicated due to advancing miniaturisation of

components as well as the introduction of 3D - printed boards in industrial manufac-

ture [Krause and Treusch, 1992].

The main area of application for laser soldering is the joining of Surface Mounted De-

vices (SMD) on printed board manufacture. The disadvantages of laser soldering also

account for this application. Therefore, several approaches are considered for simul-

taneous soldering to increase productivity such as the division of one laser beam from

one source into four beamlets by means of a beam splitter [Dorn et al., 1992].

2.2.2.2. Laser brazing

The advantage of the locally narrow energy input mentioned above is also used for

brazing of precision parts [Witherell, 1981]. In such a case, brazing is preferred instead

of welding to join those parts due to the low working temperature. Conventional meth-

ods cannot keep up with laser brazing, because of several disadvantages such as

overheating, strong distortion, degradation and destruction of the join parts. There,

the danger exists of destroying the join partners due to the relatively long process time

of the solder. For this reason, laser brazing is a promising alternative [Witherell, 1981].

Laser brazing is also used in optical industry e.g. for the realisation of specific creative-

visual criteria such as joining a hinge from glasses consisting of copper alloy with an

earpiece out of alpaca [Klein and Abram, 1996]. This method is also applied to the

manufacture of premium frames as well as laser welding, due to the advantages com-

pared to conventional methods [Dorn et al., 1998]. However, in this area of application

laser brazing competes against laser welding.

In the 1990s, the development concerning joining large - scale metal sheets was ad-

vanced due to a problem in the automotive industry. There, the problem was the

production tolerances of metal sheets in bodywork that partly result in large gaps. If

these joints were located in the car body shell or were designed as reparation sites,

28



2.2. Laser material processing

they were predominantly joined via manual hand - flame brazing. Therefore, the qual-

ity of the brazed joint was strongly dependent on the qualification of the worker. This

circumstance in conjunction with an undefined condition of joint, due to a lack of

joint preparation, led to variations in quality of brazed joints and thermal damages of

the component, which resulted in an extensive and cost intensive reworking [Geiger

et al., 1994].

In this respect, automation of the brazing process produces constant and high quality

results by application of a laser as first investigations with a CO2 laser show [Haferkamp

et al., 1993]. The biggest potential of this method can be seen with the reduction of re-

working [Geiger et al., 1994]. The basics of laser brazing were acquired through many

researches [VDI Technologiezentrum Physikalische Technologien, 1996]. Several mate-

rials ranging from non - alloyed, high - alloyed or galvanised steels as well as lightweight

construction material as titanium and aluminium alloys can be joined via laser braz-

ing. Formation of brittle inter - metallic phases is diminished due to the quicker brazing

times compared to the conventional methods. Researches for spatial work show that

laser brazing is possible in every forced position (overhead, perpendicular, tray posi-

tion) with an appropriate process control [Hanebuth, 1996].

3D-brazing was demonstrated with an industrial robot and an Nd:YAG laser for car C-

pillar [Keitel and Orlick, 1996]. Nd:YAG lasers are predominantly used as a laser source,

since they have advantages compared to CO2 lasers such as a more flexible beam

guidance due to glass fibres, which can easily be implemented into production fa-

cilities, and better absorption in metals. The laser beam is adjusted according to the

requirements of the geometry of the joint and its gap. It must be considered that

the heating of the joint partner is attuned to the wetting behaviour of the solder via

a defined temperature-profile without excessive thermal stressing of the component.

Optimal adjusting of the temperature-profile to each joint geometry can be reached,

if two laser sources are used [Geiger et al., 1994]. A temperature control is used to

prevent brazing failures as partial melting of base material, overheating of the solder

and wetting failures, respectively. This matters especially in the 3D-work of defined

contours [Hanebuth, 1996].

Based on basic researches, many automobile manufacturers investigated laser braz-

ing of car body components. The first transfer into serial production was realised by

Audi AG with the manufacture of the Audi TT Coupe. There, the side panel frame

is brazed externally on the side with the C-pillar. Volkswagen AG uses brazing, for in-

stance, on the hatch of a VW Bora [Larsson, 1999]. Researches at BMW verified brazing
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of a hatch car body shell that was based on basic researches concerning brazing of

galvanised steels [Hornig, 2000]. There, very good brazing results were obtained with

excellent paint adhesion. Furthermore, it was shown that HPDLs obtain comparable

results as Nd:YAG lasers [Bachmann, 2003].

For this reason, there is a huge potential for the application of HPDLs for brazing in au-

tomotive industry, in addition to their advantages concerning e.g. costs and service

life.

Riedelsberger, from the Scansonic IPT GmbH, summarises the advantages of laser braz-

ing for the automotive industry as follows [Riedelsberger, 30th October 2006]:

• Saving costs in the long run

• Smoother car design

• Elimination of distortion due to low heat input

• No additional sealing

• High productive

• Higher car body stiffness.

Koltsov et al. defined a specific methodology to reproduce the conditions of laser

brazing and to understand the CuSi3 wetting behaviour on different zinc coated and

bare steel sheets. For this they used the dispensed-drop technique in a vertical fur-

nace with Argon atmosphere at normal pressure. The controlled melting of the braz-

ing wire is realised by induction melting and the spreading behaviour of the droplets

onto steel is acquired by a CCD camera. Experiments showed that a limited drop

spreading onto bare steel occurs that can be related to the partial surface deoxi-

dation when the brazing wire reacts with the steel, since bare steel has a thin oxide

layer [Koltsov et al., 2010]. This finding amongst others is transferred to the actual laser

brazing process. There, Koltsov et al. names three main parameters that have an in-

fluence on the quality of brazed joints, which are the laser power, the feed speed of

the base material and the feed speed of the brazing wire. According to Koltsov et al.

the robustness of the laser brazing process can be evaluated by defining a processing

range as shown in Figure 2.10 [Koltsov et al., 2010].
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Figure 2.10.: Laser brazing processing range of bare steel, electro-galvanised (EG) steel with
a zinc coating thickness of 8 µm and hot-dip-galvanised steel with a zinc coating
thickness of 8 µm; brazing wire is preheated by Jules effect at an electric current
of 110 A [Koltsov et al., 2010]

The narrow process window of bare steel (see Figure 2.10) is related to the presence

of the oxide layer mentioned above. This oxide layer can only be partially removed

during laser brazing operation, since the contact time of the molten brazing wire to

the bare steel is too short. The process windows of the zinc coated steels are broader

as the zinc coating suppresses oxide layers [Koltsov et al., 2010].

Furthermore, the initial temperature of the brazing wire has an influence on the spread-

ing kinetics and interfacial reactivity. If the initial temperature of the brazing wire is

decreased it leads to a decrease in spreading rate. Therefore the brazing energy

(brazing temperature) has an influence on the width of the process window [Koltsov

et al., 2010]. Unfortunately, no information was presented regarding exact material

type used or if the process windows presented in Figure 2.10 account for every joint

geometry. Based on the figures presented in his work, only flanged seams were con-

sidered as joint geometry (see Figure 1.1) [Koltsov et al., 2010].

Li et al. demonstrated for laser brazing that the shape of the laser beam has an influ-

ence on the joint interface formation [LI et al., 2008]. For their experiments they used

zinc coated steel as base material, CuSi3 as brazing wire and a 3 kW CO2 slab laser.

The influence of Gaussian, dual-spot and rectangular beam shapes were investigated

on the joint interface formation. Results showed that no obvious intermetallic com-

pound layer at the joint interface was formed using a Gaussian beam. The interface

formation occurred using the other two beam shapes. Li et al. conclude based on
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their findings that the interface reaction in galvanized steel sheets can be controlled

by selection of the laser beam shape with its respective power density distribution [LI

et al., 2008].

Heitmanek et al. presented an approach to increase process stability and joint qual-

ity of laser brazing by using the dynamic beam shaping system LASSY from Fraunhofer

IWS, which is based on scanning mirror optics [Heitmanek et al., 2014]. They used

one dimensional scanning in feed direction to change the spot geometry from circu-

lar to elliptical. As materials they used zinc coated steel as base material and CuSi3

as brazing wire. Experiments showed that the usage of beam scanning leads to a

higher connection width of flanged seams compared to the static laser brazing pro-

cess without dynamic beam shaping, if laser power, feed speed of base material and

feed speed of brazing wire are kept constant [Heitmanek et al., 2014]. This can be rea-

soned by the better pre-heating and therefore better wetting behaviour of the brazing

wire with regard to the elliptical spot geometry. Furthermore, they demonstrated that

the scanning frequency has a positive influence on the quality of the brazed joint. For

instance, they observed, if the scanning frequency is above 100 Hz, the laser brazing

process is stable and homogeneous, since the wetting frequency of the melt pool fol-

lows the frequency of LASSY. This leads to a better and smoother surface condition of

the brazed joints [Heitmanek et al., 2014].

Kai et al. investigated the influence of the feed speed of the brazing wire to the quality

of brazed overlap joints [Kai et al., 2015]. They used zinc coated steel as base mate-

rial and CuSi3 as brazing wire for their studies laser. Experiments showed that the feed

speed of the brazing wire influences the thickness of the interface layer of the joint;

increasing the feed speed of brazing wire results in an increase in thickness of the in-

terface layer of the joint. Furthermore, intermetallic compounds are formed, which

are able to reinforce the joint as tensile tests indicate [Kai et al., 2015].

Rong et al. demonstrated an approach to optimise laser brazing process parameters

with regard to joint geometry by using the Back Propagation Neural Network (BPNN)

methodology in combination with Genetic Algorithm (GA) [Rong et al., 2015]. This ap-

proach was verified by respective laser brazing experiments of flanged joints. Results

showed that the average prediction error is below 15 % of the BPNN combined with

GA methodology. For this reason, the presented approach is valid tool for optimising

the process parameters for brazing flanged joints [Rong et al., 2015].

The research, presented above, have in common that they identify the laser power,

the feed speed of base material and brazing wire as the important quality influenc-
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ing parameters of the brazing process [LI et al., 2008, Heitmanek et al., 2014, Kai et al.,

2015, Rong et al., 2015]. Opinions deviate, regarding the ratio of feed speed of brazing

wire to feed speed of base material for the same joint geometry, as Table 2.1 show [LI

et al., 2008, Heitmanek et al., 2014, Kai et al., 2015, Rong et al., 2015]. This could be

reasoned by lack of information with regard to parameter set applied for researches

concerning e.g. focal position, beam shape, gap and shielding gas.

Table 2.1.: Overview of both feed speeds used for laser brazing in researches, where (P)is the
laser power, (v) is the feed speed of base material and (vb)is the feed speed of the
brazing wire

P v vb
vb

v
joint geometry Reference

(kW) ( m
min

) ( m
min

)

3 0.96 - 1.70 0.96 - 1.70 1 flanged seam [LI et al., 2008]

3.00 - 3.80 3.00 3.20 1.07 flanged seam [Heitmanek et al., 2014]

3.20 0.8 - 1.6 2.6 - 3.4 2.13 - 3.25 flanged seam [Rong et al., 2015]

3.50 0.4 1.7 - 2.3 4.25 - 5.75 overlap joint [Kai et al., 2015]

Furthermore, further literature research was carried out with regard to laser brazing of

butt joints and quality issues of brazed joints, e.g. gap disappearance and deforma-

tion, albeit not found.

2.3. Quality control of joining processes

In this section, quality and process control are focussed on joining processes, espe-

cially regarding the brazing process.

The brazing process is dependent on an optimal adjustment of the process param-

eters. If this is not obtained, failures can occur such as pore formation, cracking of

brazed joints, bad wetting behaviour, rough surfaces of brazed joints and danger of

corrosion [Hornig, 2006]. Therefore, a continuous process and / or quality control is nec-

essary to ensure good quality and minimisation of possible rework.

For instance, BMW reported the following about the application of a laser brazing pro-

cess control. This process control, called Message Passing Interphase (MPI), controls

the heat input, where the brazing speed is the command variable and dependent on

its value laser power and feed speed of the wire are set [Hornig, 2006].

Quality control can be separated into destructive and non-destructive quality control.
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Destructive quality control is carried out amongst others in industrial production, e.g.

the automotive industry. There, random samples from production are taken and inves-

tigated regarding micro-structure, tensile strength and toughness. For this, standard-

ized test methods exist to gain the needed information.

For example, polished micrograph sections of brazed joints are produced to investi-

gate the microstructure, possible cracks (weak adhesion) / pores, possible grain size

changes due to heat input, thickness of diffusion zone and wetting behaviour.

Tensile testing of brazed joints is used to determine yield, ultimate and breaking strength

of the joint [Gedney, 2005]. From these results, the Young’s modulus can be deter-

mined, which is a measure for the elasticity of the joint [metalinfo, 2009].

To determine the toughness of brazed joints, impact testing is executed [Higgins, 1983,

S. 45f].

Receiving all information from these test methods, a good measure for the quality of

brazed joints is achieved. However, these destructive test methods are only carried

out on random samples in production. For this, they are a measure for the general

quality of brazed joints, but failures during the production can still occur and might

remain undiscovered.

For this reason, non-destructive quality control, so-called Non-Destructive Testing (NDT),

gains more and more importance due to the opportunity of implementing this in the

production with least amount of disturbance of the production process concerning

required time and reduced production of scrap.

The non-destructive quality control can be subdivided into online and offline control,

where offline means that the control is carried out after the process and online directly

during the process. In the following, several non-destructive testing methods are intro-

duced as well as their applications, which are used for the investigation of joints.

For instance, camera based methods in conjunction with image processing are used

in offline mode for the investigation of brazed and welded joints regarding flaws such

as pores [Muessigmann et al., 2003]. However, Fraunhofer ILT [Dahmen and Kaierle,

2006] demonstrated the in process quality control, process monitoring respectively, of

welded joints with a camera based system and its limitations.

Furthermore, Fraunhofer ILT [Mann, 2001] developed a model based predictive pro-

cess control for laser deep penetration welding, since one criterion of welded seams is

the penetration depth that is dependent on laser power and welding speed. For this,

laser power was used as the actuating variable, whereas penetration depth should

be the controlled process variable. However, penetration depth cannot normally be
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measured. Therefore, plasma emission is used instead, since plasma emission and

penetration depth are proportional to each other over a wide range. This developed

process control for joining 3D components via laser welding with changing welding

speeds was successfully tested.

Another technique of non-destructive testing is thermography. In general, a source

heats the sample and if subsurface defects are within it, a temperature contrast will

occur at the surface. This approach is called active and is used for investigation of ma-

terials. For this testing method, optical, mechanical, electromagnetic or other sources

can be used. Optical energy is normally delivered externally, i.e. heat is produced at

the surface of the sample and then travels through it to the subsurface anomaly (de-

fect) and back to the surface. Mechanical energy can be considered as an internal

way of stimulation, since heat is generated at the defect interface and then travels

to the surface. In electromagnetic excitation, Eddy currents are externally induced

to the material (electro-conductor), and heat is produced internally from the circula-

tion of these currents in the material [Ibarra-Castanedo et al., 2006]. In general, two

approaches are used to carry out active thermography: either in reflection mode,

i.e. excitation (source) and data acquisition are on the same side or in transmission

mode, i.e. excitation and data acquisition are on opposite sides [Ibarra-Castanedo

et al., 2008].

Chaudhuri et. al. [Chaudhuri et al., 2006], for instance, demonstrated the investigation

of brazed joints between cooling tube and a heat sink via IR - thermography. There,

it was determined that defects cause a slower temperature response on the surface

during transient [Chaudhuri et al., 2006].

Ultrasonic Testing (UT) is also a very common method for the inspection of materials

and joints concerning flaws. By now, this NDT method is over 55 years old. So far, the

basis of flaw evaluation with UT is the processing of the A - scan, i.e. echo amplitude

as a function of distance, which is still a very common evaluation procedure and de-

scribed by many national and international standards. Typically, such A - scans are

performed by trained personnel that have to interpret the obtained results. Therefore,

flaw or volume imaging, which already exists in medical sector, are good enhance-

ments to the obtained results, since the test results of the sample or at least parts of it

are visualised and can be understood by non-trained personnel too. However, these

techniques require more sophisticated hard and software, which is now available,

even in portable and battery operated instruments. One example for the imaging

ultrasonic testing is phased array technology [Berke, 2006].
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Berke, for instance, [Berke, 2006] compared the conventional standard technique,

i.e. a single emitter probe, with the phased array probe for the inspection of a weld.

Results showed that the phased array inspection is faster, allows direct flaw imaging

and has an increased probability of detection due to variable focussing and steering

compared to the conventional technique. On the one hand, to mention a few disad-

vantages, phased array testing requires a higher surface quality than the conventional

one, since the contact area is larger and unevenness impedes phasing. Furthermore,

the investment costs of the phased array testing are higher and additional software

for further data processing might be needed. On the other hand, the main advan-

tage of phased array testing is the imaging including possible detected flaws in real

time [Berke, 2006].

Furthermore, Rivas et. al. [Rivas et al., 2005] reported the development and testing

of an automated spot weld inspection in the automotive industry. Motivation for this

project was the circumstance that spot welds are manually tested by trained per-

sonnel, which investigate random samples during production. However, not all spot

welds can be investigated without having a huge and non-realistic time delay of the

production process. Therefore, a system was developed that can automatically inves-

tigate and classify at least 70 % of the spot welds made during the actual fabrication

process in a fabrication cell with little time delay. As a next step, it is planned to imple-

ment this developed system into real production for field testing. X-raying also found

its application within the NDT of joints [Rivas et al., 2005].

For instance, Hans Waelischmiller GmbH [Simon et al., 2006] developed an advanced

computer tomography system for the investigation of large aluminium car bodies and

its different joints, which was tested in cooperation with Audi AG. This developed sys-

tem can scan parts from 3 mm up to 5000 mm with a resolution of up to 3 µm. It is

capable of inspecting joints produced via Metal Inert Gas (MIG)-welding, laser weld-

ing, riveting and gluing even within complex structures of investigated parts [Simon

et al., 2006].

An NDT method, mainly used for inspection of pipes [Vacher et al., 2006], metal sheets

[Murner and Hansen, 25-28 Oct] as well as of rivet joints of aircraft components [Yashan

et al., 2006] regarding flaws and cracks, is the eddy - current based method with Gi-

ant Magneto-Resistance (GMR) probes. Furthermore, a newly developed probe using

the eddy current principle was introduced by Deltatest, which is able to detect flaws

within austenitic weld seams of pipes [Heutling, 2008].

Another application of non - destructive testing is commercially available from the
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company Vitronic. One of their products is, amongst others, a 3D soldering seam in-

spection system using a 500 Hz light - section sensor. This system automatically checks

the existence of the seam, its length and width regarding e.g. seam interruptions

and position relative to visible component edges. It can be directly implemented

within production without any time delay in the actual process time. If any failures

are detected, they are automatically marked via red chalk, so that it can be quickly

optimised by personnel [Vitronic, 2008a]. Another product of Vitronic is a system that

recognises faults and inspects electronic - beam welded seams in automotive body-

work using a 2000 Hz light - stripe sensor. It investigates welds concerning existence,

cracks, shape and length, and it is adjusted in such a way, including the robots of the

production cell, so that it is able to detect failures > 1 mm [Vitronic, 2008b].

Scansonic IPT GmbH developed the Adaptive Laser Optic (ALO) which is capable of

seam tracking. This is done by using the brazing wire as a tactile sensor as well as

a server motor for the y-direction and a spring load for the z-direction. Furthermore,

the ALO has an integrated auto focus system and it can operate within tolerances of

±10 mm in y and ±5 mm in z-direction. Due to the design of the ALO a very precise

seam tracking has been realised, which can even handle small radii and it is not sur-

face dependent as optical sensors [Riedelsberger, 30th October 2006].

Ungers et al. demonstrated an approach for controlling the laser power and the

feed speed of the brazing wire according to the measured brazing velocity in real-

time [Ungers et al., 2013]. For this, they modified the Adaptive Laser Optic (ALO) men-

tioned above in cooperation with the company Scansonic IPT GmbH by coaxially

implementing a CMOS camera into the existing ALO3. The measurement of the ac-

tual brazing velocity is realised via image processing by using the Field-Programmable

Gate Array (FPGA) technology with respective algorithms [Ungers et al., 2013].

Furthermore, Lui et.al. introduced an approach for real-time monitoring of the laser

hot-wire welding process. They monitored the welding process with the aid of a

spectrometer. This spectrometer captured the emission spectrum of the laser-induced

plasma plume. There, it was found that the plasma plume gets instable due to spat-

tering, if a voltage above 9 V is applied to the wire. Furthermore they investigated

the correlation between the electron temperature and the weld-bead shape. During

welding, the molten pool was visualised by using a high-speed charge-coupled de-

vice (CCD) camera assisted by a green laser as an illumination source. They found out

that the electron temperature of the plasma plume can be used for real-time moni-

toring with regard to variations of the weld-bead features as well as the formation of
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weld defects [Liu et al., 2014].

2.4. Summary

Within this chapter an introduction is given to the lasers used for these parameter stud-

ies: Nd:YAG and diode with regard to their working principle and their respective char-

acteristics.

The joining processes soldering and brazing are defined and distinguished. The braz-

ing process is defined as processing a coalescence of materials by heating them to a

suitable temperature and by using a filler metal that has a liquidus temperature which

is higher than 450
◦

C. Furthermore, the solidus temperature of the base materials used

is not allowed to be reached.

The research presented in the field of laser brazing indicate that maintaining and con-

trolling the quality of laser brazing is of great interest and therefore investigated. They

identify the laser power, the feed speed of base material and brazing wire as the

important quality influencing parameters of the brazing process. However, opinions,

found in literature, deviate with regard to the ratio between feed speed of brazing

wire and feed speed of base material for the same joint geometry.

Literature research was carried out with regard to laser brazing of butt joints and qual-

ity issues of brazed joints, e.g. gap disappearance and deformation, albeit not found.

Quality control is an important issue, therefore an overview is presented with significant

emphasis on joining processes and non-destructive testing.
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Quality influencing parameters

As it was shown in the literature review (see chapter 2), literature agrees upon that

laser power, the feed speed of base material and brazing wire are the important

quality influencing parameters of the brazing process.

This chapter presents and describes the parameters that influence the brazing result

with regard to quality. These parameters are subdivided into laser and process pa-

rameters as well as material characteristics.

To measure the quality of a brazed joint, measures and examination techniques are

needed. For this reason, quality measures for brazed joints are introduced as well as

respective examination techniques presented, which are used for this research.
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3.1. Influencing parameters

The influencing parameters, which may affect the quality of brazed joints, can be

subdivided into laser, process parameters as well as material characteristics. Figure 3.1

presents an overview of these influencing parameters.

Figure 3.1.: Overview of influencing parameters: material characteristics, laser and process
parameters

From Figure 3.1 it can be seen that the selection of the materials determine the op-

erating temperature range for laser brazing due to its definition (see section 2.2.1.1

and 4.2.1.1 respectively). The absorption behaviour of these materials varies depend-

ing on the wavelength and therefore the laser type used. Furthermore, the surface

condition of the materials used can have an influence on the brazing result, as sum-

marised by Poprawe [Poprawe, 2005].

The laser parameters in Figure 3.1 consider both laser modes Continuous Wave (cw)

and pulsed. For the latter mode the average laser power (Pav) is determined by the

peak power (P), repetition rate (f) and the pulse length (tp), as it can be seen in Fig-

ure 3.1 in contrast to the cw mode that only has the average laser power (Pav). In

addition to the average laser power, the focal position and the wavelength of the

laser have an influence on the brazing result. The influence of the latter mentioned
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corresponds to the wavelength dependent absorption behaviour of the selected ma-

terials [Prokhorov et al., 1990].

As presented in Figure 3.1, three process parameters are considered, which also have

an influence on the brazing result. On the one hand there are the feed speeds of the

base material and of the brazing wire (see section 2.2.2.2) and on the other hand the

pre-heating, which is done prior to the actual brazing process. This pre-heating phase

is determined by the two delay times (WZD) and (WZL).

The material characteristics surface condition and physical properties, the laser and

process parameters mentioned above are described in the following subsections.

3.1.1. Laser parameters

3.1.1.1. Influencing parameters of the Nd:YAG laser HL204P

For laser brazing the pulsed HL204P, Nd:YAG laser, is used. The technical data of this

laser is shown in Table 3.1.

Table 3.1.: Technical data of the HL204P Nd:YAG laser

HL204P Unit

Wavelength of laser beam 1064 nm

Average Power by 10 ms pulse duration 190 W

Min. pulse power 300 W

Max. pulse power 7000 W

Pulse duration by reduced pulse power 0,3...20 ms

Pulse duration by max. pulse power 0,3...10 ms

Max. pulse energy 75 J

Max. pulse sequence frequency 600 Hz

Beam parameter product (BPP) 16 mm * mrad

In the following the laser parameters considered for the parameter studies are intro-

duced.
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3.1.1.1.1. Laser beam power

The Nd:YAG laser used is a pulsed laser. Therefore, two parameters regarding the laser

beam power have to be differentiated: average laser power (Pav) and peak power

(P). The average laser power is dependent on the repetition rate (f), the pulse length

(tp) and the peak power (P) used. The relation is as follows:

Pav = P ∗ f ∗ tp (3.1)

The peak power indicates the maximum power per pulse.

The heat input into the brazing wire as well as the base material can be influenced

by the average laser power. Therefore, a high average laser power causes a large

heat input, which corresponds to high rise in temperature within the materials and

vice versa. The peak power of the HL204P Nd:YAG laser can be varied between 300 W

- 7000 W per pulse (see Table 3.1).

Since the selected peak power as well as average laser power corresponds to a cer-

tain heat input and therefore temperature, it should be regarded that the solidus tem-

perature of base material is not reached for laser brazing (see section 2.2.1.1).

3.1.1.1.2. Pulse length (tp)

The duration of a laser pulse corresponds to the pulse length, which determines the

average beam power emitted by the laser, in this case delivered to the surfaces of

brazing wire and base material. Increasing the pulse length corresponds to an in-

crease of the average beam power if the other parameters are kept constant. The

pulse length of the Nd:YAG laser can be varied from 0.3 ms - 20 ms (see Table 3.1).

3.1.1.1.3. Repetition rate (f)

This parameter determines how many times a defined laser pulse is repeated. There-

fore, it is the frequency of how often the laser beam is emitted per second. For this

reason, it has also an effect on the heat input into the materials.

Furthermore, the repetition rate is dependent on the laser beam power and the pulse
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length. If these two parameters are given the repetition rate can only be varied to

some extend due to the capacity of the laser. For the beam powers and pulse lengths

used, the repetition rate is limited from 10 Hz - 70 Hz, although the technical data of the

Nd:YAG laser states that the repetition rate can be set up to 600 Hz. But this is only valid

for a low beam power such as 300 W (see Table 3.1).

3.1.1.1.4. Focal Position (F)

The focal position (F) determines the size of the laser spot, i.e. if the focus of the laser

beam is on the surface of the base material the focal position is zero and the laser spot

has its minimum diameter, the so-called beam waist (d0). By relatively moving the fo-

cus either above or beyond the surface of the base material, indicated as ”+” and ”-”

respectively, the so-called defocusing, the spot size (d) changes accordingly [Hecht,

2005]. The focal position corresponds to the displacement of the beam waist with re-

gard to the surface of the base material. To obtain a sufficient laser spot size for laser

brazing, the laser beam has to be defocused, so that the brazing wire as well as part

of the base material is covered by the spot.

A reasonable spot size (d) can be determined for laser brazing by using the character-

istics of a Gaussian beam (see section 2.1.1.4). To calculate the spot size (d), the beam

waist (d0) and the Rayleigh length ((zR) have to be determined first, as the following

equation shows [Steen, 1998]:

d(F) = d0 ·

√

1 +

(

F

zR

)2

(3.2)

With: d(F): Spot size (beam diameter) on the surface of the base material at a focal position F

d0: Beam waist

F: Focal position with regard to the surface of the base material

zR: Rayleigh length

Beam waist (d0)

For calculation of the beam waist (d0) the optical system within the laser head needs

to be considered (Figure 3.2). Therefore, the image scaling ratio (β) has to be deter-

mined.
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It is defined as

β =
f f

fc

(3.3)

With: f f : Focal length of the focussing lens

fc: Focal length of the collimating lens (collimator)

The focal lengths of the implemented focussing lens and collimator are f f = 150 mm

and fc = 200 mm (Figure 3.2). Due to this, an image scaling ratio of

β =
150mm

200mm
= 0.75 (3.4)

is determined.

Figure 3.2.: Optical system (collimator) of the used laser head

Since the laser beam is fibre guided to the laser head, the diameter (dk) in Figure 3.2

corresponds to the core diameter of the fibre, which is dk = 0.400 mm. To actually

calculate the beam waist (d0) behind the optical system, the following equation is

used.

d0 = dk · β (3.5)

⇒ d0 = 0.400mm · 0.75

⇒ d0 = 0.300mm

With: β: Image scaling ratio

dk : Core diameter of the fibre
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The beam waist (d0) has a diameter of 0.300 mm.

Rayleigh length (zR)

The Rayleigh length (zR) is defined as the displacement between the beam waist (d0)

and the point where the cross-sectional area of the beam doubles compared to the

cross-sectional area of the beam waist [Steen, 1998]. To calculate the Rayleigh length

(zR), the following equation is used [Steen, 1998]:

zR =
d0

2
θ
2

(3.6)

With: d0: Beam waist

θ: Divergence

As defined in equation (3.6), the divergence (θ) has to be determined first, since this

value is not given (see Table 3.1). To calculate the divergence, the Beam Parameter

Product (BPP) can be used (see Table 3.1), as it is constant for a laser beam [Struve,

2001, RP Photonics Consulting GmbH, 2008].

BPP =
θ

4
· d0 (3.7)

By using equation (3.7), the divergence (θ) is 0.106̄6 rad. The divergence is transformed

into degrees for further calculation: 0.1066 rad corresponds to 6.11
◦

. After calculating

the divergence (θ), the Rayleigh length (zR) can be determined by using the equa-

tion (3.6). The Rayleigh length (zR)corresponds to 1.401 mm .

Spot size (d)

To obtain a appropriate spot size (d) for laser brazing, an initial focal position (F) of +10 mm

above the base material is considered. Then the spot size corresponds to by using

equation (3.2):

d(10) = 0.300mm ·

√

1 +

(

10mm

1.401mm

)2

= 2.162mm

d(10) = 2.162mm

These theoretically determined values were verified by using the laser the beam pro-

filer Laserscope UFF 100 from Prometec GmbH. The whole verification approach in-

cluding results and discussion can be found in Appendix A.1.
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3.1.1.2. Influencing parameters of the diode laser LDL 40-150

The diode laser used, an LDL 40-150 from Laserline GmbH is a Continuous Wave (cw) di-

rect diode laser with a maximum output power of 150 W and a wavelength of 808 nm.

As mentioned in subsection 2.1.2.2, the output power of the diode laser is linearly de-

pendent on the driving current above the lasing threshold. The correspondent dia-

gram for this laser can be found in Appendix A.3.

The diode laser used has a rectangular laser spot which results from the dimensions

of the active zone of a single emitter and its correspondent collimation (see subsec-

tion 2.1.2.2). The rectangular laser spot means that the beam widths (dx) and (dy) are

not equal [Laserline GmbH, 2003].

The spot diagram of the diode laser for the focussing lens with a focal length of 100 mm

is provided within the manual, which is shown in Figure 3.3. The approximated beam

parameter products for the slow (x) and the fast axis (y-direction) were provided by

Laserline GmbH, which are as follows:

• BPPx = 60 mm*mrad

• BPPy = 40 mm*mrad
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Figure 3.3.: Spot diagram of the diode laser LDL 40-150 for the focussing lens with a focal length
of 100 mm [Laserline GmbH, 2003]

3.1.1.2.1. Laser beam power (P)

The diode laser is a (cw) direct laser. The laser beam power influences the heat input

into the brazing wire as well as the base material.

Therefore, a high beam power causes a large heat input, which corresponds to high

rise in temperature within the materials and vice versa. The beam power of the diode
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laser LDL 40 -150 can be varied up to 150 W.

For the selection of laser beam power for laser brazing, it has to be regarded that

the beam power corresponds to a certain heat input and therefore temperature in-

crease, which should be lower than the solidus temperature of the base material (see

section 2.2.1.1).

3.1.1.2.2. Focal Position (F)

As described in section 3.1.1.1, the focal position (F) determines the size of the laser

spot, as (F) corresponds to the displacement of the beam waist (d0) with regard to the

surface of the base material.

To obtain a suitable spot size for laser brazing, the laser beam has to be defocused, so

that the brazing wire as well as part of the base material is covered by the spot.

Since the LDL 40-150 has a simple astigmatic beam (see verification in Appendix A.4),

the following equation can be used to determine the spot sizes for both directions by

just interchanging (x) with (y) [Neubert and Scharfe, 2007]:

dx(F) = dx0

√

1 +
(M2

x )
2

d4
x0

16λ2

π2
F2. (3.8)

With: dx(F):Spot size (beam diameter) on the surface of the base material at a focal position F

dx0: Beam waist

M2
x : Beam propagation factor

λ: Wavelength

To actually calculate the spot sizes (dx) and (dy) respectively, the beam propagation

factor M2 has to be determined first for each direction. The beam propagation factor

M2
x is defined as follows [Neubert and Scharfe, 2007]:

M2
x =

BPPx · π

λ
, (3.9)

Inserting the respective given BPPs (see above) and the wavelength into equation (3.9),

results in beam propagation factors of M2
y = 155.524 and M2

x = 233.287.

Inserting the respective beam propagation factor in equation (3.8) the diameters of

a +5 mm defocused laser spot (dx) and (dy) can be calculated with the given beam
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3.1. Influencing parameters

waists (dx0) and (dy0) (width (x) and width (y) in Figure 3.3):

dx(5) = 0.5042mm

√

1 +
(233.287)2

0.5042mm4

16(0.808∗10−3mm)2

π2
52

dx(5) = 2.43mm

dy(5) = 0.2177mm

√

1 +
(155.524)2

0.2177mm4

16(0.808∗10−3mm)2

π2
52

dy(5) = 3.68mm

A photo-sensitive paper1 is used to verify the theoretical determined spot sizes (dx(F))

and (dy(F)) respectively. The verification approach including the results can be found

in Appendix A.5.

3.1.2. Process parameters

3.1.2.1. Feed speed of base material (v)

The feed speed of base material determines the duration of the process, because

it states how fast the axes of the work station are moved. Therefore, this parameter

influences the heat input into the materials and hence the temperature rise in them.

3.1.2.2. Feed speed of brazing wire (vb)

This parameter determines the amount of brazing wire that is brought to the brazing

process. A slow feed speed causes less brazing wire being melted during brazing

process, which results in a low quality joint. Whereas a high feed speed causes a lot of

brazing wire to be melted, which also can result in a joint with less quality, due to too

much absorption of the heat input by the wire, so that the base material is not enough

heated to get a qualitatively good brazed joint.

3.1.2.3. Pre-heating

Pre-heating means that an actual pre-heating time is introduced before the actual

laser brazing process starts. It is needed, because the base material has to be heated

appropriately, so that the brazing wire can wet properly onto the surface of the base

1The photo-sensitive paper used has been exposed to global irradiation, i.e. daylight, before
usage
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material due to sufficient operating temperature directly at the start of the brazing

process. This pre-heating time is defined by two delay times (WZD) and (WZL), which

are explained in the following subsections.

3.1.2.3.1. Delay time (WZD)

The delay time (WZD) introduces a delay between starting the temperature measure-

ment, which is started when the incident laser radiation exceeds the threshold tem-

perature, and starting the wire feed. This delay time is used to influence the heat input

into the base material, so that it gets sufficiently heated before the wire feed starts to

obtain a proper wetting.

3.1.2.3.2. Delay time (WZL)

Due to the delay time (WZD), a delay is also needed between starting the laser and

starting brazing the joint, the so-called delay time (WZL). This also influences, as delay

time (WZD), the heat input into the base material to obtain a proper wetting.
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3.1.3. Material characteristics

3.1.3.1. Physical properties

The physical properties of a material determine its behaviour under specific circum-

stances e.g. temperature increase, incident laser radiation. A material can be char-

acterised by its physical properties [Poprawe, 2005]. In the following the most impor-

tant physical properties of materials are named [Hornbogen, 1983, Poprawe, 2005]:

• Index of refraction n,

• Absorption index κ

• Susceptibility ξ

• Electric conductivity σ

• Heat conductivity K and

• Specific heat c

• Density

• Solidus and liquidus temperature

For this reason, the operating temperature, process speed and laser power are de-

pendent on the materials used for laser brazing.

3.1.3.2. Surface condition

The surface condition of the materials used for brazing can have also an influence on

the brazing result and therefore on the selection of suitable parameters for laser braz-

ing. For example, Figure 3.4 shows the result of a measurement of the reflectivity for two

different steels. For polished surfaces measured and calculated values correspond to

each other as summarised by [Poprawe, 2005]. The variations at the technical sur-

faces are noticeable. The diffuse part of reflectivity is about 10 % except for polished

surfaces. With increasing process gases, the directed reflectivity of sand blasted sam-

ples decreases, whereas the diffuse one increases according to [Poprawe, 2005].
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Figure 3.4.: Measured degree of reflection for intensities (I) ≪ (Ip) ((Ip): Process intensity) of dif-
ferent metals [Wissenbach, 1985]; [Poprawe, 2005]

With increasing temperature, a decrease of reflectivity is observed for metals (see

section 4.2.1.1). At high temperatures, the increased reactivity of metals can cause

irreversible changes of the reflectivity characteristics by chemical changes of the sur-

face. For instance, if a hot metal has contact with air oxidation occurs [Poprawe,

2005].

In general, an oxide layer increases the absorption. This is particularly important for

processes which form a molten bath, since oxides stay within the melt. On the con-

trary, the original process gases do not influence the absorption of the sample any-

more, since the laser radiation hits the relatively smooth melt [Poprawe, 2005].

3.2. Quality measures and examination techniques of

brazed joints

3.2.1. Quality measures

3.2.1.1. Adhesion energy γH and gap width

The adhesion energy (γH) is a measure for the ability of the melt of the brazing wire

to wet surfaces and to extend on them. The wetting ability of the brazing wire can

be described as extending on surfaces and filling the normally small gap widths of the

base material against gravity. This property of the melted brazing wire within a small
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gap is described by the capillary filling pressure (pc) or by the ceiling (h). For gaps up

to 0.3 mm in width it can be approximately said [Fritz and Schulze, 2006]:

hc ∼ pc ∼
γH

dgap

(3.10)

With: hc: Ceiling

pc: Capillary filling pressure

γH : Adhesion energy

dgap: Gap width

Therefore, the ceiling (h) is dependent on the surface condition of the base ma-

terials, the brazing wire used, the adhesion energy (γH) as well as the gap width

(dgap) (Figure 3.5).

Figure 3.5.: Capillary filling pressure (pc) against gap width (dgap) (adapted from [Müller and
Müller, 1995])

For gap widths (dgap) larger than 0.5 mm the capillary filling pressure (pc) is too small,

so that the gap is not fully filled by the melted brazing wire anymore. For free-hand

brazing, gap widths between 0.2 - 0.5 mm are used. For laser brazing gap widths

between 0.05 - 0.2 mm are optimal, because then the brazing wire is ”sucked” into the

gap due to the capillary filling pressure (pc) [Fritz and Schulze, 2006].
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3.2.1.2. Contact angle

The wetting and expanding of the melted brazing wire on the surface of the base

material can be described by surface free energies (γ) (Figure 3.6).

Figure 3.6.: Relation between surface free energies at the surface base material - melted braz-
ing wire [Kyowa Interface Science Co., 2008]

The relation between the surface free energies (γ) are shown in the following [Kyowa

Interface Science Co., 2008].

γS = γSL + γL · cosθ (3.11)

γS = γSL − γL · cosθ = γH (3.12)

With: γS: Solid surface free energy

γL: Liquid surface free energy

γSL: Solid/ Liquid interfacial free energy

γH : Adhesion energy

θ: Contact angle

The value of the contact angle (θ) is determined by the base and filler material used

as well as the kind of the ambient medium (air, vacuum, protective gas). It is a mea-

sure for the wetting of a surface. For (θ) = 0◦, theoretically a thin film would form, which

is never reached in reality. Qualitatively good brazed joints are produced, if the con-

tact angle (θ) is less than 30◦ [Fritz and Schulze, 2006].

An important parameter for a good wetting is the working temperature. If the working

temperature is reached, the brazing wire wets the surface and expands on it. Nor-

mally, the actual used brazing temperature is above the working temperature. But it

needs to be ensured that this brazing temperature does not exceed a certain value,

because then the brazing wire and / or base material can be damaged [Fritz and
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Schulze, 2006].

A sufficient wetting is one of the most important requirements for a qualitatively good

brazed joint. Wetting occurs if the brazing wire and the base material can form solid

solutions or intermediate compounds, whereas the solubility can be very small. For ab-

solute insolubility of base and filler material, no wetting of the surface takes place [Fritz

and Schulze, 2006].

The wetting and therefore the contact angle (θ) are also dependent on the cleanli-

ness of the surface (Figure 3.7). A clean surface can result in a good wetting, whereas

a contaminated surface decreases the wetting [Kyowa Interface Science Co., 2008].

Figure 3.7.: Behaviour of a drop due to cleanness of surface [Kyowa Interface Science Co.,
2008]

The relation between contact angle, wettability, adhesiveness and solid surface free

energies are shown in Figure 3.8.

Figure 3.8.: Relation between parameters that determine the quality of a brazed joint with
respect to wetting [Kyowa Interface Science Co., 2008]

To derive the equation for contact angle determination, the following ideal conditions
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are preconditioned [Jacobson and Humpston, 2005]:

• the original brazing wire pellet is in the form of a spherical bead of radius (r)

• while brazing the droplet spreads on the base material as a spherical cap of

radius (R) and height (h) and resolidifies subsequently (see Figure 3.9)

• the interface between the resolidified droplet and the base material has a diam-

eter of (2A), the so-called spread diameter (see Figure 3.9)

• the volume of the original brazing wire pellet and of the resolidified droplet are

the same, i.e. volatilisation of the molten brazing wire as well as reaction with the

base material are neglected

With regard to these ideal conditions and by using the Pythagorean Theorem the fol-

lowing expressions can be derived from Figure 3.9 [Jacobson and Humpston, 2005]:

A2 + (R − h)2 = R2 (3.13)

Solving equation 3.13 for (R)

R =
A2 + h2

2h
(3.14)

the contact angle can be described as follows:

θ = arcsin(
2

A
h
+ h

A

) (3.15)
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Figure 3.9.: Schematic diagram of the dimensions from the solidified brazing wire for contact
angle determination (adapted from [Jacobson and Humpston, 2005])

3.2.1.3. Diffusion

The area, in which the compound brazing wire-base material is formed, is an extremely

thin alloy zone (D) (Figure 3.10) due to the very limited change of functional location

of the atoms within the solid base material [Fritz and Schulze, 2006].

Figure 3.10.: Formation of an alloy zone between brazing wire and base material (adapted
from [Fritz and Schulze, 2006])

D = Dbase + Dbrazingwire (3.16)
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With: D: Alloy zone

Dbase: Diffusion zone in base material

Dbrazingwire: Diffusion zone in brazing wire

A brazed joint can fail due to the properties of the formed alloy zone and by the

non-optimal selection of base and filler material [Jacobson and Humpston, 2005]. In

general, the possibility of failing of a brazed joint is influenced by the working temper-

ature of the brazing wire. The lower the working temperature of the brazing wire is, the

lower the possibility of failing, since the change of functional atoms occurs slower at

lower working temperatures [Fritz and Schulze, 2006]. Therefore, the thickness of the

alloy zone reduces, which corresponds to a reduction of the possibility of failing. De-

pending on working temperature, alloy zones with a thickness between 0.5 µm - 20 µm

form [Fritz and Schulze, 2006].

A qualitatively good brazed joint is produced, if the alloy zone consists of primary

crystals or solid solutions. Brazed joints, which consist of steel as base material and

copper as filler material, often tend to brazing wire-brittleness by temperatures above

900
◦

C [Fritz and Schulze, 2006]. This happens due to the fast diffusion of the copper

along the grain boundaries in the steel. Therefore, intercrystalline material separations

take place within the tensioned material as long as the brazing wire is melted [Fritz

and Schulze, 2006].

3.2.2. Examination techniques

3.2.2.1. Polished micrograph sections

To investigate the microstructure of a brazed joint, polished micrograph sections are

carried out for quality control. The preparation of the micrograph sections is described

in Appendix A.7.

The microstructure or grain size of both materials brazing wire and base materials can

be changed depending on the heat input (heat affected zone) [Fritz and Schulze,

2006]. Therefore, polished micrograph sections give information about the heat input

as well as the quality of joining these two materials due to possible pores and thick-

ness of alloy zone. Furthermore the contact angle can also be determined from the

polished micrograph sections (see section 3.2.1.2). An explanation of the basics of

microstructure with regard to the iron - iron carbide (Fe-FeC3) phase diagram can be

found in Appendix A.9. The optical inspection of those polished micrograph sections
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is carried out by the aid of a microscope. If the microscope used did not provide an

analysis software to measure e.g. the width or the height of the brazed joint, these

measurements are carried out as described in Appendix A.8.

The preparation of polished micrograph sections (Appendix A.7) as well as their subse-

quent investigation (Appendix A.8) applies for all polished micrograph sections carried

out.

3.2.2.2. Vickers hardness (HV)

Investigation of the hardness across a brazed joint is important due to hardness change

across this joint. It is also a destructive quality control method. A description of the

measurement approach can be found in Appendix A.10. To determine the Vickers

Hardness (HV), the two diagonals (d1) and (d2) of the indentation are measured (see

Figure 3.11) and the arithmetic mean is calculated [University of Tennessee, 2008].

After calculating the arithmetic mean (d) of the two diagonals, the Vickers hardness

Figure 3.11.: Determination of the Vickers hardness [University of Tennessee, 2008]

(HV) can be calculated with the following equation [University of Tennessee, 2008]:

HV =
2 · F · sin( 136

◦

2
)

d2
Vickers

(3.17)

With: F: Applied force (1kgf corresponds to 9.807 N)

136
◦

: Angle between opposite faces of the indenter

dVickers: Arithmetic mean of the two diagonals of the indentation
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These calculations are carried out by the Vickers hardness testing machine automat-

ically, so that the Vickers hardness is presented on a screen. Figure 3.12 shows exam-

plarily how the measured values are correctly stated.

Figure 3.12.: Example for the correct statement of the Vickers hardness value

As it can be seen in Figure 3.12, the testing period has only to be stated, if it differs

from the common one, which is between 10 to 15 s. For instance, if the testing period

corresponds to 20 s in this example, it has to be stated as follows: 100 HV 1/20.

The measurements across a brazed joint should be at least 3 * dVickers apart from each

other to ensure no influences of the previous measurement [Kubik, 2010], since this

type of measurement is based on material displacement, which leads to an increase

in hardness measurement and therefore to a falsification of the respective hardness

value if the minimum distance is not kept [Kubik, 2010].

3.2.2.3. Tensile testing

The tensile testing belongs to the group of destructive quality control. By the aid of

this test, stress-strain curves can be obtained and the respective characteristics, such

as e.g. Young’s modulus, yield strength and ultimate strength, can be determined.

For a detailed description regarding this topic, please use the continuative literature

e.g. [Bargel and Schulze, 2012, Gobrecht et al., 1975], which can be found in the

bibliography of this work.

The tensile testing device used is shown in Figure 3.13 and its specifications can be

found in Appendix D.8.
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Figure 3.13.: Tensile testing machine Instron 3367

3.3. Summary

Within this chapter, the parameters that have an influence on the brazing result were

presented. They can be subdivided into material characteristics, laser and process

parameters. Figure 3.14 is presented again as it summarises the parameters intro-

duced.

Figure 3.14.: Overview of influencing parameters: material characteristics, laser and process
parameters
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Furthermore, the quality measures adhesion energy and gap width, contact angle

and alloy zone were explained, which are used within this research. Along with these

quality measures, the examination techniques polished micrograph section, Vickers

Hardness (HV) and tensile testing were presented that are used within this research as

well.
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Experimental procedures and initial tests

To investigate the correlations between the parameters influencing the brazing pro-

cess, which were introduced in the previous chapter, a laser brazing test rig was

designed which can be implemented into the Nd:YAG laser work station and in the

diode laser work station. This test rig consists of the laser brazing setup and measure-

ment equipment. For carrying out parameter studies of laser brazing, measurement

equipment is needed with regard to wire feed and temperature. The design and

implementation of test rig is presented within this chapter.

Furthermore, the materials and their preparation, used for laser brazing, are intro-

duced. These materials are used throughout this research.

Subsequently, initial experiments, carried out with the Nd:YAG laser, are presented

that identify the aspects, which are further investigated in the parameter studies.

Moreover a non-destructive quality control system, based on a laser triangulation

sensor, is presented. Due to the measurement accuracy of the sensor it is supposed

to be capable of e.g. measuring deformation in base material due to the heat in-

duced tensions.
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4.1. Laser brazing setup

To investigate the parameters influencing the laser brazing process, a setup for laser

brazing needs to be constructed for both laser working stations: Nd:YAG and diode.

For this, a clamping device for joining the base materials and a wire feeder are con-

structed and incorporated into the existing laser working stations. The following re-

quirements were defined for the clamping device and the wire feeder, which they

need to fulfil:

Clamping device:

• Easy adjustment for different sizes of

metal plates

• Even clamping over the full plate

length

• Easy adjustment of gap width

Wire feeder:

• Adjustable wire speed

• Adjustable incidence angle of the

wire

• Usage of a tube, with a diameter that

is a little bit larger than the wire, for

wire guidance to prevent oscillation

of the wire during the brazing process

The latter requirement for the wire feeder, mentioned above, is needed for an appro-

priate wire feed. Since early tests showed that brazing wire oscillations occur during

brazing, if the brazing wire is not guided properly to the brazing process, due to the

pulling of the wire by the stepper motor. These oscillations result in no brazed joints at

all. Figure 4.1 shows an example of such a brazed joint.

Figure 4.1.: Example of brazed joint without wire guidance; Laser type: Nd:YAG, parameters
used: P = 4900 W, f = 50 Hz, tp = 0.6 ms, Pav = 147 W, F = -13 mm, v = 95 mm

min
, vb = 177.54 mm

min
,

dgap = 0.1 mm

The realisation of both devices is shown in Figure 4.2 and the implementation in both

working stations is presented in Figure 4.3 and 4.4. A detailed description of both de-

vices and their technical drawings can be found in Appendix B.1 and E.1 respectively.
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(a) Clamping device (b) Wire feeder

Figure 4.2.: Design (a) Clamping device:1) Clamping brackets; 2) Dovetail; 3) Micrometer
gauge for gap adjustment (b) Wire feeder: 1) Stepper motor; 2) Tensioner with guid-
ance groove; 3) Wire; 4) Wire guidance; 5) Adjustment of the incidence angle of
the wire; 6) Drive roll

Figure 4.3.: Completion of Nd:YAG laser brazing setup; 1) Laser head; 2) Wire feeder;
3) Clamping device; 4) Working station with Computerised Numerical Control
(CNC)-unit; 5) Nd:YAG laser (bottom) and its laser control (right)
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Figure 4.4.: Completion of diode laser brazing setup; 1) Diode laser; 2) Camera; 3) Wire feeder;
4) Clamping device; 5) Working station with CNC-unit; 6) Monitor that displays the
enlarged view of the camera (red circle indicates the location of the laser spot);
7) Designed program for wire feed control and temperature measurement

4.2. Measurement equipment

For carrying out laser brazing parameter studies, a temperature measurement setup

as well as a wire feed control is needed to ensure a appropriate operating tempera-

ture and wire feed. In the following subsections, the realisation of both temperature

measurement setup and wire feed control are explained.

4.2.1. Temperature measurement setup

4.2.1.1. Importance of temperature measurement

Temperature measurement is very important for the brazing process due to exceeding

the liquidus temperature of the filler material and not crossing the solidus temperature

of the base material. Therefore, only a small temperature range can be used for the

brazing process. For this reason it is important to control the temperature during the

process.

The temperature within the workpiece is dependent on the absorbed energy of the in-

cident laser radiation. The absorption (A) can be understood as the ratio of power that

is coupled into the workpiece (Pabs) and the power that hits the workpiece (P) [Poprawe,
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2005]:

A =
Pabs

P
(4.1)

The value of (A) can be between 0 and 1. In general, the absorbed energy of radia-

tion is transformed into heat. This energy transformation can take place over several

steps which might be used for material processing. For instance, laser radiation can

dissociate molecules; before this non - equilibrium state reaches the equilibrium state,

i.e. the energy of the absorbed laser radiation is transformed into heat, the dissoci-

ated molecule components are separated (ablation) [Poprawe, 2005].

The absorption is a global parameter, since it generally gives no information about

where the energy of radiation is deposited and transformed into heat respectively. In

metals the process of absorption takes place within a thin layer close to the surface,

i.e. the process of absorption is localised. However, this information is not indicated in

(A) [Poprawe, 2005].

If the radiation that is coupled into the workpiece is absorbed by the workpiece, then

it follows for conductors [Poprawe, 2005]

A = 1 − R (4.2)

With: R: Reflectivity

The absorption is no pure material characteristic as for instance, index of refraction,

specific heat and electric and heat conductivity. It is, amongst others, dependent

on [Poprawe, 2005]

• physical characteristics of the material (n, κ, etc) and of the laser beam (wave-

length, polarisation, etc)

• environmental conditions (process gas, materials surrounding the workpiece, etc)

• surface characteristics (roughness, morphology, etc)

• geometry of the workpiece (thickness of the workpiece, limitations, etc)

• changes of the workpiece and of the environment due to the absorbed energy

(localised heating, phase transformations, laser - induced plasma).
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It was determined that the absorptivity increases approximately linearly with temper-

ature as long as the temperature is below the liquidus temperature (Tm) of the metal

used (Figure 4.5) [Rubahn, 1996, Yilbas et al., 1996]. If the temperature increases above

the liquidus temperature, the absorptivity increases faster and it becomes indepen-

dent of the wavelength of the incident radiation (Figure 4.5) [Yilbas et al., 1996]. For

this reason, the temperature of vaporisation can be reached quickly, where a part

of the material evaporates. Due to evaporation, a vapour and plasma cloud forms

above the heated material, which absorbs a huge part of the laser radiation. There-

fore, the absorptivity within this range, the so - called abnormal absorption is strongly

dependent on the intensity of the incident radiation and only marginally increases

with the temperature [Rubahn, 1996, Yilbas et al., 1996].

Figure 4.5.: Sketch of the absorption behaviour against temperature

Prokhorov et al [Prokhorov et al., 1990] showed the behaviour of absorptivity at the

phase change solid - liquid of several pure metals by using the Drude model of apsorp-

tion2. They determined that the absorptivity increases linearly with the temperature up

to the melting point (Tm). At the melting point the absorptivity increases almost instan-

taneously by a factor of 1.5 up to 2 and for temperatures above the melting point the

absorptivity shows again a linear behaviour. Figure 4.6 shows this described behaviour

of absorptivity.

2 Poprawe presents a detailed description of this model as well as to the theory of tempera-
ture distribution in solids, which can be found in the references of this work [Poprawe, 2005]
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Figure 4.6.: Computations carried out for absorptivity dependent on temperature for pure met-
als and CO2 laser radiation by using the Drude model of absorption [Prokhorov
et al., 1990]

4.2.1.2. Temperature measurement setup

As already mentioned in section 4.2.1.1 temperature measurement is important, since

the valid temperature range for the brazing process is limited by the liquidus tempera-

ture of the filler material and the solidus temperature of the base material. The mate-

rials used set the temperature range from 1025◦C up to 1490◦C. Several applications

have been developed and tested for measuring within this temperature range, such

as using a pyrometer [Ignatiev et al., 1996] or thermography [Mathieu et al., 2006a].

Due to cost reasons thermocouples of type K were chosen for temperature mea-

surement. They consist of a Chromel wire (90 % nickel and 10 % chromium) and an

Alumel wire (approximately 95 % nickel, 2 % manganese, 2 % aluminium and 1 % sili-

con) and they can measure within a temperature range of -200
◦

C up to 1250
◦

C [TRI-

NOS Vakuum-Systeme GmbH, 2008].

In the following the implementation of the temperature measurement setup is ex-

plained. It should be noted that the implementation of the thermocouples is exempli-

fied on the implementation into the Nd:YAG laser work station, which is comparable

to the implementation into the diode laser work station.

The thermocouples are used for temperature measurement on the one hand and as

a trigger for the wire feed on the other hand. To connect the thermocouples to the

Labview c© program, which will be explained in section 4.2.3, their signal output is too

small so that it has to be amplified. For this the measurement amplifier AD 595 from
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Analog Devices is used.

To ensure the simultaneous temperature measurement at different places during the

laser brazing process a 10 bit analogue - digital converter from H - Tronic with eight

input ports is used. The data sheets for the amplifier and for the analogue-digital con-

verter can be found in appendix D.1 and D.2 respectively.

At first, three thermocouples were implemented into the Nd:YAG laser work station as

shown in Figure 4.7. One thermocouple was positioned in front of the actual brazing

process (leading) and the other two were positioned at the side of the brazing pro-

cess.

Figure 4.7.: Implementation of the thermocouples into the laser brazing setup; 1) Thermocou-
ples and their position relative to the point of impact of the laser beam (right, left,
leading) ; 2) Base material; 3) Point of impact of the laser beam; 4) Brazing wire

Early tests of the temperature measurement setup showed that the contact to the sur-

face of the base material as well as remaining in the adjusted position was not always

maintained. Thus, the temperature measurement setup has to be optimised, espe-

cially the positioning and mounting of the thermocouples.

During testing it was determined that thermocouples have a better and more stable

contact to the surface of the base material if their incidence angle is between 75
◦

- 90
◦

, since the measurement tip of those thermocouples is the actual measurement

point [Perrin, 1999]. For this reason, a new thermocouples holder and positioner were

developed that fulfils these requirements and can be implemented into the existing
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laser work station. Due to this required incidence angle of 75
◦

- 90
◦

, only two thermo-

couples can be implemented in the existing setup. They are directly mounted to the

laser head of the work station.

For the optimised temperature measurement setup, the range of the adjustable in-

cidence angle of the thermocouple behind the laser head corresponds to approxi-

mately 30
◦

for lack of space (Figure 4.8), whereas the one in front of the laser head

has a range of about 70
◦

.

Figure 4.8.: Schematic diagram of thermocouple positions

The implementation of the thermocouples into the Nd:YAG laser work station is shown

in Figure 4.9.

Figure 4.9.: Implementation of the temperature measurement setup into the laser work station;
1) Thermocouples in aluminium case; 2) Plates for height adjustment; 3) Joint plate
for the implementation of the quality control measurement setup (see section 4.5);
4) Laser head; 5) Z - Axis
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The respective technical drawings for the optimised temperature measurement setup

can be found in Appendix E.2 and the testing of the optimised temperature measure-

ment setup can be found in Appendix B.2.1.

This temperature measurement setup was verified by means of the SC640 IR camera

from FLIR Systems. A detailed description of the verification approach as well as its

respective results and discussion can be found in Appendix B.2.2.

4.2.2. Wire feed control

The wire feed control is needed to check if the wire is fed properly and the requested

amount of wire is delivered to the brazing process. To realise such a control the optical

encoder HEDM 5500 B11 from the company Agilent technologies is used. The data

sheet of this device can be found in the Appendix D.3. This encoder is implemented

onto the axis of the drive roll in the wire feed as it can be seen in Figure 4.10. The

encoder is connected to the 32 bit counter of the National Instruments USB 6009 card

(see Appendix D.4), which is again connected to the in LabView c© program that is

described in section 4.2.3.

Figure 4.10.: Implementation of the encoder onto the axis of the tensioner in the wire feed; 1)
Stepper motor; 2) Drive roll; 3) Encoder; 4) Tensioner

The verification of the wire feed control, including approach and results, can be found

in Appendix B.2.3. As the verification shows, the encoder delivers a proper estimation

of the fed wire even if the direction of movement cannot be determined.
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4.2.3. Designed Program for wire feed control and temperature

measurement

A program in Labview c© was designed to control and set the wire feed as well as to

measure the temperature. The user interface of this program is shown in Figure 4.11.

Figure 4.11.: User interface of the designed program for wire feed control and temperature
measurement;1) Selection between mode of operation for the stepper motor;2)
Control unit for speed of wire feed in full-step mode; 3) Control unit for speed of
wire feed in half-step mode; 4) Selection of threshold temperature for trigger; 5)
Display of the instantaneous value as a number; 6) Display of the instantaneous
value as a bar graph; 7) Display of measurement signal against time; 8) Selecting
path for automatic saving of measurement data; 9) Selection of delay time WZD;
10) Display of counts of the encoder

Via button No.1 it can be selected between the modes of operation of the stepper

motor: Either full or half-step. By means of the control unit, shown in No. 2 (full-step)

and No. 3 (half-step) respectively, the speed of the wire feed can be set in steps per

second by adjusting the controller.

The temperature measurement setup is used as a trigger for starting the wire feed. The
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threshold temperature for the trigger can be set by using button No. 4. While measur-

ing, the current temperature of each thermocouple is displayed as a number (No.5)

and via scale bar (No. 6) as well as a graph (No. 7). Even though the user interface

indicates that three thermocouples are used, only two of them are implemented into

the work station (see section 4.2.1.2). The third one is only used for testing the wire

feed. Each temperature measurement is automatically saved. The path where the

data is supposed to be saved can be adjusted by clicking No. 8.

Furthermore a delay time (WZD) is introduced (see section 3.1.2.3.1). (WZD) introduces

a delay between starting the temperature measurement, which is started when the

incident laser radiation exceeds the threshold temperature, and starting the wire feed.

This delay time can be set by using button No. 9.

No. 10 displays the counts of the encoder that correspond to a certain wire length

(see Appendix B.2.3).

4.3. Materials and their preparation for the parameter

studies

The materials and their preparation, which are described in the following, are used

throughout this work.

4.3.1. Base material: mild cold - rolled steel DC01

Mild cold - rolled constructional steel DC01 (steel 1.0330)3 was used as a base material.

This steel has a thickness of 0.8 mm and its material and physical properties are shown

in Table 4.1 and Table 4.2 respectively.

Table 4.1.: Material properties of DC01 [Württemberger, 1987]

Material number
Tensile strength Yield stress Ultimate strain Astrain

Rm [N / mm2] Re [N / mm2] [%]

1.0330 270 - 410 280 28

3Material number according to EN 10027 - 2
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Table 4.2.: Physical properties of iron4 [Iffländer, 1990]

Material
ρ c K Tm Tv Qm Qv

1-R
[g/cm3] [J/gC] [W/cmC] [

◦

C] [
◦

C] [J/g] [J/g]

Iron 7.85 0.46 0.75 1537 2735 274 6365 0.35

DC01 consists of 0.12 % Carbon, 0.60 % Manganese, 0.045 % Phosphorus and 0.045 %

Sulphur [Becker Stahl Service GmbH, 2008]. Due to its carbon content, this steel be-

longs to the group of structural steels, which are normally used for screws and ma-

chine parts [Higgins, 1983]. Furthermore DC01 is classified as an unalloyed steel based

on its contents [Higgins, 1983]. Its hardness is in the range of 90 - 120 Brinell hard-

ness (HB) [Franz Gysi AG, 2008].

As this steel consists mainly of iron, the solidus temperature of iron is used for a Carbon

content of 0.12 %, which is approx. 1,490
◦

C (see Figure A.12).

DC01 was chosen, because this type of steel is also used in automotive industry with

the only difference that it is additionally zinc galvanised there.

For laser brazing, the absorption behaviour of the base material has to be approxi-

mately known for the wavelength used This behaviour determines the absorbed en-

ergy of the incident laser radiation and therefore the temperature within the work-

piece [Prokhorov et al., 1990] (see section 4.2.1.1). Since the base material mainly

consists of iron, it is a valid approximation to use its value of absorptance for the base

material. Figure 4.12 shows the absorptance dependent on the wavelength for iron.

For Nd:YAG laser radiation (λ = 1,064 nm) the absorptance of iron corresponds to ap-

proximately 40 % and for diode laser radiation (λ = 808 nm) to approximately 50 % (see

Figure 4.12).

4

ρ: Density
c: Specific heat capacity
K: Heat conductivity
Tm Liquidus temperature

Tv: Evaporating temperature
Qm: Heat of fusion
Qv: Heat of vaporisation
1-R: Absorption at λ = 1µm (at room temperature)

75



Chapter 4. Experimental procedures and initial tests

Figure 4.12.: Absorptance of iron dependent on the wavelength [Bergström et al., 2003]

Furthermore, the surface roughness (Rz) of the base material was measured. The mea-

surement approach including the results can be found in Appendix B.3. The mean of

(Rz) over the length of the base material corresponds to 5.65± 0.155 µm and the mean

of (Rz) across the base material is 5.48± 0.23 µm.
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4.3.2. Brazing wire: CuSi3

As a filler material CuSi3 is used. This brazing wire has a diameter of 0.8 mm and its

material properties are shown in Table 4.3.

Table 4.3.: Material properties of CuSi3 [Metall Svetsmaterial KB, 2008]

As described in section 4.3.1, the absorption behaviour of the material is dependent

on the wavelength used [Prokhorov et al., 1990]. Therefore this dependency has to be

known to estimate the required heat input. Figure 4.13 shows the reflectivity of copper

dependent on the wavelength. Since the brazing wire mainly consists of copper, this

shown behaviour is a valid approximation. As stated in section 4.2.1.1 and by using

equation 4.2 the absorptance of the brazing wire can be estimated to 4 % for both

lasers used.
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Figure 4.13.: Reflectivity of several metals dependent on the wavelength [Layertec GmbH,
2014]

4.3.3. Base material preparation

For all parameter studies, the dimensions used for the base material were 0.8 mm *

30 mm * 110 mm. The base materials were prepared as follows to remove possible dirt

and grease and to avoid any influences caused by this soiling:

the base material is cleaned first with 96 % denatured ethanol and subsequently put

into a ultrasonic bath for three minutes that is filled with distilled water. Afterwards, the

base material is cleaned again with the denatured ethanol to remove any remaining

water residuals.

4.4. Initial experiments

These initial experiments were carried out with the Nd:YAG laser. For these experi-

ments, the materials were used and prepared as described in section 4.3. For all

experiments, a joint of 100 mm is produced and subsequently investigated and fur-

thermore only compressed air5 is used to prevent pollution of the optics. Even if it is

not always stated, several tests were carried out.

As presented in section 3.1, material characteristics, laser and process parameters

have an influence on the brazing result. Prior to carrying out the parameter studies,

considerations have to be done with regard to required heat input, suitable spot size,

5The usage of shielding gas is neglected due to cost reasons
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ratio between feed speed of brazing wire and feed speed of base material.

4.4.1. Preliminary considerations

Estimation of heat input

The required heat for proper heating of the base metal and melting of the brazing wire

has to be roughly estimated. For the following estimations losses regarding heat trans-

port are neglected and only losses due to reflection at the surface are considered.

For this the following equations can be used [Baehr and Stephan, 2009]:

Q = m∗ c∗ (T2 − T1) (4.3)

with

m = ρ∗V

With: Q: Amount of heat gained or lost by material [J]

m: Mass of material [kg]

c: specific heat capacity [ J
kg∗◦C

]

T2: Final temperature [◦C]

T1: Initial temperature [◦C]

ρ: Density [ kg

m3 ]

V: Volume of the material [m3]

The considered volume (V) in equation 4.3 is dependent on thickness of the material,

the focal position (F) and therefore the spot size (d) of the laser. As stated in sec-

tion 4.3.1, the base material has a thickness of 0.8 mm and the brazing wire has a

diameter of 0.8 mm. In section 3.1.1.1.4, it was shown that a reasonable spot size of

2.162 mm in diameter is obtained, if the laser is defocused by + 10 mm (= F). This spot

size seems to be appropriate to heat the base material and melt the brazing wire.

For volume calculation of the brazing wire, the considered length of the brazing wire

corresponds to the radius of the spot size.

The specific heat capacity and density for the base material is stated in Table 4.2. For

the brazing wire, its density can be found in Table 4.3, but its specific heat capacity

is not known. However, as the brazing wire mainly consists of copper, its specific heat

capacity is used instead. It corresponds to 382 J
kg∗◦C

[Baehr and Stephan, 2009]. The

temperature range considered for proper heating of the base material starts from a
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minimum of 800
◦

C up to a maximum 1,100
◦

C for the final temperature (T2). For the

brazing wire, the minimum temperature corresponds to the liquidus temperature of

CuSi3, which is 1,025
◦

C (see Table 4.3). The maximum temperature considered for the

brazing wire corresponds to the one of the base material. The initial temperature (T1)

is set to 20
◦

C for these estimations.

Using the information stated above with equation 4.3, this results in a required heat

range of the brazing wire from Qwiremin
= 2.985 J up to Qwiremax

= 3.208 J and for the base

material the required heat ranges from Qbasemin
= 8.471 J up to Qbasemax

= 11.729 J.

To estimate the heat input (Qinput), at first an average power (Pav) of 150 W and a feed

speed of the base material (v) of 120 mm
min

are assumed, which leads to a heat input of

Qinput =
Pav

v
(4.4)

Qinput =
150W
120mm

60s

Qinput = 75
J

mm
.

Furthermore the losses due to reflection of the laser beam at the surface of the base

material and brazing wire have to be considered. As explained in section 3.1.3.2, the

surface condition of the base material also influences the reflectivity. If a technical

surface for the base material is assumed the losses due to reflection can be roughly

approximated to 60 % (see Figure 3.4 and Figure 4.12 respectively). For this reason

the first estimation of the heat input of 75 J
mm

seems to be sufficient for carrying out the

brazing process, even if 60% of the heat input are lost, it satisfies the maximum required

thermal energy demand of 14.749 J.

Ratio of feed speeds

As in section 2.2.2.2 presented, opinions deviate in literature with regard to the ratio

of feed speed of brazing wire to feed speed of base material for the same joint ge-

ometry (see Table 2.1). This ratio is in the range of 1 up to 3.25 for a flanged seam. As

mentioned in section 2.2.2.2, no literature could be found with regard to the ratio of

feed speeds for brazing butt joints. For this reason, as a rule of thumb, the ratio of feed

speed of brazing wire to feed speed of base material can be approximated by 2:1 for

a butt joint.
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Gap width

For these initial experiments, the gap width (dgap) is set to 0.1 mm, as this width is sup-

posed to be within the optimal range for laser brazing (see section 3.2.1.1).

Average laser power

As described in section 3.1.1.1.1, the average laser power of the pulsed Nd:YAG laser

is dependent on the laser peak power (P), the repetition rate (f) and the pulse length

(tp). Based on the estimation of the required heat input, an average laser power (Pav)

of 150 W is needed. The repetition rate (f) is set to 50 Hz and kept constant throughout

these experiments. Hence, the peak power and the pulse length have to be selected

respectively to reach the average laser power of 150 W according to equation (3.1).

For a start, the peak power (P) is set to 5,000 W and the pulse length (tp) to 0.6 ms.

The considerations carried out are summarised in the following for clarity.

• Focal position (F) of +10 mm leads to a spot size (d) of 2.162 mm (see section 3.1.1.1.4)

• Average laser power (Pav) of 150 W fulfils the required heat input by using a feed

speed of the base material (v) of 120 mm
min

• The average laser power of 150 W is obtained by setting

– the pulse length (tp) to 0.6 ms

– the repetition rate (f) to 50 Hz

– the peak power (P) to 5,000 W

• The ratio of feed speed of brazing wire to feed speed of base material is esti-

mated to approximately 2:1

• Gap width (dgap) is set to 0.1 mm

4.4.2. Experiments

Based on these preliminary considerations carried out in section 4.4.1, the first tested

parameter set is shown in Table 4.4.
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Table 4.4.: First tested parameter set for brazing6

P tp f Pav F vb v dgap

[W] [ms] [Hz] [W] [mm] [ mm
min

] [ mm
min

] [mm]

5000 0.6 50 150 +10 210 120 0.1

From this brazed joint a polished micrograph section was carried out. For this the

joint was cut at 55 mm and investigated. The polished micrograph section is shown

in Figure 4.14. The greyish areas within the base material are flash rust, which rapidly

develops after etching.

(a) Polished micrograph section of brazed butt joint

from the first tested parameter set

(b) Polished micrograph section of the brazed butt joint

showing the contact angle

Figure 4.14.: Parameters for brazing: P = 5,000 W, tp = 0.6 ms, f = 50 Hz, Pav = 150 W, F = -10 mm,
v = 120 mm

min
, vb = 210 mm

min
, dgap = 0.1 mm; a) Polished micrograph section of brazed butt

joint from the first tested parameter set where the height (h) of 567.86 µm is indi-
cated; the spread diameter (2A) could not be fully displayed and therefore not
indicated, but (2A) is measured to 1741 µm ; b) With the height (h) and the spread
diameter (2A) the contact angle corresponds to 66.24

◦

by using equation 3.15

As it can be seen in Figure 4.14a and 4.14b respectively the wetting of the brazing

wire onto the surface of the base material does not seem to be sufficient. To use the

quality measure contact angle, which is introduced in section 3.2.1.2, the height (h)

6

P: Peak power
tp: Pulse length
f: Repetition rate
Pav Average laser power

F: Focal position
vb: Feed speed of brazing wire
v: Feed speed of base material
dgap: Gap width
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of the spherical cap as well as the spread diameter (2A) are determined7.

However, the spread diameter is not indicated in Figure 4.14, since it was not possible

to take a picture of the whole micrograph section. Using equation 3.15 the contact

angle corresponds to 66.24
◦

. Brazed joints are evaluated as qualitatively good, if the

contact angle is less than 30
◦

(see section 3.2.1.2). For this reason the measured con-

tact angle of the first tested parameter set indicates a poor wetting and therefore a

poor quality.

In addition to the poor wetting another measure that shows a poor quality is the fusing

or ablation of the base material which is indicated by the pink circles in Figure 4.14. This

fusing or ablation shows that the temperature rise within the base material exceeded

at least 1537
◦

C up to 2735
◦

C (see Table 4.2). This temperature rise is too much and

violates the definition of brazing, because the solidus temperature of the base mate-

rial is not allowed to be exceeded (see section 2.2.1.1). The solidus temperature of

the base material can be obtained from the Fe-Fe3C phase diagram (see Figure A.12

in Appendix A.9), since the carbon content of the base material is known (see sec-

tion A.9). The solidus temperature approximately corresponds to 1490
◦

C.

At this point it should be noted that the described temperature measurement set up in

chapter 4.2.1.2 is not yet implemented. However, the implementation was completed

just before the adapted parameter set was tested.

As previously mentioned the polished micrograph section was obtained by cutting

the brazed joint at 55 mm. The initial gap width (dgap) between the base materials was

0.1 mm. However, as it can be seen in Figure 4.14a the gap disappeared at the loca-

tion of 55 mm and the base materials seem to be deformed due to thermal expansion.

The base materials are not only deformed across the joint but also over the length of

the joint. This behaviour indicates, as well, that the parameter set stated in Table 4.4 is

not appropriate.

Furthermore Figure 4.14 shows that there is an offset of approximately 80 µm between

the two base materials to be joined. This indicates that the layout of the clamping

device is not yet optimal. Therefore the clamping device is adapted to diminish this

offset. The adapted clamping device has already been introduced in section 4.1.

Considering the results mentioned above, of the first tested parameter set, adapta-

tions have to be derived for improving the quality of the brazed joint.

Based on these results, the following conclusions can be reached:

7 Further information regarding how the spread diameter as well as the height are determined
can be found in Appendix A.8
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• The peak power (P) is too high, as ablation or fusing of the base material occurs,

which violates the definition of brazing

• The heat input, which is determined by (Pav) and (v), is not optimal as the wetting

of the brazing wire is poor (contact angle greater than 30
◦

)

• The gap disappeared due to thermal expansion and deformation of the joint

occurred, which also indicates that the parameter set is not appropriate

The two aspects, mentioned first, indicate that the peak power (P) has to be de-

creased by increasing the average laser power (Pav) to avoid ablation and to achieve

a better wettability. For this the repetition rate (f) is kept as constant and the laser

peak power (P) is decreased and the pulse length tp increased respectively to obtain

an increase in the average laser power (Pav) of 30 W. Furthermore both feed speeds

are exactly adapted to the previously mentioned ratio of 2:1. The adapted parameter

set is shown in Table 4.5.

Table 4.5.: Adapted parameter set for brazing

P tp f Pav F vb v dgap

[W] [ms] [Hz] [W] [mm] [ mm
min

] [ mm
min

] [mm]

4000 0.9 50 180 +10 200 100 0.1

After brazing the joint is cut at 55 mm and a polished micrograph section is carried

out, which is shown in Figure 4.15.
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(a) Polished micrograph section of brazed butt joint

from the adapted parameter set

(b) Polished micrograph section of the brazed butt joint

showing the contact angle

Figure 4.15.: Parameters for brazing: P = 4,000 W, tp = 0.9 ms, f = 50 Hz, Pav = 180 W, F = -10 mm,
v = 120 mm

min
, vb = 200 mm

min
, dgap = 0.1 mm; a) Polished micrograph section of brazed butt

joint from the adapted parameter set where the height (h) of 514.28 µm is indi-
cated; the spread diameter (2A) could not be fully displayed and therefore not
indicated, but (2A) is measured to 2178.57 µm ; b) With the height (h) and the
spread diameter (2A) the contact angle corresponds to 50.55

◦

by using equa-
tion 3.15

As it can be seen in Figure 4.15a the spherical cap height (h) decreased to 514 µm

and the spread diameter (2A) is 2178.57 µm. By using equation 3.15 the contact angle

corresponds to 50.55
◦

(see Figure 4.15b). With regard to the contact angle, of the first

test, the contact angle of this brazed joint improved, but it is not still appropriate and

does not fulfill the quality measure of < 30
◦

.

Furthermore Figure 4.15a clearly shows that the ablation or fusing is eliminated. There-

fore the assumption that the ablation or fusing, caused by the high peak power, is

verified.

As indicated in Table 4.5 the initial gap width (dgap) is 0.1 mm. But at the location of

55 mm the gap disappeared as well due to thermal expansion. However the thermal

expansion decreased compared to the first test, since no deformation of the base

materials across the joint can be recognised (see Figure 4.15a). But deformation still

occurred over the length of the joint.

Comparing the result of the adapted parameter set with the first one an improvement

is clearly recognisable, even if the quality standards are not yet fulfilled.

In addition it is observed during these tests that the wetting of the brazing wire onto

the base material increases over the length of the brazed joint. This behaviour indi-

cates that the heating is improper at the beginning of the brazing process. Since
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Chapter 4. Experimental procedures and initial tests

the temperature measurement set up implementation is complete for the testing of

the adapted parameter set, Figure 4.168 shows a typical temperature profile of the

adapted parameter set.

Figure 4.16.: Example of a typical temperature profile of a brazed joint based on the adapted
parameter set (P = 4,000 W, tp = 0.9 ms, f = 50 Hz, Pav = 180 W, F = -10 mm, v = 120 mm

min
,

vb = 200 mm
min

, dgap = 0.1 mm); the first dotted line indicates when the brazing pro-
cess started and the second dotted line indicates when a more sufficient oper-
ating temperature for brazing is reached; displacement of thermocouples from
the joint: behind the laser app. 1.5 mm, in front of the laser approx. 4 mm

The first dotted line (t = 10 s) in Figure 4.16 indicates when the brazing process actually

started and the second dotted line (t = 30 s) indicates when a proper operating tem-

perature for the brazing process is reached. For this reason Figure 4.16 clearly shows

that the heating at the beginning of the joint is inadequate, since the correct oper-

ating temperature for the brazing process is reached at 30 s. This corresponds to the

observed wetting behaviour of the brazing wire, as the wetting of the brazing wire

onto the base material increases over the length of the brazed joint. This time frame of

8 It should be regarded that the duration of the temperature profiles do not always corre-
late exactly with the used feed speeds, since the temperature measurement is manually
stopped. Furthermore for all presented temperature profiles a moving average of 5 values
is used.
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4.4. Initial experiments

20 s corresponds to a distance of approximately 33 mm with regard to the feed speed

of the base material (v) (see Table 4.5). Next to the reasons stated in chapter 4.2.1.1

for the importance of a temperature measurement set up, it can be added that it

is also important to achieve and ensure a constant operating temperature over the

length of the brazed joint.

From these initial experiments, the following conclusions can be made that have to

be further investigated:

1. The heat input, which is determined by (Pav) and (v), is not optimal as the wetting

of the brazing wire is poor (contact angle greater than 30
◦

)

2. An appropriate operating temperature should be obtained at the beginning of

the laser brazing process

3. The gap disappeared due to thermal expansion and deformation of the joint

occurred, which also indicates that the parameter set is not appropriate

To point 1.:

The insufficient wettability can be originated from too high process speeds (v, vb), i.e.

that the material flow (brazing wire and base material) that is supposed to be melted,

or heated respectively, is too high for the respective average power. This described

cause can be summarised by an insufficient heat input, as the heat input is depen-

dent on both the average laser power and the feed speed of the base material (see

equation (4.4)).

Furthermore the selected laser spot size can also have an influence on the wettability

with regard to the feed speeds, since the brazing wire can only wet onto the area of

the heated base material [Jacobson and Humpston, 2005]. If the temperature gradi-

ent between melted brazing wire and base material is too high, poor or no wetting of

the brazing wire occurs.

To point 2.:

To achieve an appropriate operating temperature at the beginning of the brazing

process, a pre-heating is needed. This pre-heating is realised by the introduction of

two delay times (WZD) and (WZL) (see section 3.1.2.3). This pre-heating was imple-

mented into the setup (see section 4.2.3).

To point 3.:

The characteristic of disappearing gap width and deformation of the joint indicate
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Chapter 4. Experimental procedures and initial tests

that the laser brazing process itself might be too slow. However, as this matter contra-

dicts point 1., these characteristics are neglected at this point and further investigated

in the parameter studies.

Further testing was carried out with regard to point 1., while the pre-heating was im-

plemented into the setup. For all tests carried out the gap width and the repetition

rate were kept constant to dgap = 0.1 mm and f = 50 Hz.

These tests showed that the spot size (d) has to be increased by increasing the focal

position (F) to +13 mm. This leads to a spot size (d) of 2.8 mm by using equation (3.2).

The increase in spot size is needed due to the disappearing gap width, so that the

brazing wire has enough space to wet properly onto the surface of the base material.

Along with this increase in spot size, the heat input has to be increased as well, since

more material has to be heated. The adaptation was realised by decreasing both the

average laser power and the feed speed of the base material. It was found by these

tests that an average power of 144 W and a feed speed of the base material of 95 mm
min

result in an adequate heat input.

Moreover, the implementation of pre-heating, mentioned above, refers to the imple-

menting of the delay time (WZD). The delay time (WZL), which introduces a delay

between starting the laser and starting the brazing process, could be directly imple-

mented into the respective NC-program. Therefore, testing was carried out as well

with regard to (WZL). Results showed that a delay time (WZL) of 3.5 s seems to be ap-

propriate for pre-heating.

The parameters determined by these tests are presented in Table 4.6.

Table 4.6.: Initial experiments: summary of appropriate parameters

P tp f Pav F vb v dgap WZL
[W] [ms] [Hz] [W] [mm] [ mm

min
] [ mm

min
] [mm] [s]

3600 0.8 50 144 -13 178 95 0.1 3.5

After completion of the pre-heating implementation, the parameters stated in Ta-

ble 4.6 were used and the delay time (WZD) was tested by varying its value. As an

example, Figure 4.17 shows the temperature measurement profiles of brazed joints

with a (WZD) of 0.7 s, 2.5 s and 2.8 s. The dotted line in Figure 4.17 indicates when the

delay time (WZL) ended.
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4.4. Initial experiments

Figure 4.17.: Testing of the delay time (WZD): temperature measurement results presented
from the thermocouple placed in front of the laser head; the dotted line indi-
cates when (WZL) ended;Parameters for brazing: P = 3,600 W, tp = 0.8 ms, f = 50 Hz,
Pav = 144 W, F = -13 mm, v = 95 mm

min
, vb = 178 mm

min
, dgap = 0.1 mm , WZL = 3.5 s

As it can be seen in Figure 4.17, an appropriate operating temperature is achieved at

the beginning of the brazing process and maintained throughout the process, if (WZD)

is set to 2.8 s. The parameter set, stated in Table 4.6, is extended by this value of (WZD)

(see Table 4.7).

Table 4.7.: Appropriate parameter set for laser brazing

P tp f Pav F vb v dgap WZL WZD
[W] [ms] [Hz] [W] [mm] [ mm

min
] [ mm

min
] [mm] [s] [s]

3600 0.8 50 144 -13 178 95 0.1 3.5 2.8

Figure 4.18 shows a joint brazed with the parameter set stated in Table 4.7.

Figure 4.18.: Example of a brazed joint with pre-heating;Parameters for brazing: P = 3,600 W,
tp = 0.8 ms, f = 50 Hz, Pav = 144 W, F = -13 mm, v = 95 mm

min
, vb = 178 mm

min
, dgap = 0.1 mm,

WZL = 3.5 s, WZD = 2.8 s
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Chapter 4. Experimental procedures and initial tests

This brazed joint was cut at 55 mm and a polished micrograph section was carried out,

which is shown in Figure 4.19.

(a) Polished micrograph section of the brazed butt joint

with an appropriate operating temperature

(b) Polished micrograph section of the brazed butt joint

showing the contact angle

Figure 4.19.: Parameters for brazing: P = 3,600 W, tp = 0.8 ms, f = 50 Hz, Pav = 144 W, F = -13 mm,
v = 95 mm

min
, vb = 178 mm

min
, dgap = 0.1 mm, WZL = 3.5 s, WZD = 2.8 s; a) Polished micrograph

section of brazed butt joint where the height (h) of 537.65 µm is indicated; the
spread diameter (2A) could not be fully displayed and therefore not indicated,
but (2A) is measured to 3416.29 µm ; b) With the height (h) and the spread di-
ameter (2A) the contact angle corresponds to 34.94

◦

by using equation 3.15; the
contact angle is also measured with the provided software tool of the microscope
and corresponds to 24.41

◦

by considering the total spread of the brazing wire

In Figure 4.15a the spherical cap height (h) is shown as 537.65 µm and the spread di-

ameter (2A) is 3416.29 µm. By using equation 3.15 the contact angle is calculated to

be 34.94
◦

(see Figure 4.19b). The contact angle is also measured with the software tool

provided with the microscope and corresponds to 24.41
◦

. The deviation between the

calculated and the measured contact angle can be reasoned by the assumptions

made for equation 3.15 with specific regard to the spherical cap and the approach

of the Pythagorean Theorem (see section 3.2.1.2). For this reason the measured value

for the contact angle is taken as adequate quality. Therefore this parameter set pre-

sented fulfils the quality standard regarding the contact angle, since it is less than 30
◦

.

In Figure 4.19b ”pegs” of brazing wire into the base material can be seen (for an en-

larged view see Figure 4.20).
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4.4. Initial experiments

Figure 4.20.: Polished micrograph section of brazed butt joint with an appropriate operating
temperature - enlarged view of Figure 4.19b; Parameters for brazing: P = 3,600 W,
tp = 0.8 ms, f = 50 Hz, Pav = 144 W, F = -13 mm, v = 95 mm

min
, vb = 178 mm

min
, dgap = 0.1 mm,

WZL = 3.5 s, WZD = 2.8 s

These pegs develop during the brazing process due to the fast diffusion of the copper

along the grain boundaries of the steel base material. This leads to intercrystalline ma-

terial separations in the tensioned material as long as the brazing wire is melted, the

so-called brazing wire-brittleness (see section 3.2.1.3) [Fritz and Schulze, 2006]. Due

to this brazing wire-brittleness, small parts of the base material miss (see blackish sur-

rounding of the peg), since they broke as the brazed joint was manually cut for the

preparation of a polished micrograph section. The very thin line between the base

material and the brazing wire is assumed to be the alloy zone consisting of primary

crystals, since it was verified that it did not correspond to cracks, when the focal posi-

tion of the microscope was changed. These last mentioned aspects also need to be

further investigated.

While carrying out these initial experiments, it was observed that the wire positioning

can have an influence on the brazing result. Figure 4.21 also shows a joint brazed with

the parameter set stated in Table 4.7.

Figure 4.21.: Example of brazed joint regarding wire positioning; Parameters for brazing:
P = 3,600 W, tp = 0.8 ms, f = 50 Hz, Pav = 144 W, F = -13 mm, v = 95 mm

min
, vb = 178 mm

min
,

dgap = 0.1 mm, WZL = 3.5 s, WZD = 2.8 s
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Chapter 4. Experimental procedures and initial tests

This example indicates that depending on the initial wire positioning a brazed joint is

obtained either as shown in Figure 4.21 or as presented in Figure 4.18. This aspect also

needs to be further investigated.

4.5. Quality control system

Quality control is subdivided into destructive and non-destructive methods. The de-

structive quality control comprises methods such as tensile testing, impact testing and

polished micrograph sections.

Receiving all information of these test methods, a good measure for the quality of

brazed joints is achieved. However, these destructive test methods are only carried

out on random samples in production. For this, they are a measure for the general

quality of brazed joints, but failures during production can still occur and might be

undiscovered.

For this reason, non-destructive quality control gains more and more importance, since

it can be implemented within the production with little disturbance of the production

process concerning time needed and reduced production of scrap (see section 2.3).

Therefore, a non-destructive quality control system using a laser-triangulation sensor

was implemented within the Nd:YAG laser work station.

Laser-triangulation sensors are commercially available for different measurement ranges

ranging from micrometres up to a few meters. For this setup a laser-triangulation sen-

sor M7L/0,5 of the company MEL Mikroelektronik is used.

The laser-triangulation sensor M7L/0,5 used has a measurement range of 250 µm and

a resolution of 0.2 µm. More technical details can be found in the data sheet in Ap-

pendix D.5.

It should be mentioned that the accuracy of measurement is dependent on the re-

flectivity of the workpiece [Hochschule Hof, 2009]. For this reason a test rig was de-

signed to test if the laser triangulation sensor is capable of detecting useful measure-

ment signals from technical surfaces.

These tests clearly showed that a continuous measurement signal is detected through-

out the measurement. Therefore, the laser triangulation sensor is evaluated positively

and will be used for the quality control system and implemented into the Nd:YAG laser

work station.

The realisation regarding adaptation of an existing software program and implemen-

tation into the work station is described in the following subsections.
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4.5. Quality control system

4.5.1. Adaptation of the software program “LNS QS V2“

The existing program “LNS QS V2“ was adapted to the new application for quality

control. However, before going into detail regarding adaptation, the original applica-

tion for which it was designed is introduced.

With the aid of “LNS QS V2“ surface finishes of measurement samples are detected

by means of an optical sensor. These collected data are transferred to the program,

evaluated regarding voltage correspondent distance and displayed.

Depending on the selection of the user, the measurement can start via manual trig-

gering or automatically. After each measurement, either single or continuous, the

measurement signal is displayed on screen (Figure 4.22).

A detailed description of this software program can be found in the diploma thesis of

Frank Buchmueller [Buchmüller, 2005]. In the following, the requirements of the soft-

ware program for the new application are described and its realisation can be found

in Appendix B.4.

Figure 4.22.: Display of the measurement signals from, e.g. an autofocus sensor

Requirements for the software program to be adapted

In the following, the features that need to be implemented into the existing software

program “LNS QS V2“ are introduced.
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Chapter 4. Experimental procedures and initial tests

The software is supposed to collect the transferred data from the laser-triangulation

sensor, evaluate the data concerning the voltage correspondent distance and dis-

play the surface finish of the base materials. The base materials used are 30 mm

x 110 mm in size, which are fixed via the specially designed clamping device (Fig-

ure 4.23).

Figure 4.23.: Base materials fixed via clamping device

Since the size of the base materials can vary, the length of the samples shall be possi-

ble to enter in the program.

To detect the edges of the scanned base material, a length in front of the sample

as well as behind the sample shall be entered which are then added to the whole

measurement length (Figure 4.24). With this approach it is possible to display the mea-

surement signal in the middle of the screen.

Figure 4.24.: Definition of the lengths to be entered into the software program
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Furthermore, the quality control setup will be implemented within the Nd:YAG laser

work station. The laser-triangulation sensor is supposed to be mounted to the z-axis.

The base material to be scanned is then moved below the sensor, since the clamping

device is mounted onto the x-axis. The axes can be moved via the CNC unit. There

the velocity can be entered in mm/min. For this reason, the program needs to be

adjusted regarding the entry of the velocity with which the base materials are moved

instead of the entry of measurement time, because it is more users friendly. If the

lengths and the velocity can be entered, the measurement time can be calculated,

which is needed for further internal processing.

Moreover, the measurement shall either start automatically or by the usage of the

above mentioned trigger sensor.

Additionally it should be possible to store and load the carried out measurement with

its corresponding settings regarding settings of the filters, entered length and velocity.

For further processing of the measurement data (just detected or reloaded) an export

of the data to Excel shall be realised.

In the following the requirements of the software to be adapted are summarized for

clarity:

• Entry of lengths

• Entry of scanning velocity

• Start of measurement: either automatically or via trigger

• Storage and loading of the measurement data and its corresponding settings

• Export to Excel

The software is adapted according to the requirements stated above. The realisation

of this adaptation can be found in Appendix B.4.

4.5.2. Implementation into the Nd:YAG - laser work station

To implement the laser triangulation sensor into the work station the following require-

ments have to be fulfilled:

• Independent adjustment of the sensor along the z - axis

• Fine adjustment along the z - axis as well as along the y - axis
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The sensor is mounted to the z-axis of the work station. To protect it during the brazing

process due to the high temperatures an independent adjustment along the z-axis

is needed. This is realised via two slot holes, which corresponds to a coarse adjust-

ment. For realising also a fine adjustment of the z-axis a linear axis is mounted onto the

coarse adjustment. This is needed for calibrating the sensor onto the surface of the

base material. To scan at different positions along the y-axis, e.g. at both base mate-

rials, brazed joint, a linear axis is used for an easy adjustment. The fixture of the laser

triangulation sensor is shown in Figure 4.25a before the implementation into the work

station. To apply the fixture to the z-axis a connection plate is needed to implement

the sensor into the work station, which can be seen in Figure 4.25b.

(a) Fixture of the laser - triangulation sen-

sor

(b) Implementation of the laser - triangulation sensor

into the Nd:YAG laser work station

Figure 4.25.: a) Fixture of the laser - triangulation sensor; b) Implementation of the laser - trian-
gulation sensor into the laser work station

The mechanical drawings of this fixture can be found in the appendix D.5. Figure 4.26

shows a typical example of a measured profile of the base material after the brazing.
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4.6. Summary

Figure 4.26.: Typical measured profile of a joint brazed with P = 2000 W, tp = 2 ms, f= 50 Hz, v=
120 mm

min
, vb =120 mm

min
; this profile was measured with a speed of 600 mm

min
and a mea-

surement frequency of 1000 Hz; the respective filters (median and mean) are set
to 100 measurement values; the measurement time corresponds to 12 s

As it can be seen, the base material deforms due to the heat induced tensions. This

is especially recognisable at the end of the base material, since there the heat accu-

mulation takes place.

4.6. Summary

A test rig consisting of a laser brazing setup as well as a temperature measurement

and wire feed control, was designed, so that it can be implemented into both laser

work stations: diode and Nd:YAG.

Furthermore, the materials used for laser brazing were presented. As base material

the mild cold-rolled steel DC01 was used. Throughout this research its dimensions were

0.8 mm * 30 mm * 110 mm. CuSi3 was used as brazing wire with a diameter of 0.8 mm.

The base material was cleaned for all experiments, as described in section 4.3.3. For

all experiments carried out within this research, a joint of 100 mm was produced.

The initial experiments, carried out with the Nd:YAG laser, showed that pre-heating is

necessary to obtain a qualitatively good brazed joint and led to the following aspects

that need to be further investigated:
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• The wire positioning, as it was observed to have an influence on the brazing result

• The characteristics of the disappearing gap width and deformation

• the ratio between feed speed of brazing wire and feed speed of base material,

as opinions deviate in literature. For these tests this ratio was set to 2:1

• The influence of the pre-heating phase, which is defined by the two delay times

(WZL) and (WZD), to the brazing result.

• Alloy zone formation, as it could not be clearly identified by the optical inspec-

tion of polished micrograph sections via a microscope.

The parameter set that results in a qualitatively good brazed joint for Nd:YAG laser

brazing is presented in Table 4.8.

Table 4.8.: Appropriate parameter set for Nd:YAG laser brazing

P tp f Pav F vb v dgap WZL WZD
[W] [ms] [Hz] [W] [mm] [ mm

min
] [ mm

min
] [mm] [s] [s]

3600 0.8 50 144 -13 178 95 0.1 3.5 2.8

A quality control system, based on a laser triangulation sensor, was designed and

implemented into the Nd:YAG laser work station. Tests showed that deformation over

the length of the joint can be measured with this device.
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Parameter studies with the Nd:YAG laser

Based on the observations made during the initial experiments, carried out with the

Nd:YAG laser (see section 4.4), 5 aspects were identified that need to be further inves-

tigated, as they seem to have an influence on the brazing result. Within this chapter

the first two aspects are further investigated with regard to their influence on the

brazing result, which are:

• The wire positioning, as it was observed to have an influence on the brazing

result

• The characteristics of the disappearing gap width and deformation

Furthermore, the influence of the repetition rate (f) is investigated with regard to the

surface condition of brazed joints. For all experiments carried out within these pa-

rameter studies, the materials were used and prepared as described in section 4.3

and studies, the materials were used and prepared as described in section 4.3 and

a brazed joint,100 mm long, was always used. The appropriate parameter set used

for investigating the wire positioning as well as the characteristics of gap width and

deformation can be found in Table 4.8.
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5.1. Influence of the wire position also within the laser spot

During the initial experiments that were carried out (see section 4.4) it was observed

that the wire position, as well as within the laser spot, can have an influence on the

brazing result. For this reason, this aspect is further investigated within this section by

using the parameter set stated in Table 4.8.

5.1.1. Influence of the wire position itself

For the brazing setup in the Nd:YAG laser work station a front wire feed was realised.

The principle of front feeding is shown in Figure 5.1a.

(a) Laser brazing with front feed (b) Occurrence of wavy brazed

joints for large incidence an-

gles of the brazing wire

Figure 5.1.: a) Schematic diagram of laser brazing with front feed; ”x” corresponds to the in-
cidence angle of the brazing wire; b) Top and lateral view for the occurrence of
wavy brazed joints for large incidence angles of the brazing wire due to oscillations
of the wire, which are indicated by the dotted arrows

For front feeding, the brazing wire is fed from ahead of the laser beam into the laser

spot with regard to the direction of movement. There the brazing wire encloses an

incidence angle with the base material, which is marked with an ”x” in Figure 5.1a.

As mentioned in section 4.1, one requirement for the wire feeder is the adjustment of

the incidence angle for the brazing wire. Therefore several incidence angles of the

brazing wire were tried prior to testing the wire position within the laser spot. The inci-

dence angle is adjustable in the range of approximately 40
◦

up to 55
◦

. This is because
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5.1. Influence of the wire position also within the laser spot

of the dimensions of the wire feeder and the distance between it and the clamping

device. This distance is also significantly dependent on the required focal position

(F) and therefore spot size: The larger the spot size the smaller the distance between

clamping device and wire feeder. Since a focal position (F) of -13 mm is required (see

Table 4.8) the adjustment of the incidence angle is limited to the above stated range.

Testing was carried out over this range, beginning with maximum incidence angle and

then subsequently decreased. For large incidence angles (above app. 47
◦

) it was ob-

served that, depending on the wire position within the laser spot (see section 5.1.2),

the surface of the brazed joint was visibly wavy instead of smooth. This was when

the brazing wire was placed loosely onto the base material (see Figure 5.2 (Left)).

The waviness could be caused by the occurrence of the following aspects: improper

heating as well as oscillations of the brazing wire.

Figure 5.2.: Principle of wire positioning onto the base material; Left: Wire is loosely placed onto
the base material; Right: Wire is slightly pressed onto the base material, so that it
bends a little

Improper heating occurs, when the brazing wire encloses an incidence angle with

the base material (see Figure 5.2 (Left), or Figure 5.1a respectively). Therefore the

brazing wire only has minor contact with the base material. It covers the base material

to its point of impact from the incident laser radiation. This gap between brazing

wire and base material, as well as the coverage, can lead to improper heating. This

also depends upon the wire positioning within the laser spot. For detailed information

regarding this aspect, please refer to section 5.1.2.

With regard to the oscillations, the brazing wire is fed via the wire guidance tube to

the brazing process (see section 4.1) and this guidance ends approximately 10 mm -

12 mm in front of the brazing process. This can lead to slight oscillations of the brazing
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wire for every step of the wire feed, if the brazing wire is placed loosely onto the base

material (see Figure 5.2 (Left)) and the brazing wire is not guided over the distance of

up to 12 mm. The incident oscillating brazing wire reaches the brazing process, where

the brazing wire is already molten. There it takes portions of the molten brazing wire

and distributes it according to its oscillatory action resulting in a visibly wavy brazed

joint (see Figure 5.1b).

Figure 5.3 shows a typical example of a brazed joint, with a loose wire placement.

Figure 5.3.: Typical example of a brazed joint with a loose wire placement onto the base mate-
rial; Figure 5.4 shows an enlarged view of the white rectangle; Parameters for braz-
ing: P = 3,600 W, tp = 0.8 ms, f = 50 Hz, Pav = 144 W, F = -13 mm, v = 95 mm

min
, vb = 189.2 mm

min
,

dgap = 0.1 mm, WZL = 3.5 s, WZD = 2.8 s

The white rectangle in Figure 5.3 indicates the part of the joint which is shown in en-

larged in Figure 5.4.

Figure 5.4.: Enlarged view of the white rectangle shown in Figure 5.3; Parameters for braz-
ing: P = 3,600 W, tp = 0.8 ms, f = 50 Hz, Pav = 144 W, F = -13 mm, v = 95 mm

min
, vb = 189.2 mm

min
,

dgap = 0.1 mm, WZL = 3.5 s, WZD = 2.8 s

The waviness of the brazed joints can be decreased or completely eliminated, if the

incidence angle is decreased to approximately 45
◦

or less depending on how the

brazing wire is placed onto the base material in the first place. If the wire is placed
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loosely onto the base material as shown in Figure 5.2 (Left), the waviness can be de-

creased, since the fed in brazing wire is partially guided via the gap between the base

materials, which diminishes the oscillations. However, if the wire is slightly pressed onto

the base material, so that it bends a little (see Figure 5.2 (Right)), the waviness can be

completely eliminated. Using this guidance technique the brazing wire is controlled

by the gap and therefore no oscillations can occur. Furthermore, this approach en-

sures that the wire is fed in under a very small angle at the beginning of the brazing

process. While brazing the wire is fed into the brazing area at the beginning of the

molten brazing wire resulting in a visibly smooth brazed joint.

5.1.2. Influence of the wire position within the laser spot

For laser brazing the wire is manually placed onto the base material. This is done

by first giving a single laser shot onto the base material for orientation purposes and

subsequently using the implemented microscope of the Nd:YAG laser work station for

positioning the wire.

After clarifying a suitable incidence angle of less than 45
◦

as well as the wire position-

ing itself (see Figure 5.2 right), the influence of the wire position within the laser spot

is investigated. For this, three positions can be differentiated as shown in Figure 5.5:

trailing, center and leading, which are examined in the following.

Figure 5.5.: Top view of brazing wire positioning within the laser spot: a) Wire position at the
trailing edge of the laser spot; b) Wire is positioned at the center of the laser spot;
c) Wire position at the leading edge of the laser spot

Trailing position

If the wire is placed exactly at the trailing edge (see Figure 5.5 (a)) of the laser spot,

it was observed that no actual brazed joint is obtained with the parameter set stated
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in Table 4.8. Figure 5.6 shows two typical examples of the brazing result, if the brazing

wire is placed at the trailing edge of the laser spot.

Figure 5.6.: Typical brazing result for positioning the wire at the trailing edge; Parame-
ters for brazing: P = 3,600 W, tp = 0.8 ms, f = 50 Hz, Pav = 144 W, F = -13 mm, v = 95 mm

min
,

vb = 189.2 mm
min

, dgap = 0.1 mm, WZL = 3.5 s, WZD = 2.8 s

This result, presented in Figure 5.6, can be reasoned by improper heating. The brazing

wire has a diameter of 0.8 mm (see section 4.3.2) and the focal position (F) is -13 mm,

which corresponds to a spot size (d) of 2.8 mm by using equation 3.8. As the brazing

wire is placed centrally across the laser spot by enclosing an incidence angle with the

base material, it has on the one hand no contact with the base material at the center

of the laser spot and on the other hand it covers the base material across the laser

spot. Therefore the main part of laser radiation hits the brazing wire and only a minor

part reaches the base material with regard to the Gaussian intensity distribution of the

laser beam. This gap between brazing wire and base material, in combination with

the coverage of the base material at the center of the laser spot, results in improper

heating.

This improper heating is also influenced by the reflection losses of the laser radiation

at the brazing wire. The brazing wire has an an absorptance of approximately 4 % for

Nd:YAG laser radiation (see section 4.3.2). For this reason major parts of the laser radia-

tion are reflected, especially if the brazing wire is positioned at the trailing edge of the

laser spot. This description explains what happens at the beginning of the brazing pro-

cess. When the pre-heating phase ends, the base material is heated insufficiently and

the brazing wire is molten. At this point it cannot wet properly onto the base material

due to the high temperature gradient between brazing wire and base material [Ja-

cobson and Humpston, 2005].
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Center position

If the wire is placed at the center of the laser spot (see Figure 5.5 (b)) it was observed

that it results in an appropriate brazed joint (see Figure 5.7).

Figure 5.7.: Example of a brazed joint with correct wire positioning; Parameters for braz-
ing: P = 3,600 W, tp = 0.8 ms, f = 50 Hz, Pav = 144 W, F = -13 mm, v = 95 mm

min
, vb = 189.2 mm

min
,

dgap = 0.1 mm, WZL = 3.5 s, WZD = 2.8 s

This brazing wire positioning within the laser spot results in proper heating of both: braz-

ing wire and base material. Due to the placement of the brazing wire at the center of

the laser spot, it only covers half of the base material within the laser spot. Furthermore

the brazing wire has contact with the base material at the center of the laser spot due

to the wire positioning itself (see Figure 5.2 (Right)). For this reason the base material

is heated properly, since approximately half of the incident laser radiation reaches

it and the other half reaches mainly the brazing wire during the pre-heating phase.

After this phase ends, the base material is heated sufficiently and the brazing wire is

molten, which results in a brazed joint as presented in Figure 5.7.

Leading position

If the brazing wire is placed at the leading edge of the laser spot (see Figure 5.5 (c)) it

was observed that no actual brazing process takes place with the parameter set

stated in Table 4.8. This can be reasoned by improper heating, as explained in sec-

tion 5.1.2 (Trailing position), only the other way around. If the brazing wire is positioned

at the trailing edge of the laser spot, it does not reach the center of the laser spot,

where the incident laser radiation is at its highest intensity due to the Gaussian distribu-

tion. Therefore, the main part of the incident laser radiation reaches the base material

and only a minor part reaches the brazing wire. This leads to an improper heating

during the pre-heating phase, since the base material is molten, which is a violation of

the definition of brazing (see section 2.2.1.1), and the brazing wire does not reach its

liquidus temperature (see Table 4.3). After the pre-heating phase, the base material is
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partially welded and the brazing wire is not molten, so that no actual brazing result is

obtained.

5.2. Characteristics of disappearing gap width and

deformation

5.2.1. Characteristics of gap width in dependence on the location at

the brazed joint

During the initial tests carried out with the Nd:YAG laser (see section 4.4), it was ob-

served that the initial gap disappeared at the location of 55 mm, where the joint was

cut to prepare a polished micrograph section.

The disappearance of the gap is an unfavourable characteristic as the sense of braz-

ing is to join, for instance, two base materials by the aid of a filler metal to produce a

strong joint if the gap is well filled [Jacobson and Humpston, 2005].

For this reason, this occurrence of disappearing gap width is further investigated. For

the initial experiments, the gap width (dgap) was set to 0.1 mm, since this is understood

to be within the optimal range for laser brazing (see section 3.2.1.1). However, it was

observed during these initial experiments that the gap disappears over the length of

the brazed joint. Figure 5.8 (Left) shows a polished micrograph section of a joint brazed

with the appropriate parameter set stated in Table 4.8. For this micrograph section, the

joint was cut at the location 55 mm.

As it can be seen in Figure 5.8 (Left) the initial gap width of 0.1 mm is not recognisable

anymore at this location. The enlarged view of the polished micrograph section (see

Figure 5.8 (Right)) shows that the gap still exists at the upper part of the joined base

materials and it disappears over the thickness of the base material. The existing gap

is approximately 4 µm wide at this location. Furthermore, Figure 5.8 (Right) shows that

the brazing wire is sucked into the gap due to the capillary filling pressure as described

in section 3.2.1.1.

By visual inspection of a brazed joint with an initial gap width of 0.1 mm, the gap

disappears approximately at the location of 10 mm to 15 mm. To better investigate this

circumstance of the disappearing gap, the gap width (dgap) is increased significantly

into the area 0.5 mm and above, so that the brazed joints can be inspected optically

by the aid of the Casio Exilim Ex-ZR100 12.1MPixel camera.
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Figure 5.8.: Parameters for brazing: P = 3,600 W, tp = 0.8 ms, f = 50 Hz, Pav = 144 W, F = -13 mm,
v = 95 mm

min
, vb = 189.2 mm

min
, dgap = 0.1 mm, WZL = 3.5 s, WZD = 2.8 s; Left: Polished Micro-

graph section of the brazed joint; Right: Enlarged view of the red rectangle in the
left image showing the gap and the sucked in brazing wire

For this, joints were brazed by using the parameter set stated in Table 4.8 with the

following gap widths: 0.5 mm, 0.6 mm, 0.7 mm and 0.75 mm. To adjust the respective

gap width a thickness gauge was used. Subsequently, each brazed joint was placed

onto an even surface and a ruler was positioned onto the joint with a scale division of

0.5 mm. Then a close-up picture is taken of the respective joint with the camera. The

scale division of the ruler was used to determine the relation between the unit length

and pixel in the image.

Afterwards, the gap width was measured in 5 mm steps starting from the beginning

of the brazed joint to where the gap width was not clearly recognisable anymore.

Figure 5.9 shows typically the measurement locations of the gap width for the brazed

joint with an initial gap width (dgap) of 0.5 mm.
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Figure 5.9.: Example of measuring the gap width dependent on its location at the brazed joint.
The initial gap width of this joint is 0.5 mm; Parameters for brazing: P = 3,600 W,
tp = 0.8 ms, f = 50 Hz, Pav = 144 W, F = -13 mm, v = 95 mm

min
, vb = 189.2 mm

min
, dgap = 0.1 mm,

WZL = 3.5 s, WZD = 2.8 s

A measurement tolerance of ± 4 pixel is taken into account for each measurement,

which is transformed into the respective unit length. Figure 5.10 shows the measure-

ment results of the gap width dependent on the location at the brazed joint.

Figure 5.10.: Gap widths of brazed joints depending on their location at the brazed joint
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As it can be seen in Figure 5.10, the gap width decreases linearly over the length of

the brazed joint. This behaviour can be reasoned by the thermal expansion of the

base materials due to heat conduction [Hornbogen, 1983]. Since the spot size of the

incident laser radiation is large compared to the heat penetration depth and the base

material is assumed to be isotropic, the thermal expansion can be regarded one -

dimensionally [Poprawe, 2005]. The measurement of the gap widths (see Figure 5.10)

clearly indicates a linear behaviour of the thermal expansion. For this reason the linear

thermal expansion of the base materials can be estimated by [Stöcker, 2000]:

∆l = l0 α∆T (5.1)

With: ∆l: Change in length

l0: Initial length

α: Coefficient of linear expansion

∆T: Temperature difference

with the assumption that the coefficient of linear expansion (α) is independent of tem-

perature. Solving equation 5.1 for (∆T), the temperature difference can be calculated,

as the initial length is known (30 mm, see section 4.3.3) and the change in length (∆l)

can be determined from the decrease in gap width. The coefficient of linear expan-

sion for the base material (αsteel) corresponds to 11 * 10 −6 K−1 at 25
◦

C [Stöcker, 2000].

This calculation is exemplified for the brazed joint with an initial gap width of 0.75 mm,

because for this joint the most measurements could be taken. The measured gap

width at the location of 5 mm corresponds to 0.68 mm (see Figure 5.10). The change

in length (∆l) of the base material is therefore:

∆l =
0.75mm − 0.68mm

2

∆l = 0.035mm

Using this change in length with equation 5.1, the temperature difference (∆T) corre-

sponds to 106.06
◦

C. These calculations are carried out for each measurement point

of the brazed joint with an initial gap width of 0.75 mm. In Figure 5.11 the result is pre-

sented. Furthermore, the new length of base material for each measurement point is

also included in Figure 5.11.
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Figure 5.11.: Change in length of the base material as well as the temperature difference over
the length of the brazed joint with an initial gap width of 0.75 mm

Figure 5.11 shows the constant increase in temperature over the length of the brazed

joint due to heat conduction. This results in the thermal expansion of the base materi-

als and therefore in a decrease in gap width.

To verify this method of optical inspection, the brazed joint, which has a total length

of 100 mm and an initial gap width of 0.75 mm, was cut every 10 mm beginning at

15 mm up to 95 mm length of the brazed joint. For each cut a polished micrograph

section was carried out and the respective gap width according to its location at the

brazed joint was measured by using the microscope. Figure 5.12 shows the respective

polished micrograph sections of the brazed joint.
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Figure 5.12.: Polished micrograph sections of the brazed joint with an initial gap width of
0.75 mm: a) Location: 15 mm, gap width: 0.525 mm; b) Location: 25 mm, gap
width: 0.349 mm; c) Location: 35 mm, gap width: 0.275 mm; d) Location: 45 mm,
gap width: 0.167 mm; e) Location: 55 mm, gap width: 0.084 mm; f) Location:
65 mm, gap width: 0.042 mm; g) Location: 75 mm, gap width: 0.021 mm;
h) Location: 85 mm, gap width: 0.017 mm; i) Location: 95 mm, gap width:
0.025 mm; Parameters for brazing: P = 3,600 W, tp = 0.8 ms, f = 50 Hz, Pav = 144 W, F = -
13 mm, v = 95 mm

min
, vb = 189.2 mm

min
, dgap = 0.1 mm, WZL = 3.5 s, WZD = 2.8 s

At this point, it should be noted that the crack in Figure 5.12 a) occurred while manu-

ally cutting the brazed joint into pieces. The measured gap widths from the polished

micrograph sections, as well as those of the inspection via the camera, are presented

in Figure 5.13.

111



Chapter 5. Parameter studies with the Nd:YAG laser

Figure 5.13.: Verification of gap width measurement with the camera: Polished micrograph
section and inspection via the camera exemplified on a brazed joint with an initial
gap width of 0.75 mm

For the gap widths measured at the polished micrograph sections a measurement tol-

erance of ± 0.005 mm is taken into account and the measurement tolerance of the

inspection with the camera corresponds to ± 0.071 mm (± 4 pixels). As it can be seen

in Figure 5.13, the gap widths measured at the polished micrograph sections also de-

crease linearly over the length of the brazed joint up to the location of 55 mm. These

gap width measurements up to 55 mm are compared to those measurements done

with the camera. There, it can be noted that the gap widths measured at the polished

micrograph sections are in general approximately 0.05 mm smaller than those mea-

sured via the inspection with the camera. But they are within the stated tolerance of

the gap widths measured via inspection with the camera. Therefore the approach of

gap width measurement via inspection with the camera is verified.

As mentioned in section 3.2.1.1, the optimal gap width for laser brazing is in the range

of 0.05 mm up to 0.2 mm, since then the melted brazing wire is ”sucked” into the gap

due to the capillary filling pressure. Comparing this statement to the polished mi-

crograph sections carried out (see Figure 5.12), it is clearly visible in Figure 5.12 a) to

c) that the gap is too wide or the capillary filling pressure too less respectively, so that

the melted brazing wire cannot fill the gap anymore. Even if the gap width is in the
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above stated range (see Figure 5.12 (d) , (e)) the melted brazing wire does not fully fill

the gap due to the capillary filling pressure; although an increase in filling the gap is

recognisable (Figure 5.12 (a) to (e)) . This behaviour might be either an indicator that

the parameter set used is not optimal with regard to ”filling” the gap or that the laser

used might not be sufficient.

However, at the length of 65 mm up to 95 mm the melted brazing wire is completely

”sucked” into the gap due to the capillary filling pressure (Figure 5.12 (f) to (i)) , since

there the gap is significantly diminished by thermal expansion.

5.2.2. Tests to maintain gap width

As the gap disappears over the length of the joint (see section 5.2.1), tests were car-

ried out to maintain the gap width over the length of the joint. These tests and their

outcome are presented in the following.

It was tested to maintain the gap width over the length of the brazed joint by using

pieces of spring steel with a thickness that corresponds to the gap width. Those pieces

were placed at the beginning and at the end of the base materials to be joined (see

Figure 5.14).

Figure 5.14.: Holder for the spring steel pieces (Left); Positioning of spring steel pieces (Right):
1) Holder; 2) Pieces of spring steel; 3) Clamped base materials

These tests resulted in no improvement with regard to maintaining the gap width as

well as enhancing the existence of the gap width over the length of the joint.

As these tests showed no improvement and the gap width still disappears due to ther-

mal expansion, it is tested to maintain the gap width by placing each base material
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1.6 mm apart from the clamping block, as the base material expands in both direc-

tions. For this a piece of wire with a diameter of 1.6 mm was used. The base materials

were placed onto the clamping brackets and the wire was put between the clamp-

ing bracket and the base material. Then the base materials were clamped and the

wire was removed before the brazing process started. An initial gap width of 0.75 mm

was used, because there changes in gap width are easiest to recognise. For brazing,

the parameter set stated in Table 4.8) was used. After brazing and before releasing

the brazed joint out of the clamping, the distance between base material and the

clamping block was measured via a calliper. The gap between the left base material

and the clamping block corresponds to 1.35 mm and the gap on the other side to

1.5 mm. Figure 5.15 shows a typical result, where the white marks indicate the point

where the gap is not recognisable anymore.

Figure 5.15.: Typical example of a brazed joint for trying to maintain the gap by leaving
space between the clamping block and the base material; Parameters for braz-
ing: P = 3,600 W, tp = 0.8 ms, f = 50 Hz, Pav = 144 W, F = -13 mm, v = 95 mm

min
, vb = 189.2 mm

min
,

dgap = 0.1 mm, WZL = 3.5 s, WZD = 2.8 s

The length of the brazed joint to the white mark corresponds to 71 mm (see Figure 5.15).

Comparing this length of gap existence to the joint brazed without this gap between

base material and clamping block (see Figure 5.10) but with the same initial gap

width, it is apparent that this type of preparation shows an improvement with regard

to length of gap existence over the brazed joint. Since the normal brazed one has

an existing gap length of 60 mm, whereas the other one has an existing gap length of

71 mm. This increase in the length of gap existence can be reasoned by the available

space in both directions for the base material with regard to thermal expansion.

Furthermore, it was tested to maintain the gap width by the aid of tacking the base

materials at the beginning, in the middle and at the end of the base materials to be

joined. The middle was chosen as well, since the usage of spring steel pieces had

no effect on the brazing result. It was tested with an initial gap width of 0.75 mm and

after tacking the gap width corresponds to 0.25 mm. Then the joint was brazed with
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the parameter set stated in Table 4.8. Figure 5.16 shows the result of this brazed joint,

where the white arrows indicate the tacking points.

Figure 5.16.: Joint brazed with prior tacking of base materials to maintain gap width; Param-
eters for brazing: P = 3,600 W, tp = 0.8 ms, f = 50 Hz, Pav = 144 W, F = -13 mm, v = 95 mm

min
,

vb = 189.2 mm
min

, dgap = 0.1 mm, WZL = 3.5 s, WZD = 2.8 s

As it can be seen in Figure 5.16, the gap between the first and middle tacking point

shows no gradient compared to normal brazed ones, but the gap between the mid-

dle and end tacking point is not recognisable anymore. For this reason the option of

tacking the base material first eliminates the gradient of disappearing gap up to the

middle, however, it does not maintain the gap over the length of the brazed joint.

To overcome this characteristic of disappearing gap width, the process of laser braz-

ing has to be faster, so that the influence of heat conduction and therefore thermal

expansion can be diminished.

5.2.3. Deformation

As mentioned in section 4.4, deformations of the joint occur due to the heat input of

the laser. Figure 5.17 shows an example of a typical deformed joint.

Figure 5.17.: Deflection measurement of brazed joint, where the rear side of the brazed joint
reaches the red line; Parameters for brazing: P = 3,600 W, tp = 0.8 ms, f = 50 Hz,
Pav = 144 W, F = -13 mm, v = 95 mm

min
, vb = 189.2 mm

min
, dgap = 0.1 mm, WZL = 3.5 s, WZD = 2.8 s

It can be seen that the joint has a curvature over the length of the joint, where both

ends of the rear side of the brazed joint reach the red line. This curvature is caused by
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the heating induced thermal expansion strains, which can be calculated as follows

for a uniform temperature rise or decrease respectively (∆T) [Usmani et al., 2001]:

εT = α∆T (5.2)

With: εT : Thermal expansion strain

α: Coefficient of linear expansion

∆T: Temperature difference

The uniform temperature rise within the base material was proven for the gap disap-

pearance over the length of the joint (see Figure 5.11 in section 5.2.1), which can be

expressed by the trend line function

T = 16.769l +8.325

With: T: Temperature

l: length

This equation was obtained by applying a linear trend line to the measurement results

of the thermal expansion of the base materials (see Figure 5.11). Using this equation,

(∆T) can be determined as follows between two neighbouring measurement points:

∆T = T2 − T1

with

T2 > T1

This results in a uniform temperature rise (∆T) of 83.845
◦

C. Inserting the value (∆T) in

equation (5.2), together with the coefficient of linear expansion for the base material

(αsteel) of 11 * 10 −6 K−1 [Stöcker, 2000], the thermal expansion strain (εT ) corresponds

to 0.922 * 10 −3. This thermal expansion strain leads the to deformation, shown in Fig-

ure 5.17, as soon as the joint is released from clamping. Since the joint has a uniform

curvature over the length of the joint, the deflection of the joint can be approximated

by [Usmani et al., 2001]

δ =
2l

π

√

εT +
ε2

T

2
. (5.3)
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With: εT : Thermal expansion strain

l: length

Therefore, the deflection of the base material is estimated to 2.13 mm with the length

of 110 mm.

To measure the deflection of the brazed joint, the joint was placed onto a set square,

as shown in Figure 5.17, and a picture was taken by the aid of the Casio Exilim Ex-ZR100

12.1MPixel camera.

Figure 5.18 shows an enlarged view of the measurement location for the deflection

(red arrow). Furthermore, the black arrows in Figure 5.18 indicate the even curvature

of the joint with respect to the scale of the set square.

Figure 5.18.: Curvature of brazed joint; Parameters for brazing: P = 3,600 W, tp = 0.8 ms, f = 50 Hz,
Pav = 144 W, F = -13 mm, v = 95 mm

min
, vb = 189.2 mm

min
, dgap = 0.1 mm, WZL = 3.5 s, WZD = 2.8 s

For measuring the deflection, the pixels are counted and then converted to unit

length. For this measurement, a tolerance of ±2 pixels was taken into account. The

deflection is measured to 2.25 mm±0.14 mm. As the estimated deflection is within the

tolerance of the measured one, the estimation is verified.

5.3. Influence of the repetition rate (f) on the brazed joint

During the parameter studies carried out so far, the repetition rate (f) of the Nd:YAG

laser was kept constant to the value of 50 Hz. However, the question arose if the repe-

tition rate (f) has an influence on the brazing result with specific regard to the surface

roughness. For this reason, the repetition rate (f) was supposed to be varied from 10 Hz

to 70 Hz with 5 Hz steps by using the parameter set stated in Table 4.8. To maintain the

average laser power (Pav) of 144 W stated in Table 4.8, the peak power (P) was kept

constant and the pulse length (tp) was adapted according to the equation (3.1).
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The pulse length (tp) was selected to be adapted, since the initial experiments car-

ried out showed that high peak powers (P) affect the base material regarding melting

and/or ablating (see section 4.4).

However, the repetition rate (f) could only be varied from 10 z to 40 z, as the laser set

itself always to error-state for a repetition rate (f) of 45 z and higher with the parameter

set stated in Table 4.8.

The joints were brazed with the respective repetition rate (f) and the adapted pulse

length (tp). The surface roughness of the brazed joints was measured with the stylus

instrument Perthometer S5P from Perthen GmbH. This instrument has a measurement

range of 50 µm and the radius of the measurement tip corresponds to 5 µm. The mea-

surement distance is set to 4.8 mm, whereas the distance of 0.8 mm corresponds to the

forward measurement distance, which is not included in the actual measurement.

To measure the average surface roughness (Rz), the brazed joints were placed onto

an even measurement table and were fixed with small weights to keep them in place.

Subsequently, the measurement tip was placed manually at the center of the spheri-

cal cap of the brazed joint. The average surface roughness (Rz) was measured at four

locations (20 mm, 40 mm, 60 mm, 80 mm) for each brazed joint. Each measurement

was repeated once for every location to minimise the influence of the manual place-

ment.

The arithmetic mean was calculated for (Rz) out of all measurement values from each

brazed joint. The result of these measurements is presented in Figure 5.19, where the

average surface roughness (Rz) is plotted against the repetition rate (f).
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Figure 5.19.: Arithmetic mean of the measured average surface roughness (Rz) of the brazed
joint in dependency on the repetition rate (f); the indicated tolerance corre-
sponds to the standard deviation of (Rz)

The indicated tolerance corresponds to the standard deviation of (Rz). It should be

noted that the relatively large values of the standard deviation from (Rz) for the repe-

tition rates (f) 20 Hz and 30 Hz originate from the measurement at the location 80 mm,

where the average surface roughness (Rz) has a significant increase of approximately

4 µm compared to the other measurements of the respective brazed joint. As it can

be seen in Figure 5.19, the average surface roughness (Rz) decreases from 9.65 µm to

8.80 µm for the repetition rate (f) 10 Hz to 15 Hz. Then (Rz) increases from 8.98 µm to

12.04 µm for the repetition rates (f) from 15 Hz to 40 Hz.

This relation between the average surface roughness (Rz) and the repetition rate (f)

can be approximated by a second order polynomial fit as indicated by the green

trend line in Figure 5.19. The increase of (Rz) with the repetition rate (f) can be ex-

plained by the adaptation of the pulse length (tp). Since the peak power (P) as well as

the average laser power (Pav) were kept constant for this parameter study, the pulse

length (tp) and the repetition rate (f) are inversely related to each other, i.e. if the

repetition rate (f) is decreased, the pulse length (tp) is increased and vice versa (see

equation (3.1)). An increase in pulse length means that the duration of a laser pulse

is extended. This fact, in connection with a low repetition rate, approximates a quasi-

continuous behaviour of the laser radiation more effectively than a high repetition rate
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in connection with a short pulse length with respect to the surface condition (see Fig-

ure 5.19).

The brazed joints were also inspected visually. There it is recognised that ablation of

base material occurred for the repetition rates (f) 10 Hz and 15 Hz. For example, Fig-

ure 5.20 a) shows the joint brazed with 15 Hz. The right image of Figure 5.20 a) presents

an enlarged view of an part of the brazed joint, where the red arrow indicates the

ablation. This ablation disappears for 20 Hz, as it can be seen in Figure 5.20 b).

Figure 5.20.: Brazed joints with the repetition rates (f) 15 Hz and 20 Hz; a) Left: brazed joint with
the repetition rate (f) 15 Hz, Right: Enlarged view of part of the brazed joint in-
dicated by the red rectangle; the red arrow points at the affected base mate-
rial; b) Left: brazed joint with the repetition rate (f) 20 Hz, Right: Enlarged view
of part of the brazed joint indicated by the red rectangle; Parameters for brazing:
P = 3,600 W, Pav = 144 W, F = -13 mm, v = 95 mm

min
, vb = 189.2 mm

min
, dgap = 0.1 mm, WZL = 3.5 s,

WZD = 2.8 s

For this reason the joint brazed with a repetition rate (f) of 20 Hz seems to be the most

effective with regard to surface condition.

5.4. Summary

These investigations carried out with the Nd:YAG laser showed that the wire positioning

itself as well as within the laser spot has a significant influence on the brazing result. It

was determined that wire oscillations occur if the wire itself has an incidence angle

larger than 45
◦

. These oscillations can be decreased if the incidence angle is de-

creased below 45
◦

. To prevent the wire from oscillating, it has to be slightly pressed

onto the base material, so that it bends a little. Using this technique, the wire is con-

trolled by the gap and no oscillations can occur. Furthermore, the wire is fed under

a very small angle to the brazing process due to this positioning described above.

The experiments, carried out with regard to the wire positioning within the laser spot,

showed that only the positioning at the center of the laser spot resulted in good qual-

ity brazed joints. The positioning of the wire at the leading or trailing edge of the laser

spot resulted in low quality brazed joints or non at all.
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The observed characteristic of disappearing gap width over the length of the joint

(see section 4.4) was further investigated. The tests showed that the gap disappears

over the length of the joint due to thermal expansion of the base materials. The cor-

respondent measurements agree well with theory of linear expansion with regard to a

uniform temperature change.

Tests were carried out for maintaining the gap over the length of the joint, e.g. using

spring steel of respective thickness as a spacer, tacking of base materials prior to the

brazing process and leaving space between the clamping bracket and base mate-

rial. However, non of them led to a satisfactory result.

Along with the disappearance of gap width, deformation occurs in the form of de-

flection over the length of the brazed joints. This deformation is caused by heating

induced thermal expansion strains. The deflection of the brazed joints was measured

and agreed well with the theoretical values.

As the repetition rate (f) was kept constant throughout these parameter studies, in-

vestigations were carried out with regard to its influence on the surface condition of

brazed joints. It was determined that a decrease of repetition rate (f) leads to a de-

crease in surface roughness by having its optimal value at f = 20 Hz.
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Parameter studies with the diode laser

Based on the observations made during the initial experiments, carried out with the

Nd:YAG laser (see section 4.4), 5 aspects were identified that need to be further inves-

tigated, as they seem to have an influence on the brazing result. The first two aspects

wire positioning, characteristics of disappearing gap width and deformation were

investigated within the parameter studies with the Nd:YAG laser. Within this chapter,

the other aspects are further investigated, which are:

• the ratio between feed speed of brazing wire and feed speed of base material,

as opinions deviate in literature. For these tests this ratio was set to 2:1

• The influence of the pre-heating phase duration, which is defined by the two

delay times (WZL) and (WZD), to the brazing result.

• Alloy zone formation, as it could not be clearly identified by the optical inspec-

tion of polished micrograph sections via a microscope.

Next to these aspects mentioned above, the change in heat input to the brazing

result and wire positioning are also investigated. The latter mentioned is repeated

for the diode laser, as its beam profile differs from the one of the Nd:YAG laser (see

section 3.1.1). For all experiments carried out within these parameter studies, the ma-

terials were used and prepared as described in section 4.3 and a brazed joint,100 mm

long, was always used.
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6.1. Preliminary considerations

Prior to carrying out the parameter studies with the diode laser, considerations have

to done with regard to the influencing parameters of the laser brazing process (see

section 3.1) in order to determine a parameter set for laser brazing with the diode

laser. For this, considerations were carried out with respect to the required heat input,

a suitable laser spot size, ratio of feed speeds, pre-heating and gap width.

Estimation of heat input

As presented in section 4.4.1, the required heat for laser brazing can be estimated

by equation (4.3). To determine the volume, a suitable laser spot size has to be de-

termined first. The diode laser has a rectangular beam shape (see section 3.1.1.2)

that can be described by its two beam width (dx) and (dy) respectively. By using

equation (3.8), it was determined that a suitable laser spot size is achieved if the focal

position (F) corresponds to +5 mm. This leads to beam widths of 2.43 mm in x-direction

(dx(5)) and 3.68 mm in y-direction (dy(5)) (see section 3.1.1.2.2). The considered min-

imum and maximum temperature range for the base material are 20
◦

C - 800
◦

C and

20
◦

C - 1,100
◦

C respectively. For the brazing wire the minimum required temperature

range is determined by its liquidus temperature 1,025
◦

C. Hence, the minimum required

temperature range corresponds to 20
◦

C - 1,025
◦

C and the maximum one is the same

as for the base material. Accumulating the minimum and maximum required heat of

both materials, this leads to a needed heat for brazing in the range of 22.194 J up to

30.113 J.

To estimate the heat input, the laser power (P) and the feed speed of the base ma-

terial (v) are needed (see equation (4.4)). Although the initial experiments with the

Nd:YAG laser showed that an laser power of 144 W is appropriate, it is set to the max-

imum output power 150 W of the diode laser (see section 3.1.1.2), as the spot size of

the diode laser is larger compared to the one of the Nd:YAG laser. The feed speed

of base material (v) is adopted from the initial experiments with the Nd:YAG laser (see

Table 4.8), which is 95 mm
min

. Inserting these values in equation (4.4) results in a heat input

of 94.74 J
mm

.

This heat input should be sufficient for laser brazing, even if the absorption is consid-

ered, which corresponds to approx. 40 % for the base material and 4 % for the brazing

wire for the wavelength 808 nm (see section 4.3).
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Ratio of feed speeds ( vb

v
)

As described in section 4.4.1, opinions deviate with regard to the ratio between feed

speeds of brazing wire to feed speed of base material for the same joint geometry

(see section 2.2.2.2 and Table 2.1). As no literature could be found concerning butt

joints, the ratio can be approximated by 2:1 as a rule of thumb.

Laser power (P)

As mentioned in section 3.1.1.2, the diode laser is a cw direct diode laser with a max-

imum output power of 150 W. For estimation of the heat input, it was shown that an

laser power of 150 W is appropriate.

Gap width (dgap)

The parameter studies carried out with the Nd:YAG laser showed that the gap dis-

appears over the length of the joint (see section 5.2.1). There, the decrease in gap

width shows a linear behaviour. Therefore, an initial gap width of 0.4 mm is chosen for

these parameter studies with the diode laser. As this initial gap width is assumed to

cover the optimal range of 0.05 mm up to 0.2 mm for laser brazing close to beginning

of the brazed joint with regard to the relation between gap width and capillary filling

pressure (see section 3.2.1.1).

Pre-heating

The initial experiments carried out with the Nd:YAG laser demonstrated that a pre-

heating phase is essential for laser brazing in order to obtain a qualitatively good joint

(see section 4.4.2). As the pre-heating phase is defined by the two delay times (WZL)

and (WZD) (see section 3.1.2.3), these two delay times have to be estimated.

For this, (WZL) is going to be estimated in the following and (WZD) is adapted accord-

ingly. During the initial experiments with the Nd:YAG laser, an appropriate (WZL) was

determined to 3.5 s (see section 4.4.2) for a spot size (d) of 2.8 mm. Using this informa-

tion, (WZL) can be approximated by the rule of three. For this, the area of both laser

spots have to be calculated for the respective focal position first. As the laser spot of

the Nd:YAG laser has a circular shape with a diameter of 2.8 mm, the area corresponds

to 6.16 mm2. The diode laser has a rectangular beam shape, which is described by its
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two spot sizes (dx) and (dy) respectively (see section 3.1.1.2). For the focal position (F)

of +5 mm, the spot sizes correspond to 2.43 mm for (dx(5)) and 3.68 mm (dy(5)) resulting

in a laser spot area of 8.94 mm2.

Applying the rule of three, (WZL) for the diode laser can be estimated to

6.16mm2 = 3.5s

8.94mm2 = WZL

=⇒WZL = 5.08s

As this is an estimation for (WZL), the value of (WZL) is increased slightly to 5.5 s to ensure

a proper pre-heating.

The value of the delay time (WZD) is based upon the observations made during the

initial experiments with the Nd:YAG laser (see section 4.4.2). It was observed if the dif-

ference in time between both delays (WZL) and (WZD) was too large, no appropriate

operating temperature was reached at the beginning of the brazing process. This was

caused by too much fed wire, if (WZD) was significantly shorter than (WZL). However,

if (WZD) and (WZL) approximately correspond to each other, a repetitive brazing pro-

cess could not always be obtained. This can be explained by the manual start of both

delay times with regard to the human error on the one hand. On the other hand, the

wire feed has to start a bit earlier than the brazing process, so that enough wire is fed

and the brazing wire does not loose contact to melt as observations showed. Hence,

(WZD) is set to 4.7 s with regard to these mentioned aspects.

The considerations carried out are summarised in the following for clarity.

• Focal position (F) of +5 mm leads to a spot size of 2.43 mm in x-direction (dx(5))

and 3.68 mm in y-direction (dy(5))(see section 3.1.1.2.2)

• Laser power (P) of 150 W fulfils the required heat input by using a feed speed of

the base material (v) of 95 mm
min

• The ratio of feed speed of brazing wire to feed speed of base material is esti-

mated to approximately 2:1

• Gap width (dgap) is set to 0.4 mm to achieve an optimal gap width in the range

of 0.05 mm up to 0.2 mm at the beginning of the brazing process
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• For an appropriate pre-heating, (WZL) and (WZD) were estimated to 5.5 s and

4.7 s respectively

6.2. Influence of the wire position also within the laser spot

During the parameter studies carried out with the diode laser, almost the same obser-

vations were made with regard to the wire positioning as with the Nd:YAG laser (see

section 5.1). The wire positioning itself can have a significant influence on the brazing

result. Next to the loose positioning of the brazing wire at the gap with its correspon-

dent consequences (see section 5.1), it was observed that if the wire was placed at

the gap with a bit of pressure, but the incidence angle was not correct, it also resulted

in low quality brazed joints. Figure 6.1a shows such an insufficient positioning. The black

mark in Figure 6.1a indicates the approximate location of the laser spot with regard to

its center.

(a) Incorrect positioning of the brazing wire (b) Correct positioning of the brazing wire

Figure 6.1.: Example for brazing wire positioning: a) incorrect positioning; b) correct positioning

As it can be seen in Figure 6.1a, the brazing wire encloses an angle with the base ma-

terial, which results in no contact at the center of the laser spot. Since the brazing wire

is forced into the gap by a bit of pressure, the oscillations, as described in section 5.1,

cannot occur. However, the pressure is not enough, which leads to an increased in-

cidence angle of the brazing wire and to no contact with the base material at the

center of the laser spot.

Figure 6.2 shows a joint brazed with an initial incorrect wire positioning. As it can be
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seen, this brazed joint is low in quality. The joint looks stitched due to the incidence

angle of the brazing wire.

Figure 6.2.: Bad example of a joint brazed with incorrect wire positioning; Parameters for
brazing: Pav = 150 W, F = +5 mm, v = 76.00 mm

min
, vb = 161.4 mm

min
, dgap = 0.4 mm, WZL = 5.5 s,

WZD = 4.7 s

Figure 6.1b shows the correct positioning of the brazing wire. The laser spot corre-

sponds to the purplish spot in Figure 6.1b. As it can be seen there, the wire is guided

by the gap and has contact with the base material within the laser spot. All brazed

joints presented in these diode laser parameter studies had an initial wire positioning

as shown in Figure 6.1b.

Furthermore, it was observed during these studies that the brazing wire positioning

within the laser spot is not as crucial as for the Nd:YAG laser parameter studies. This

can be explained by the top hat profile of the laser beam (see section 3.1.1.2) in di-

rection of brazing.

6.3. Comparison of ratios of feed speeds (vb

v
) with and

without shielding gas

As opinions vary in literature, with regard to the ratio of feed speeds (see section 2.2.2.2)

for the same joint geometry, this ratio is further investigated for brazing butt joints.

Initially, as a rule of thumb, the ratio of feed speeds was approximately set and kept to

2:1 for the initial experiments carried out with the Nd:YAG laser (see section 4.4). Even

the ratio of feed speeds of the appropriate parameter set presented for brazing with

the Nd:YAG laser (see Table 4.8) corresponds to the rule of thumb with 1.99:1.

Therefore, tests were carried out to investigate the change in ratio with regard to the

quality of the brazed joints. To start testing, the feed speeds of base material and

brazing wire were taken from the parameter set of the Nd:YAG laser (see Table 4.8).

Subsequently, the feed speed of brazing wire was decreased by one step of the step-

per motor and the feed speed of base material was adjusted to the ratio of 2:1. Then

the feed speed of base material was increased and decreased until an insufficient
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brazed joint was obtained. This was inspected visually with regard to wetting and ab-

lation of the base material.

These tests were carried out once with the aid of shielding gas Nitrogen (N2) and once

without and subsequently compared.

The feed speed of the base material can be adjusted in very small steps due to the

CNC - unit of the diode laser. As the feed speed of base material that is entered in the

NC - program corresponds to 100 % and this feed speed can be adapted by changing

the percentage.

The parameters used for laser brazing can be found in Table 6.1 according to the

preliminary considerations carried out in section 6.1.

Table 6.1.: Parameters used for the ratios of feed speed experiments with shielding gas

P WZD WZL F dgap

(W) (s) (s) (mm) (mm)

150 4.7 5.5 +5 0.4

6.3.1. Ratios of feed speeds ( vb

v
) with shielding gas

For these tests, all joints were brazed by the aid of shielding gas N2. The flow speed of

the shielding gas could not be measured, since the shielding gas flow meter is insen-

sitive to the slow flow speeds needed for these studies 9, the shielding gas flow speed

can be compared to the wind speed of a whistle.

The feed speeds of the brazing wire that were tested as well as the initial feed speeds

of the base material for the respective feed speed of the brazing wire can be found

in Table 6.2.

Table 6.2.: Initial feed speeds tested with shielding gas

Test vb v
number [ mm

min
] [ mm

min
]

1 189.2 95.00

2 161.4 80.75

3 109.2 55.10

9 it did not recognise that shielding gas was used at all
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Test number (1)

For the first tests, the ratio of feed speeds is set according to the appropriate ratio

of feed speeds obtained during the initial experiments carried out with the Nd:YAG

laser (see Table 6.2, No.1). The feed speed of the brazing wire was kept constant and

the feed speed of the base material was varied in the range of 93.1 mm
min

up to 96.9 mm
min

.

Figure 6.3 shows the joints brazed with the respective feed speed of the base material.

Figure 6.3.: Ratio of feed speeds with shielding gas: brazed joints of test number (1) with the
respective feed speeds of the base material: starting from lowest (at the top) to
fastest feed speed (at the bottom); Parameters for brazing: Pav = 150 W, F = +5 mm,
vb = 189.2 mm

min
, dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s

The joint brazed with a feed speed of 95 mm
min

can be seen in the middle of Figure 6.3.

This joint shows a poor wetting behaviour onto the surface of the base material, even

if it looks smooth with regard to surface condition. An increase in feed speed leads

to even poorer wetting behaviour. This can be seen at the joint brazed with 96.9 mm
min

at the bottom of Figure 6.3, since the wetting is not continuous over the length of the

brazed joint.

A decrease in feed speed shows a continuous wetting compared to the faster ones

brazed, but also a slight decrease in wetting with regard to the width of wetting onto
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the surface. The latter one mentioned means that the spherical cap of the brazed

joint is slightly higher and thinner compared to the joint brazed with a feed speed of

95 mm
min

.

Next to the poor wetting onto the surface, which accounts for brazed joints presented

in Figure 6.3, their existing gap is not filled by the brazing wire, as it can be seen in

Figure 6.4, where this behaviour is exemplified on the joint brazed with 95 mm
min

.

Figure 6.4.: Typical rear side of the above joints brazed exemplified on the joint brazed with
95 mm

min
; Parameters for brazing: Pav = 150 W, F = +5 mm, vb = 189.2 mm

min
, dgap = 0.4 mm,

WZL = 5.5 s, WZD = 4.7 s

Therefore, it is apparent that either the speed of the process itself is too fast or the heat

input too low for brazing with the diode laser. This results in insufficient brazed joints with

regard to poor wetting and an unfilled gap.

Test number (2)

For these tests the feed speed of brazing wire was decreased by one step to 161.4 mm
min

and the initial feed speed of the base material was adapted according to the rule

of thumb (see Table 6.2, No.2). The feed speed of the base material was varied in the

range of 78.85 mm
min

to 81.70 mm
min

. Figure 6.5 shows the brazed joints with the respective

feed speed of the base material.
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Figure 6.5.: Ratio of feed speeds with shielding gas: brazed joints of test number (2) with the re-
spective feed speeds of the base material: a) 78.85 mm

min
; b) 80.75 mm

min
; c) 81.70 mm

min
; Pa-

rameters for brazing: Pav = 150 W, F = +5 mm, vb = 161.4 mm
min

, dgap = 0.4 mm, WZL = 5.5 s,
WZD = 4.7 s

As it can be seen in Figure 6.5, the joints brazed are comparable to those brazed with

the higher feed speeds (see Figure 6.3) of test number (1). The brazing wire insufficiently

wets the base materials with regard to contact angle and the width of wetting onto

each base material. Furthermore the existing gap is not filled by the brazing wire; the

filling behaviour is comparable to the one of the higher feed speeds (see Figure 6.4)

of test number (1).

These results clearly indicate that the heat input is too low due to the improper heating

and melting of the brazing wire.

Test number (3)

Based on the results of test number (1) and 2, the feed speed of the brazing wire was

significantly reduced to 4 steps per second, which corresponds to 109.2 mm
min

(see Ap-

pendix B.2.4). The feed speed of the base material was adapted according to the

rule of thumb with an initial value of 55.10 mm
min

. For these tests, the feed speed of base

material was varied in the range of 51.30 mm
min

up to 62.70 mm
min

. Figure 6.6 and 6.7 shows

the joints brazed with the respective feed speeds of the base material.
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Figure 6.6.: Ratio of feed speeds with shielding gas: brazed joints of test number (3): a) 51.30 mm
min

;
b) 52.25 mm

min
; c) 55.10 mm

min
; d) 56.05 mm

min
; Parameters for brazing: Pav = 150 W, F = +5 mm,

vb = 109.2 mm
min

, dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s

As it can be seen in Figure 6.6 a slight increase in width of the brazed joints is recog-

nisable in a) to d) . This can be understood by the lesser feed speed of the base

material compared to the feed speed of the brazing wire (Figure 6.6 (a)). This is be-

cause too much wire was fed, for the feed speed of the base material. Then more

material had to be melted, which led to an improper heating of the base material

and therefore led to an insufficient wetting of the brazing wire onto the base mate-

rial. The mentioned increase in width results from the increase of the feed speed of

the base material (Figure 6.6 (c) and (d)), since both feed speeds are more balanced

with regard to material to be melted and heated respectively.

However, the wetting onto the base material significantly increased compared to the

joints brazed with the higher feed speeds of both: brazing wire and base material

(see Figure 6.3 and 6.5 respectively). The joints brazed with the lower feed speeds are

wider, but they violate the definition of brazing (see section 2.2.1.1). As the base mate-

rial close to the joint is ablated at its surface, due to too much heat input (Figure 6.6 (a)

and (b)). The joints brazed with an increased feed speed, in the range of 57.00 mm
min

to

62.70 mm
min

, are shown in Figure 6.7. There, a slight decrease in wetting, with regard to

the width of the brazed joint, is recognised in a) to d). However, the joints brazed with

a feed speed of base material of 57.00 mm
min

and 58.90 mm
min

still show a sufficient wetting.
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Figure 6.7.: Ratio of feed speeds with shielding gas: brazed joints of test number (3) with the
following feed speeds of the base material a) 57.00 mm

min
; b) 58.90 mm

min
; c) 60.80 mm

min
; d)

62.70 mm
min

; Parameters for brazing: Pav = 150 W, F = +5 mm, vb = 109.2 mm
min

, dgap = 0.4 mm,
WZL = 5.5 s, WZD = 4.7 s

Not only the wetting of the brazing wire onto the surface is important, also the existing

gap has to be filled by the brazing wire [Jacobson and Humpston, 2005]. For this, the

rear sides of the joints were also visually inspected. Figure 6.8 shows the rear side of the

joint brazed with 55.10 mm
min

and 62.70 mm
min

respectively. As it can be seen in Figure 6.8 a),

the existing gap is completely filled by the brazing wire. There, the white arrow indi-

cates, when the existing gap is not recognisable anymore by visual inspection. For the

higher feed speed of 62.70 mm
min

, the existing gap is not completely filled by the brazing

wire (Figure 6.8 (b)).

Figure 6.8.: Ratio of feed speeds with shielding gas test number 3: rear side of joints brazed with
the following feed speed of base materials: a) 55.10 mm

min
and b) 62.70 mm

min
; Parameters

for brazing: Pav = 150 W, F = +5 mm, vb = 109.2 mm
min

, dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s

To ensure that this filling behaviour is common for the respective feed speed, these

joints were repeated three times. All repetitions show the same behaviour as pre-
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sented in Figure 6.6, 6.7 and 6.8, i.e. the gap is completely filled for the feed speeds

55.10 mm
min

and 56.05 mm
min

. A completely filled gap could not always be obtained for the

other feed speeds due to the improper heat input (see Figure 6.8 (b)). Joints brazed

with the respective feed speed of 55.10 mm
min

and 56.05 mm
min

were further visually inspected

with regard to wetting, gap filling and base material influence. There, it was found that

the joints brazed with the feed speed of 55.10 mm
min

are better than those brazed with the

feed speed of 56.05 mm
min

with respect to the above mentioned aspects.

For this reason a polished micrograph section of the joint brazed with the feed speed

of 55.10 mm
min

was carried out by cutting the joint at a length of 15 mm. Figure 6.9 shows

the polished micrograph section.

Figure 6.9.: Polished micrograph section of the joint brazed with (v) 55.10 mm
min

; the height of
the spherical cap is 437.653 µm and the width of the brazed joint corresponds to
2293.864 µm, which results in a theoretical contact angle of 41.77

◦

by using equa-
tion 3.15. The measured contact angles correspond to: left: 43.709

◦

and right:
41.822

◦

; Parameters for brazing: Pav = 150 W, F = +5 mm, vb = 109.2 mm
min

, dgap = 0.4 mm,
WZL = 5.5 s, WZD = 4.7 s

There, it can be seen that the gap is completely filled by the brazing wire, which has

even leaked through the joint. The visual inspection, prior to carrying out this pol-

ished micrograph section was correct, since no base material is affected concerning

material ablation. Furthermore, the estimated range of gap width for this location

mentioned in section (see section 6.1) was also correct, since the gap width seen in
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Figure 6.9 corresponds to approximately 0.2 mm. As described in section 3.2.1.1, this

gap width is within the optimal range for laser brazing, because there the capillary

filling pressure is sufficient to fill the gap with the molten wire. However, the brazed joint

does not fulfil the quality measure contact angle, since this angle should be less than

30
◦

and the measured ones correspond to 43.709
◦

(left) and 41.822
◦

(right), whereas

the theoretically determined contact angle is 41.77
◦

by using equation 3.15.

These tests carried out with shielding gas showed that for test number (1) and (2) the

process speed itself was too fast for the laser brazing with the diode laser. Test number 3

with a feed speed of brazing wire of vb = 109.2 mm
min

showed that appropriate brazed

joints are obtained for the feed speeds of base material 55.10 mm
min

and 56.05 mm
min

. The

respective ratio of feed speeds is in the range of 1.94 up to 1.98 for (vb) to 1 (v). These

results correspond almost exactly to the rule of thumb of 2:1.

Compared to the parameter studies carried out with the Nd:YAG laser, only slow pro-

cess speeds for laser brazing could be achieved with shielding gas. This can be rea-

soned by the usage of shielding gas, as it was observed that the measured temper-

ature was approximately 100
◦

C to 250
◦

C less for the same initial position of the ther-

mocouples. Therefore, these tests are repeated without shielding gas. The results are

presented in the following.

6.3.2. Ratios of feed speeds ( vb

v
) without shielding gas

For these tests, all joints were brazed without using shielding gas. Only compressed air

was used to prevent the optics from polluting. For this, the air supply was adjusted in

such a way that it flows parallel to the optics.

Based on the results of section 6.3.1, the tests started with slow feed speeds of both,

which were then increased. The feed speeds of the brazing wire that were tested as

well as the initial feed speeds of the base material for the respective feed speed of

the brazing wire can be found in Table 6.3.

Table 6.3.: Initial feed speeds tested without shielding gas

Test vb v
number [ mm

min
] [ mm

min
]

A 109.2 55.10

B 138.4 80.75
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Test number (A)

For these tests, both feed speeds were initially set to the values of test number (3)

with shielding gas (see Table 6.3, No.A). The feed speed of brazing wire was kept con-

stant and the feed speed of base material was varied in the range of 51.30 mm
min

up to

70.30 mm
min

.

Figure 6.10 shows the joints brazed with feed speeds of the base material in the range

of 51.30 mm
min

(Figure 6.10 (a)) up to 55.10 mm
min

(Figure 6.10 (c)). The white arrows in Fig-

ure 6.10 indicate where significant material ablation at the surface of the base mate-

rial took place.

Figure 6.10.: Ratio of feed speeds without shielding gas: brazed joints of test number
(A) with the following feed speeds of the base material a) 51.30 mm

min
; b)

53.20 mm
min

; c) 55.10 mm
min

; Parameters for brazing: Pav = 150 W, F = +5 mm, vb = 109.2 mm
min

,
dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s

As this kind of base material change violates the definition of brazing (see section 2.2.1.1),

the feed speed of the base material was further increased. Figure 6.11 shows the joints

brazed with feed speeds from 58.90 mm
min

up to 64.60 mm
min

. In Figure 6.11, the white marks

indicate the locations where base material was effected by melting and/or ablation.
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Figure 6.11.: Ratio of feed speeds without shielding gas: brazed joints of test num-
ber (A) with the following feed speeds of the base material a) 58.90 mm

min
; b)

60.80 mm
min

; c) 62.70 mm
min

, d) 64.60 mm
min

; Parameters for brazing: Pav = 150 W, F = +5 mm,
vb = 109.2 mm

min
, dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s

Figure 6.12 shows the joints brazed with feed speed of base material in the range of

66.50 mm
min

up to 70.30 mm
min

. The white arrows indicate base material change with regard

to melting or ablation.

Figure 6.12.: Ratio of feed speeds without shielding gas: brazed joints of test num-
ber (A) with the following feed speeds of the base material a) 66.50 mm

min
; b)

68.40 mm
min

; c) 70.30 mm
min

; Parameters for brazing: Pav = 150 W, F = +5 mm, vb = 109.2 mm
min

,
dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s

Comparing the brazed joints presented in Figure 6.11 and 6.10 to the ones presented in

Figure 6.12, it can be seen that the grade of base material being effected decreased

with increasing feed speed of base material. For the feed speed of base material of

70.30 mm
min

, no base material change was recognised. The existing gap of these brazed
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joints, shown in Figure 6.12, was always filled by the brazing wire. As an example,

Figure 6.13 shows the rear side of the joint brazed with 70.30 mm
min

.

Figure 6.13.: Typical rear side of the above joints brazed exemplified on the joint brazed
with a feed speed of 70.30 mm

min
; Parameters for brazing: Pav = 150 W, F = +5 mm,

vb = 109.2 mm
min

, dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s

Furthermore, it was recognised by the visual inspection of the brazed joints with the re-

spective feed speeds presented in Figure 6.12, that the height of the joints significantly

decreased, especially in the area where the gap still exists, which is approximately the

first quarter of the joint with respect to its length (see Figure 6.12 (c)). This decrease in

height is caused by the decrease in the ratio of feed speeds. The corresponding ratio

of both feed speed ranges from 1.64 : 1 (Figure 6.12 (a)) to 1.55 : 1 (Figure 6.12 (c)).

Test number (B)

As the decrease in height of the joint is significant in test number (A), the feed speed

of the brazing wire was increased by one step to 138.4 mm
min

and the initial feed speed

of the base material corresponded to 70.30 mm
min

(see Table 6.3, No.(B)). The feed speed

of the base material was then varied in the range of 70.30 mm
min

up to 79.80 mm
min

. The

feed speed of 70.30 mm
min

was repeated with this feed speed of brazing wire in order to

compare it to the one with the lower feed speed of the brazing wire (test number (A)).

Figure 6.14 shows the joints brazed with the feed speeds of base material in the range

of 70.30 mm
min

up to 74.10 mm
min

.
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Figure 6.14.: Ratio of feed speeds without shielding gas: brazed joints of test number (B) with
the following feed speeds of the base material a) 70.30 mm

min
; b) 72.20 mm

min
; c) 74.10 mm

min
;

Parameters for brazing: Pav = 150 W, F = +5 mm, vb = 138.4 mm
min

, dgap = 0.4 mm,
WZL = 5.5 s, WZD = 4.7 s

For all brazed joints presented in Figure 6.14, the existing gap was always completely

filled by the brazing wire. Figure 6.15 shows a typical rear side of a brazed joint.

Figure 6.15.: Ratio of feed speeds without shielding gas: brazed joints of test number (B): typ-
ical rear side exemplified on the joint brazed with a feed speed of 74.10 mm

min
; Pa-

rameters for brazing: Pav = 150 W, F = +5 mm, vb = 138.4 mm
min

, dgap = 0.4 mm, WZL = 5.5 s,
WZD = 4.7 s

The joint brazed with a base material speed of 70.30 mm
min

and a brazing wire speed of

138.4 mm
min

(Figure 6.14 (a)), was compared with, the one brazed with the same base

material feed speed and a brazing wire speed of 109.2 mm
min

. It can be seen that the

one with the faster brazing wire feed speed looks smoother, with regard to wetting

onto the base material, as the one brazed with the slower feed speed. Since no base

material ablation and / or melting was recognisable by visual inspection, a polished

micrograph section was carried out for both joints by cutting each at 15 mm. Fig-

ure 6.16 shows the respective polished micrograph sections.
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(a) Polished micrograph section of the joint brazed with a

feed speed of base material 70.30 mm
min

and brazing wire

109.2 mm
min

respectively

(b) Polished micrograph section of the joint brazed with a

feed speed of base material 70.30 mm
min

and brazing wire

138.4 mm
min

respectively

Figure 6.16.: Comparison of joints brazed with the same feed speed of base material 70.30 mm
min

and different feed speeds of brazing wire a) 109.2 mm
min

; b) 138.4 mm
min

via polished mi-
crograph sections; Parameters for brazing: Pav = 150 W, F = +5 mm, dgap = 0.4 mm,
WZL = 5.5 s, WZD = 4.7 s

There, it can be seen that base material was ablated within both brazed joints. Fur-

thermore, it can be recognised that the laser spot was not centered to the gap for

brazing both joints, since the material ablation as well as the spherical cap of the joint

is slightly shifted to the left.

The surface condition of the spherical cap, of the joint brazed with the slower feed

speed of brazing wire, is not smooth (Figure 6.16a), whereas the one brazed with the

faster feed speed of brazing wire (Figure 6.16b) is smooth. Due to the increased feed

speed of brazing wire, the height (h) of the spherical cap increased from 383.460 µm

(Figure 6.16a) to 436.13 µm (Figure 6.16b) forming a smooth spherical cap. The spread

diameter (2A) of both brazed joints was determined to 2780.167 µm (Figure 6.16a)

and 2767.886 µm (Figure 6.16b) respectively. This results in a theoretical contact angle

of 30.84
◦

(Figure 6.16a) and 34.98
◦

(Figure 6.16b) respectively, using equation (3.15).

The measured contact angles for the joint brazed with a brazing wire feed speed of

109.2 mm
min

are: 25.102
◦

(left) and 25.280
◦

(right). For the joint brazed with a brazing wire

feed speed of 138.4 mm
min

, the measured contact angles correspond to 33.230
◦

(left) and

26.090
◦

(right). Although the wetting of the brazing wire onto the base material was

sufficient with respect to the obtained contact angles, the joints brazed were still insuf-

ficient. This was because ablation of the base material still occurred.

Figure 6.17 shows the joints brazed with feed speeds of base material in the range of
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76.00 mm
min

up to 79.80 mm
min

.

Figure 6.17.: Ratio of feed speeds without shielding gas: brazed joints of test number (B) with
the following feed speeds of the base material a) 76.00 mm

min
; b) 77.90 mm

min
; c) 79.80 mm

min
;

Parameters for brazing: Pav = 150 W, F = +5 mm, vb = 138.4 mm
min

, dgap = 0.4 mm,
WZL = 5.5 s, WZD = 4.7 s

By visual inspection of these joints (see Figure 6.17), no clear base material ablation

was recognised. However, by inspecting the rear side of these joints, it could be seen

that the existing gap was not completely filled anymore. Figure 6.18 shows a typical

example of rear sides of these brazed joints.

Figure 6.18.: Ratio of feed speeds without shielding gas: brazed joints of test number (B): typical
rear sides of the above joints brazed exemplified on the joints brazed with a feed
speed of a) 76.00 mm

min
b) 79.80 mm

min
; Parameters for brazing: Pav = 150 W, F = +5 mm,

vb = 138.4 mm
min

, dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s

The white arrow in Figure 6.18 a) indicates the location of the gap where it is not filled

by the brazing wire, which is approximately 5 mm long. The green mark in Figure 6.18 b)

indicates the location where the existing gap is not recognisable anymore by visual

inspection and the white mark indicates where the gap stopped being filled by the
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brazing wire. Therefore, the laser brazing process itself is too fast for these tested feed

speeds, since the gap is not filled anymore.

With regard to the visual inspection, these tests showed that sufficient brazed joints are

achieved for a brazing wire feed speed of 138.4 mm
min

and feed speeds of base material

in the range of 70.3 mm
min

up to 74.10 mm
min

. This corresponds to a ratio in the range of 1.87:1

up to 1.97:1. These ratios are still close to the rule of thumb of 2:1.

Next to the investigation of the ratios of feed speeds, the joints brazed with a feed

speed of base material of 74.10 mm
min

and a feed speed of brazing wire of 138.4 mm
min

has

the best appearance with regard to wetting, gap filling and smoothness of the spheri-

cal cap. Therefore this was further investigated by carrying out a polished micrograph

section in order to check if base material ablation still took place. For this the joint

was cut at 15 mm. Figure 6.19 shows this polished micrograph section. There, it can be

seen that ablation of the base material still takes place, but this ablation is decreased

compared to the polished micrograph sections presented in Figure 6.16. Furthermore,

the wetting onto the base material is sufficient, since the contact angles are measured

to 22.875
◦

(left) and 29.278
◦

(right).

Figure 6.19.: Polished micrograph section of the joint brazed with with a feed speed of 74.10 mm
min

for the base material and 138.4 mm
min

for the brazing wire (see Figure 6.14 c)); The
width of the joint corresponds to 2628.555 µm and the height is 423.983 µm, which
results in a theoretical contact angle of 35.79

◦

by using equation 3.15. The contact
angles are measured to 22.875

◦

(left) and 29.278
◦

(right); Parameters for brazing:
Pav = 150 W, F = +5 mm, vb = 138.4 mm

min
, dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s

142



6.3. Comparison of ratios of feed speeds ( vb

v
) with and without shielding gas

For this reason, these respective feed speeds are further used throughout this research.

6.3.3. Comparison of the ratios of feed speeds with and without

shielding gas

These tests carried out with and without shielding gas showed that feasible ratios of

feed speeds correspond approximately to the rule of thumb of 2:1. Only for the tests

carried out without shielding gas, the ratio of feed speeds was a bit less (1.87:1), which

led to an acceptable brazing result.

Based on these results the rule of thumb with regard to the ratio of feed speeds of 2:1

seems to be valid for brazing butt joints.

The most significant difference observed between these tests was the achievable pro-

cess speed itself. As mentioned in section 6.3.1, the observed temperature, while braz-

ing with shielding gas, was approx. 100
◦

C to 250
◦

C less, for the same initial position

of the thermocouples, compared to the temperatures measured for the Nd:YAG laser

parameter studies. That is why only a feasible feed speed of base material of 55.10 mm
min

was reached for brazing with shielding gas, as the usage of shielding gas cools down

the brazing process. This is in contrast to the achieved feed speed of base material

of 74.10 mm
min

, for brazing without shielding gas. Figure 6.20 shows as an example the

two temperature profiles measured for joints brazed once with shielding gas and once

without by using the feed speeds of 109.2 mm
min

for the brazing wire and 55.10 mm
min

for the

base material.
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Figure 6.20.: Comparison of temperature profiles of joints brazed with and without using shield-
ing gas exemplified on the joints brazed with a feed speed of 55.10 mm

min
by taking

the respective data from the thermocouple positioned in front of the laser head.
The thermocouples are approximately positioned 2.5 mm apart from the joint; Pa-
rameters for brazing: Pav = 150 W, F = +5 mm, vb = 109.2 mm

min
, dgap = 0.4 mm, WZL = 5.5 s,

WZD = 4.7 s

The dashed line in Figure 6.20 indicates when the delay time (WZL) ended. The tem-

perature profile of the joint, brazed with shielding gas, decreases in the beginning to

an almost steady value, since the shielding gas is automatically switched on via the

program after the delay time (WZL) ended. With the joint, brazed without shielding

gas, here the temperature increases during the delay time (WZL) up to an approxi-

mately steady value.

For this reason, the further parameter studies with the diode laser are carried out with-

out using shielding gas, because of the significant decrease in achievable process

speeds.

6.4. Pre-heating

The pre-heating is determined by the two delay times (WZL) and (WZD) (see sec-

tion 3.1.2.3). During the initial experiments carried out with the Nd:YAG laser, it was

demonstrated that pre-heating is needed in order to achieve a good quality brazed

joint (see section 4.4.1). This aspect is further investigated in the following with regard
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to the quality of brazed joints.

For this, the delay time (WZL) was set to the values stated in Table 6.4 and the delay

time (WZD) was adapted accordingly (see Table 6.4).

Table 6.4.: Pre-heating: Tested delay times (WZL) and their correspondent delay times (WZD)

WZL WZD
s s

5.0 4.3

4.5 3.9

4.0 3.5

3.5 3.0

3.0 2.6

For each pre-heating set, stated in Table 6.4, at least three joints were brazed and

subsequently investigated. The parameters for brazing are presented in Table 6.5.

Table 6.5.: Pre-heating: parameters used for laser brazing

P F dgap vb v
(W) (mm) (mm) ( mm

min
) ( mm

min
)

150 +5 0.4 138.4 74.10

Figure 6.21 shows brazed joints, one for each tested delay time, set in the range of 5.0 s

to 3.0 s for (WZL).
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Figure 6.21.: Pre-heating: joints brazed with the delay time (WZL) in the range of 5.0 s to
3.5 s: a) WZL = 5.0 s, WZD = 4.3 s; b) WZL = 4.5 s, WZD = 3.9 s; c) WZL = 4.0 s, WZD = 3.5 s
d) WZL = 3.5 s, WZD = 3.0 s; e) WZL = 3.0 s, WZD = 2.6 s; Parameters for brazing:
Pav = 150 W, F = +5 mm, vb = 138.4 mm

min
, v = 74.10 mm

min
, dgap = 0.4 mm

As it can be seen in Figure 6.21 a), the joint, by visual examination, is smooth and

consistent across the width. In Figure 6.21 b) to d), the decrease in pre-heating is

recognisable, because the consistency of the joint width disappears. Especially in

Figure 6.19 c) and d), where it can be seen that the height of the joint increased at

the beginning.

It could be recognised, in addition, a width increase over the length of the joint. Both

mentioned aspects indicate that the pre-heating is insufficient at the beginning of

the brazing process. This observation corresponds to the occurrence of the oxidation

marks. If an appropriate operating temperature for brazing is reached during the pre-

heating phase, the oxidation marks remain parallel to the brazed joint, see Figure 6.22

(top). The white line indicates the edge of the oxidation marks. If an appropriate

operating temperature is not reached during the pre-heating phase, the oxidation

marks diverge over the length of the joint, as Figure 6.22 (bottom) shows.
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Figure 6.22.: Pre-heating: oxidation marks show consistency in maintaining a proper operat-
ing temperature throughout the process (top); Top: joint brazed with WZL = 5.0 s,
WZD = 4.3 s;; Bottom: joint brazed with WZL = 4.0 s, WZD = 3.5 s; Parameters for braz-
ing: Pav = 150 W, F = +5 mm, vb = 138.4 mm

min
, v = 74.10 mm

min
, dgap = 0.4 mm

Furthermore, the joints, brazed with WZL= 3.0 s, have an additional characteristic, the

brazing wire sank almost completely into the gap and formed a partial joint at the rear

side of the base material (see Figure 6.21 (e)). This is caused by the decrease of the

pre-heating phase, as the base material expands less during this period, which leads

to gap widths that are not within the optimal range for laser brazing (see section 3.2.1.1

and 5.2.1 respectively). This characteristic can be clarified when comparing joints

brazed with WZL= 3.5 s 10 and WZL= 5.0 s. Figure 6.23 shows an enlarged view of the

respective rear sides of the joints brazed. The respective gap widths are determined

at a distance of 7 mm, from the beginning, which is indicated by the white lines in

Figure 6.23.

10A joint brazed with WZL= 3.5 s was chosen for comparison, since all joints brazed with
WZL= 3.0 s formed a partial joint on the rear side, so that no gap could be recognised
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(a) Enlarged view of the rear side of a joint brazed with

WZL= 3.5 s

(b) Enlarged view of the rear side of a joint brazed with

WZL= 5.0 s

Figure 6.23.: Comparison of gap width of brazed joints in dependence on the delay time
(WZL) used: a) WZL= 3.5 s, WZD = 3.0 s; gap width measured at the location of
7 mm: 0.40 mm; b) WZL= 5.0 s, WZD = 4.3 s; gap width measured at the location
of 7 mm: 0.26 mm; the location where the gap width is measured is indicated
by the white lines; Parameters for brazing: Pav = 150 W, F = +5 mm, vb = 138.4 mm

min
,

v = 74.10 mm
min

, dgap = 0.4 mm

Thus, the gap width for the joint brazed with WZL= 3.5 s corresponds to approximately

0.40 mm, whereas the gap width of the joint brazed with WZL= 5.0 s is approximately

0.26 mm.11

The improper heating can also be recognised by the respective temperature profiles

of the brazed joints. For this, the measured temperature profiles of the tested delay

time sets (see Table 6.4) are split into two graphs for clearer investigation.

At this point it should be noted that the temperature profiles differ depending on the

operating temperature reached. This is caused by the manual positioning of the ther-

mocouples, because setting them the same distance from the joint could not always

be achieved. However, for this investigation, it is of minor importance, since the curve

progression of the temperature profiles at the beginning is the important fact.

Figure 6.24 shows the respective temperature profiles of the joints brazed with the de-

lay time (WZL) ranging from 5.5 s to 4.5 s. A temperature profile of a joint brazed with

a (WZL) of 5.5 s is included in Figure 6.24, as this delay was used for the previous exper-

iments. This profile corresponds to the joint brazed using the parameter set stated in

Table 6.5, which is shown in Figure 6.14 c).

11The gap widths were determined as described in section 5.2.1
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Figure 6.24.: Comparison of temperature profiles of joints brazed with delay times (WZL) in the
range of 5.5 s to 4.5 s; the respective delay times (WZD) are stated in Table 6.4; the
black dashed line is positioned at the time t of 5 s to easier recognise when the
respective delay time (WZL) ends; Parameters for brazing: Pav = 150 W, F = +5 mm,
vb = 138.4 mm

min
, v = 74.10 mm

min
, dgap = 0.4 mm

The black dashed line in Figure 6.24 is positioned at time t= 5.0 s for easier recogni-

tion when the respective delay time (WZL) ends. For WZL= 5.5 s, it can be seen that

the temperature increases fast during the pre-heating period (t= 4.0 s). Then the tem-

perature drops slightly, since the wire feed started after the delay of 4.7 s for (WZD).

Comparing this temperature profile to the one with WZL= 5.0 s, it can be seen that the

operating temperature is just reached when the delay time (WZL) ended and not ear-

lier as for WZL= 5.5 s. Furthermore, a slight decrease in slope can be recognised for the

temperature profile WZL= 5.0 s (approx. t= 4.0 s). This can be reasoned by the start of

the wire feed (WZD= 4.3 s). The temperature profile of WZL= 4.5 s shows that an ade-

quate operating temperature is not reached during the pre-heating period, since the

temperature increases until t= 9.0 s, where an acceptable operating temperature is

reached. Converting this time difference of 4.5 s into unit length, this corresponds to a

length of 5.56 mm joint brazed with insufficient operating temperature. This behaviour

can be seen in Figure 6.21 b), because the joint starts to take on an almost consistent

joint width at this location of 5.56 mm.

Figure 6.25 shows the respective temperature profiles for the joints brazed with a delay
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of (WZL) in the range of 4.0 s to 3.0 s. The black dashed line is positioned at t= 3.5 s for

easier recognition when the respective (WZL) ends.

Figure 6.25.: Comparison of temperature profiles of joints brazed with delay times (WZL) in the
range of 4.0 s to 3.0 s; the respective delay times (WZD) are stated in Table 6.4; the
black dashed line is positioned at the time t of 3.5 s to easier recognise when the
respective delay time (WZL) ends; the grey dashed line indicates when an almost
steady operating temperature is reached; Parameters for brazing: Pav = 150 W,
F = +5 mm, vb = 138.4 mm

min
, v = 74.10 mm

min
, dgap = 0.4 mm

As it can be seen in Figure 6.25, none of the temperature profiles reached an ap-

propriate operating temperature during the pre-heating phase. A proper operating

temperature is reached approximately at t= 10 s for WZL= 4.0 s which is indicated by

the grey dashed line. This corresponds to a length of 7.41 mm brazed joint with insuffi-

cient operating temperature by considering the (WZL). The other temperature profiles

reach a sufficient operating temperature at approximately t= 11.0 s for WZL= 3.5 s and

at t= 12 s for WZL= 3.0 s. Their correspondent lengths of insufficient brazed joints are

9.26 mm and 11.12 mm respectively.

As demonstrated a decrease in (WZL) results in an increase in time when an appropri-

ate operating temperature is reached. Hence, an appropriate pre-heating phase is

essential for achieving qualitatively good brazed joints. Within this section the success-

ful implementation of an appropriate pre-heating phase was demonstrated and veri-
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fied by the respective temperature profiles and oxidation marks. Moreover, these tests

showed that the pre-heating phase can be reduced by 0.5 s, as for WZL= 5.0 s and

WZD= 4.3 s also a sufficient operating temperature is reached during the pre-heating

phase (see Figure 6.24). For this reason, this pre-heating is used in the following.

6.5. Heat input

The heat input is dependent on the laser power and the feed speed of the base ma-

terial (see section 6.1) along with the wavelength dependent absorption behaviour of

the materials used (see section 4.3). The parameter studies carried out so far showed

on the one hand that the ratio of feed speeds has to be approximately 2:1 for braz-

ing butt joints (see section 6.3). On the other hand they showed that pre-heating is

needed to obtain a good quality joint (see section 6.4 and 4.4.2 respectively). Al-

though appropriate feed speeds for both base material and brazing wire were identi-

fied for laser brazing with the diode laser in section 6.3, the heat input was not optimal

as base material ablation still took place (see Figure 6.19). Therefore, experiments

were carried out to investigate the influence of the heat input to the brazing result by

changing the laser power.

The occurrence of material ablation indicates that the laser power is too high for the

given feed speed. Hence, the laser power is gradually decreased from 150 W down

to 144 W in 2 W steps. The joints were brazed with the parameters stated in Table 6.6

and with the following laser powers: 150.0 W, 148 W, 146.0 W, 144.0 W.

Table 6.6.: Parameters used for the heat input investigation

WZD WZL F dgap vb v
(s) (s) (mm) (mm) ( mm

min
) ( mm

min
)

4.3 5.0 +5 0.4 138.4 74.10

Each joint was repeated 5 times. Figure 6.26 and Figure 6.27 show the brazed joints as

well as their reverse sides at the respective power levels.
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Figure 6.26.: Joints brazed with laser powers of a) P= 150 W and b) P= 148 W; Parameters for
brazing: F = +5 mm, v = 74.10 mm

min
, vb = 138.4 mm

min
, dgap = 0.4 mm, WZL = 5.0 s, WZD = 4.3 s

Figure 6.27.: Joints brazed with laser powers of a) P= 146 W and b) P= 144 W; Parameters for
brazing: F = +5 mm, v = 74.10 mm

min
, vb = 138.4 mm

min
, dgap = 0.4 mm, WZL = 5.0 s, WZD = 4.3 s

There, it can be seen that the base material does not seem to be affected at the

surface, with regard to ablation, and that all existing gaps are completely filled by

the brazing wire. To investigate if base material ablation still occurs within the brazed

joints, polished micrograph sections were carried out. For this, the brazed joints were

cut at the length of 15 mm measured from the beginning of the joint. The respective

polished micrograph sections are presented in Figure 6.28 and Figure 6.29.
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6.5. Heat input

(a) Polished micrograph section of the joint brazed with

P= 150 W

(b) Polished micrograph section of the joint brazed with

P= 148 W

Figure 6.28.: Polished micrograph sections of the joints brazed with a) P= 150 W and
b) P= 148 W; Parameters for brazing: F = +5 mm, v = 74.10 mm

min
, vb = 138.4 mm

min
,

dgap = 0.4 mm, WZL = 5.0 s, WZD = 4.3 s

(a) Polished micrograph section of the joint brazed with

P= 146 W

(b) Polished micrograph section of the joint brazed with

P= 144.0 W

Figure 6.29.: Polished micrograph sections of the joints brazed with a) P= 146 W and
b) P= 144 W; Parameters for brazing: F = +5 mm, v = 74.10 mm

min
, vb = 138.4 mm

min
,

dgap = 0.4 mm, WZL = 5.0 s, WZD = 4.3 s

As it can be seen in both Figures 6.28 and 6.29 , a decrease in ablation of the base

material is recognisable with a decrease in laser power. The significant material abla-

tion in Figure 6.28a resulted from the not centered positioning of the laser spot across

the gap. If the laser spot is positioned correctly, the material ablation still occurs, but it

is less as shown in Figure 6.19.

The joint brazed with a laser power of P= 144 W differs from the expectations with re-
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gard to the base material ablation as well as the wetting onto the base material. It was

expected that the base material ablation disappears and that the wetting onto the

base material worsens with a decrease in laser power. However, these tests showed

that the material ablation decreases from the joints brazed with P= 150 W to P= 146 W

and for P= 144 W it increases again. This behaviour is caused by the decrease in laser

power. This decrease leads to a lesser thermal expansion during pre-heating, which

results in a larger gap width. Thus the gap width is not in the optimal range for laser

brazing and therefore the brazing wire sags into the gap. Due to this, lesser brazing

wire covers the base material which results in ablation of the base material and in a

maintained wetting. The same behaviour was observed during the studies with regard

to pre-heating as demonstrated in section 6.4. At this point it should be noted that the

above mentioned behaviour only accounts for the beginning of the brazed joints (ap-

proximately the first 25 mm ), since within this length a gap can be recognised by visual

inspection. The rest of the joint shows the expected decrease in wetting as it can be

seen in Figure 6.26 and 6.27 respectively with regard to its width.

The joints brazed with P= 144 W showed all this described behaviour except for the

one presented in Figure 6.27 b). There, the existing gap is completely filled and none

of the brazing wire is sagged through in the beginning of the joint. This characteristic

might be reasoned by human error due to the manual start of the laser and the wire

feed. In general those joints brazed have an appearance at the beginning of the joint

as shown in Figure 6.30.

Figure 6.30.: Typical enlarged view of the beginning of a joint brazed with P= 144 W (approx.
the first 26 mm): a) Beginning of the joint; b) Its respective rear side; Parameters for
brazing: F = +5 mm, v = 74.10 mm

min
, vb = 138.4 mm

min
, dgap = 0.4 mm, WZL = 5.0 s, WZD = 4.3 s

All other joints brazed with the different powers tested were reproducible as presented

in Figure 6.26 and Figure 6.27 a) respectively.
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The polished micrograph sections of the joints are further investigated with regard to

their width, height and the respective contact angles. Moreover, the gap width is

measured in center of the thickness of the base material. The results are presented

in Table 6.7. Furthermore, the theoretical contact angle is calculated by using equa-

tion 3.15 and also stated in Table 6.7.

Table 6.7.: Measurement results from the investigation of the respective polished micrograph
section with regard to width, height, contact angle and gap width; (θtheoretical) is
determined by using equation 3.15

P width height θtheoretical θle f t θright dgap

(W) (µm) (µm) (
◦

) (
◦

) (
◦

) (µm)

150 2690.467 386.663 32.073 30.355 35.529 171.943

148 2458.474 451.535 40.339 41.009 39.170 143.493

146 2402.808 460.864 41.974 33.762 29.264 179.377

144 2755.554 482.427 38.595 29.531 27.951 154.626

Considering the results obtained with regard to material ablation and contact angle,

the joints brazed with a power of 146 W are the best to be obtained. Since its contact

angles are within the optimal range (see Table 6.7) and a base material ablation is

scarcely recognisable (see Figure 6.29a).

The heat input can be estimated by using equation (4.4). Therefore, the reduction of

the heat input from 121.46 J
mm

(P = 150 W) down to 118.23 J
mm

(P = 146 W) led to good

quality brazed joints by using the parameter set stated in Table 6.6.

6.6. Quality investigations

The brazed joints of the experiments carried out with regard to heat input (see sec-

tion 6.5) are further investigated with regard to their quality, as these joints were brazed

with the appropriate parameters identified within these parameter studies with the

diode laser (see Table 6.8). For these joints the Vickers hardness testing was carried

out.

Table 6.8.: Appropriate parameters for diode laser brazing

WZD WZL F dgap vb v
(s) (s) (mm) (mm) ( mm

min
) ( mm

min
)

4.3 5.0 +5 0.4 138.4 74.10
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Especially the joint brazed with P = 146 W and the parameters stated in Table 6.8 is fur-

ther investigated, as this joint was the most appropriate one with regard to achieved

quality (see section 6.5). Therefore, tensile testing was carried out with these joints.

The results of both Vickers hardness and tensile testing for the joint brazed with 146 W

are presented in the following.

As mention in section 4.4, the alloy zone could be clearly identified by the optical in-

spection via a microscope. Only a thin black line was visible in all polished micrograph

sections carried out. For this reason, the alloy zone was further investigated by the aid

of a SEM. For this, the polished micrograph section of the joint brazed with shielding

gas was used (see Figure 6.9). The results of this analysis are also presented within this

section.

6.6.1. Vickers hardness

The polished micrograph sections, presented in Figure 6.28 and 6.29 respectively, were

used for Vickers hardness testing to investigate the hardness changes over the cross-

sectional area of the brazed joint. Each polished micrograph section is approximately

20 mm long with regard to the sample. Therefore, the Vickers hardness measurement

was started centered and 2 mm away from the left edge of the base material for each

polished micrograph section. This distance of 2 mm was selected to ensure that the in-

terface of the base material and embedding material does not influence the hardness

measurement (see section 3.2.2.2). For a distance of 5 mm the measurement interval

was set to 1 mm. Then the measurement interval was decreased to 0.5 mm, since there

the area of the Heat Affected Zone (HAZ), including the gap, was reached, where a

significant hardness change was expected. The interval of 0.5 mm was selected to

avoid any influence of the previous hardness measurement (see section 3.2.2.2). It

was kept constant for 5 mm. Leaving the area of the HAZ, the measurement interval

was increased back to 1 mm for the rest of the length of the polished micrograph sec-

tion. The last measurement was carried out 2 mm away from the right edge of the

base material. This just described measurement approach is visualised in Figure 6.31.
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Figure 6.31.: Principle of Vickers hardness measurement approach; the measurement is started
centered and 2 mm away from the left edge of the base material; hardness is
measured in 1 mm steps until the region of the HAZ is approximately reached;
within the region of the HAZ the hardness is measured in 0.5 mm steps. The mea-
surement point in the gap (indicated in grey) is not always measured, because
the gap was sometimes to small

Each hardness measurement was carried out as described in section 3.2.2.2, i.e. the

indenter was applied onto the surface with 1 kgf (9.807 N) for 15 s.

The hardness change over the cross-sectional area is exemplified on the the joint

brazed with P= 146.0 W (see Figure 6.32). The respective measurement results of the di-

agonals, the correspondent hardness values as well as the hardness changes over the

cross-sectional area for the other polished micrograph sections tested can be found

in Appendix C.1.

Figure 6.32.: Vickers hardness measurement across the polished micrograph section of the
joint brazed with P= 146.0 W; Parameters for brazing: F = +5 mm, v = 74.10 mm

min
,

vb = 138.4 mm
min

, dgap = 0.4 mm, WZL = 5.0 s, WZD = 4.3 s
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The gap of the brazed joint is located at 8.0 mm in Figure 6.32. Its correspondent hard-

ness value belongs to the brazing wire. That is why this hardness value of 135.5 HV 1 is

less compared to the adjacent hardness values, which belong to the base material.

However, this hardness value of the brazing wire has to be taken with care, because

the gap width of this polished micrograph section corresponds to 179.377 µm (see Ta-

ble 6.7) and the diagonals of the respective indentation are in the range of 116.0 µm

to 118.0µm (see Table C.2). Thus, the base materials have an influence on this mea-

surement, since the minimum required measurement distance was not fulfilled (see

section 3.2.2.2).

Furthermore, the expected increase in hardness in the area of the Heat Affected

Zone (HAZ) is clearly visible in Figure 6.32, having its peak values directly at the gap.

This behaviour is caused by the fast heating due to the incident laser radiation and

the subsequent cooling [Higgins, 1983].

The other brazed joints tested show the same behaviour with regard to the hardness

change (see Appendix C.1). The hardness measurements taken at the beginning and

at the end of the total measurement distance should correspond to the original hard-

ness of the base material. The original hardness of the base material is in the range

of 90 - 120 HB (see section 4.3). However, its hardness is given in Brinell hardness. Since

an unalloyed steel is used as the base material [Higgins, 1983], the Vickers hardness

is allowed to be converted to Brinell hardness according to DIN EN ISO 18265 via the

following relation [Bargel and Schulze, 2012]:

HB = 0.95 ∗ HV. (6.1)

Converting the Vickers hardness values, located at the very left and at the very right

of the brazed joint, results in a Brinell hardness of 125.02 HB and 115.33 HB respectively

(see Table C.2). By considering measurement tolerances, such as the reading of the

diagonals as well as the manual adjustment of the polished micrograph section par-

allel to the linear axes of the Vickers testing machine, the converted value of the very

right Vickers hardness can be accepted to be within the stated hardness range of

the base material used. The hardness value at the very left is slightly increased, which

could be caused by the not exact positioning of the laser spot at the center of the

gap (see Figure 6.28 and 6.29 respectively). The laser spot was slightly shifted to the

left for all polished micrograph sections.

As mentioned above, the joints brazed with P = 146.0 W are further investigated with
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regard to tensile testing (see section 3.2.2.3). The tests as well as the respective results

are presented in the following.

6.6.2. Tensile testing

The joints brazed with P = 146.0 W are used for tensile testing, as these joints were the

most appropriate ones obtained with regard to quality. For testing, the tensile testing

machine Instron 3367 was used (see section 3.2.2.3). Its crossheads have a width of

25 mm. For this reason, the joints brazed with P = 146.0 W have to be prepared, so that

the tension tests can be carried out, since the base materials have a total length of

110 mm.

Each joint was cut at 15 mm, 40 mm, 65 mm and 90 mm measured from the beginning

of the base material. The cutting at the length of 15 mm was already carried out for

the preparation of the polished micrograph section. An example of a brazed joint

with the respective cutting marks is shown in Figure 6.33. Only the pieces of the joint

(in the following named samples), marked with the encircled numbers (2) to (4), were

used for testing (see Figure 6.33).

Figure 6.33.: Example of sample preparation for tensile testing: each joint is cut at 15 mm,
40 mm, 65 mm and 90 mm resulting in 5 samples; only samples (2) to (4), indicated
by the respective encircled numbers, were used for tensile testing
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These samples (2) to (4) correspond to

• The beginning of the joint with gap existence (2)

• The middle of the joint, having no gap (3)

• The end of the joint, with increased thermal expansion due to heat conduction

and no gap (4)

Since the 5 joints brazed were cut as stated above, 5 samples per area of interest were

obtained, so they are referred to in the following as:

• Sample set (A) corresponds to samples (2)

• Sample set (B) corresponds to samples (3)

• Sample set (C) corresponds to samples (4).

The width of each sample corresponds to the clamping area width of the crossheads,

which is 25 mm and each sample is approximately 59.9 mm to 60.2 mm long, depend-

ing on the location of the width measurement. Due to the dimensions of the samples,

it should be noted that these tension tests only account for a relative analysis of the

joint behaviour, because it was not possible to produce the samples in a standard dog

bone shape (as used in standard tensile testing) [Fischer, 2008].

To ensure a reproducible clamping of each sample, the oxidation marks were used as

guidance (see red arrows in Figure 6.34a). After clamping the first sample, as shown

in Figure 6.34a, the distance between the crossheads was measured, which corre-

sponded to 13 mm (see Figure 6.34). Subsequently, a mark was set at the crosshead

travel scale, so that this distance could be set for all samples tested.
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(a) The width of the oxidation marks was used as ori-

entation

(b) The distance between crossheads corresponds

to 13 mm

Figure 6.34.: Clamping of the samples via the crossheads: a) The width of the oxidation marks
was used as orientation for clamping which is indicated by the red arrows; b) The
distance between crossheads corresponds to 13 mm

The following parameters were set for tensile testing:

• Preliminary test:

– Crosshead travel speed: 10 mm
min

– Force: 200 N

• Actual test:

– Crosshead travel speed: 5 mm
min

– Condition for stopping the measurement: 40 % of force

The preliminary test for each measurement was needed to ensure proper clamping

and no slip of the sample during the actual measurement. Figure 6.35 to 6.36 show

the force-displacement curves of the respective sample set. An enlarged view of

these curves can be found in Appendix C.2.
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Figure 6.35.: Force-displacement curve of sample set (A); Tensile testing parameters:
crosshead travel speed: 5 mm

min
, condition for stopping the measurement: 40 % of

force; Parameters for brazing: P = 146 W, F = +5 mm, v = 74.10 mm
min

, vb = 138.4 mm
min

,
dgap = 0.4 mm, WZL = 5.0 s, WZD = 4.3 s

As it can be seen in Figure 6.35 to 6.36, the force against displacement was measured,

where the displacement is equal to the extension of the sample being tested. Due to

this fact, the measurements are dependent on the dimensions of the sample tested.

In general, stress-strain curves are used, which are independent on the geometry of

sample tested due to their respective definition [Bargel and Schulze, 2012]. However,

these force-displacement curves are appropriate for a relative evaluation of the be-

haviour of the brazed joints with applied force.

Figure 6.36.: Force-displacement curve of sample set (B); Tensile testing parameters:
crosshead travel speed: 5 mm

min
, condition for stopping the measurement: 40 % of

force; Parameters for brazing: P = 146 W, F = +5 mm, v = 74.10 mm
min

, vb = 138.4 mm
min

,
dgap = 0.4 mm, WZL = 5.0 s, WZD = 4.3 s
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Figure 6.37.: Force-displacement curve of sample set (C); Tensile testing parameters:
crosshead travel speed: 5 mm

min
, condition for stopping the measurement: 40 % of

force; Parameters for brazing: P = 146 W, F = +5 mm, v = 74.10 mm
min

, vb = 138.4 mm
min

,
dgap = 0.4 mm, WZL = 5.0 s, WZD = 4.3 s

Comparing the force-displacement curves from sample set (A) to (B) (see Figure 6.35

to 6.37), it can be seen that all curves show a smooth and gradual behaviour from

linear elastic to gradual deformation up to their respective point of ultimate force. The

respective characteristics of each sample with regard to e.g. ultimate force, Young’s

modulus, were averaged for each sample set and are shown in Table 6.9. The detailed

measurement results of each sample set can be found in Appendix C.2. These char-

acteristics were automatically determined by the tensile-testing-machine’s software

program.

Table 6.9.: Measurement results from tensile testing of sample sets (A) to (C)

Average
tensile

extension
Average (crosshead

Average crosshead Average travel) Average Average
Sample force travel ultimate at ultimate tensile Young’s

set at fracture at fracture Force force stress modulus
(N) (mm) (N) mm

mm
(MPa) (MPa)

A 285.86 5.61 5,361.39 0.010 536.14 152,268.96
±328.04 ±0.62 ±235.13 ±0.001 ±23.51 ±7,526.39

B 2,982.83 0.99 5,376.64 0.006 537.66 172,206.61
±1,342.73 ±0.28 ±259.57 ±0.002 ±25.96 ±8,744.46

C 2,672.52 1.81 5,858.16 0.013 585.82 171,150.08
±1,595.62 ±0.45 ±317.86 ±0.005 ±31.79 ±4,359.01

Investigation of the fractured samples was carried out and is exemplified on the sam-
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ple (1) from each sample set. Figure 6.38 presents an overview of the fractured sam-

ples as well as the initial state of the base materials.

Figure 6.38.: Overview of fractured samples (2) to (4) exemplified on sample (1) of each sam-
ple set and initial surface condition of base material; Tensile testing parame-
ters: crosshead travel speed: 5 mm

min
, condition for stopping the measurement: 40 %

of force; Parameters for brazing: P = 146 W, F = +5 mm, v = 74.10 mm
min

, vb = 138.4 mm
min

,
dgap = 0.4 mm, WZL = 5.0 s, WZD = 4.3 s

There it can be seen that the gap disappeared over the length of the joint due to

thermal expansion of the base materials (see section 5.2.1), as brazing wire only cov-

ers the surface of base material (see Figure 6.38 (b) and (c) respectively). In contrast

to the sample of sample set (A) in Figure 6.38 a), where the gap was partially filled by

the brazing wire. The gap existence as well as its complete filling is the required con-

dition for brazing to obtain a good quality joint [Jacobson and Humpston, 2005]. For

instance, the gap is needed, so that possible vapors can escape while brazing and

do not lead to pores and it also tends to improve the mechanical properties with re-

gard to load-bearing capability [Jacobson and Humpston, 2005].

Although the gap filling is a requirement for brazing, the results from tensile testing do

not support this, as they all show the same behaviour. This could be reasoned by the

wetting of the brazing wire onto the base material in combination with the applied

load in one direction for tensile testing. It is assumed that if multiaxial loading tests or

loading tests in another direction would be carried out, the behaviour of the sample

sets (A) to (C) would differ due to the gap disappearance over the length of the joint.
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6.6.3. Investigation of the alloy zone

During the work carried out so far with regard to polished micrograph sections, an al-

loy zone could not be clearly recognised. Instead in all polished micrograph sections

a thin black line was visible between the base material and the brazing wire. For this

reason, it has to be clarified what this thin black line is.

Therefore the Scanning Electron Microscope (SEM) EVO MA10 from Zeiss was used to

further investigate the presence of the thin black line with regard to diffusion and alloy

zone formation, as it is capable of performing element analysis, which can be subse-

quently mapped onto the captured image. For this the polished micrograph section

presented in section 6.3.1 (see Figure 6.9) was used for investigating this aspect, as this

micrograph section shows the same characteristic of a thin black line as all the previ-

ous carried out polished micrograph sections. To investigate this micrograph section

via the SEM, it was cleaned and sputtered with gold.

Figure 6.39 shows an image of this polished micrograph section captured via the SEM.

Figure 6.39.: SEM image of the joint brazed with: Pav = 150 W, F = +5 mm, v = 55.10 mm
min

,
vb = 109.2 mm

min
, dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s; the rectangles indicate where

a higher resolution image is taken

A close-up picture was taken at different locations on the polished micrograph sec-

165



Chapter 6. Parameter studies with the diode laser

tion, indicated by the coloured rectangles in Figure 6.39, and an element analysis

performed on each location for copper and iron. The enlarged image of the white

rectangle and its correspondent element analysis are presented in Figure 6.40. The

enlarged images of the other rectangles as well as their respective element analysis

can be found in Appendix C.3, as their results are comparable to the one presented

in Figure 6.40.

(a) SEM image: enlarged view of the ditch (b) SEM: element analysis of the enlarged view of the ditch

Figure 6.40.: SEM images: a) Enlarged view of the white rectangle indicated in Figure 6.39
showing a ditch; b) Mapped information of the element analysis (Fe and Cu)
onto the enlarged view

The thin black line, which is recognisable between brazing wire and base material in

Figure 6.9 can also be seen in Figure 6.39, but there it is obvious that it has to be a dif-

ference in height. Figure 6.40a shows the enlarged view of the white rectangle. There,

it can be clearly seen that the line is a ditch of a few microns in width. To determine

where this ditch is located with respect to braze or base material or at their interface,

the element analysis carried out for copper and iron is mapped onto the respective

image (see Figure 6.40b). The single elements mapped onto the image shown in Fig-

ure 6.40a can be found in the Appendix in Figure C.6.

It can be seen in Figure 6.40b that the ditch is located within the base material and

not directly at the interface between brazing wire and base material. Furthermore,

in contrary to expectations, no alloy zone can be determined by this analysis. To en-

sure that this ditch does not occur due to the preparation of the polished micrograph
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sections concerning e.g. ultrasonic bath and etching, this polished micrograph sec-

tion is ground and polished again without etching once as well as once without using

the ultrasonic bath and then subsequently investigated via the SEM. But the result re-

mained the same as presented in Figure 6.40 and in Appendix C.3. For this reason, the

influence of the preparation of the polished micrograph section can be neglected as

possible reason for the ditch occurrence.

Koltsov et al. observed the same phenomena of crack occurrence for laser brazing

with CuSi3 and bare steel in their studies regarding the wetting behaviour. According

to Koltsov et al., the bare steel has a passive oxide layer. If the de-oxidation is not

completed when the surface of the bare steel reacts with the brazing wire, interfacial

cracks develop indicating that the formed interface is mechanically weak [Koltsov

et al., 2010]. These cracks, Koltsov observed, correspond to those presented in Fig-

ure 6.40b and they are also located in the base material steel.

Hence, the thin black line corresponds to a crack that is originated by an incomplete

de-oxidation of the base material when the brazing wire reacts to it. Due to this fact,

the alloy zone cannot be investigated.

6.7. Summary

The investigations concerning the wire positioning itself led to the same results as the

investigations carried out the with Nd:YAG laser (see section 5.1). However, they differ

with regard to the wire positioning within the laser spot. It was observed that the wire

positioning within the laser spot of the diode laser is not as crucial as for the Nd:YAG

laser. This can be reasoned by the top hat profile of the diode laser beam in direction

of brazing (see section 3.1.1.2).

As mentioned in section 2.2.2.2, opinions differ in literature with regard to the ratio

of feed speeds for the same joint geometry (see Table 2.1). For this reason experi-

ments were carried out concerning this aspect with and without shielding gas. For

the initial tests as well as for the parameter studies carried out with the Nd:YAG laser,

a ratio between feed speed of brazing wire and feed speed of base material of 2:1

was selected, as a rule of thumb for brazing butt joints. This ratio has been verified,

as both experiments carried out with and without shielding gas resulted in a ratio of

approximately 2:1. The ratio achieved for brazing without shielding gas corresponded

to 1.87:1. Furthermore, it was observed that the usage of shielding gas cools down
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the brazing process significantly. This results in slow feed speed of base material. Ap-

propriate joints were brazed with a feed speed of base material of 55.10 mm
min

. This is in

contrast to the joints brazed without using shielding gas. There, good quality brazed

joints were obtained with a feed speed of base material of 74.10 mm
min

. Due to these

results, the usage of shielding gas was neglected for the further experiments.

The initial experiments, carried out with the Nd:YAG laser, showed that pre-heating is

essential for laser brazing in order to obtain good quality brazed joints (see section 4.4).

For this reason, the influence of pre-heating to the brazing process was closely exam-

ined. Experiments demonstrated that pre-heating is required to reach an appropriate

operating temperature at the beginning of the laser brazing process. The pre-heating

process could be verified by the presence of oxidation marks. If an appropriate oper-

ating temperature was reached at the beginning of the laser brazing process, these

oxidation marks were symmetric around the brazed joint and their distance remained

parallel to the joint. Whereas the oxidation marks diverge over the length of the joint,

if an insufficient pre-heating phase took place.

Furthermore, the influence of the change in heat input was investigated to the brazing

result. These experiments were carried out, as the material ablation still occurred for

parameter set used. The heat input depends on the laser power and the feed speed

of the base material. Since appropriate feed speeds were determined during the in-

vestigations regarding the ratio of feed speeds, the laser power was varied to change

the heat input. Results showed that good quality brazed joints were obtained if a laser

power of 146 W is used. Table 6.10 summarises the appropriate parameters for diode

laser brazing.

Table 6.10.: Appropriate parameters for diode laser brazing

WZD WZL F dgap vb v P
(s) (s) (mm) (mm) ( mm

min
) ( mm

min
) W

4.3 5.0 +5 0.4 138.4 74.10 146

The brazed joints, from the experiments carried out concerning heat input, were fur-

ther investigated with regard to Vickers hardness and tensile testing. The Vickers hard-

ness measurements showed the expected hardness increase within the area of the

HAZ by having its peak value close to the gap. This can be explained by the fast heat-

ing due to the incident laser radiation and the subsequent cooling [Higgins, 1983].

For tensile testing, the brazed joints were cut, so that the beginning, middle and end
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of the joint could be investigated. This was done in order to compare their different

behaviour due to the disappearing gap width. However, results showed the same

behaviour for all regions of the joint tested, although gap existence and filling is a re-

quirement for brazing [Jacobson and Humpston, 2005]. This could be reasoned by the

wetting of the brazing wire onto the base material in combination with the applied

load in one direction for tensile testing. It is assumed that if multiaxial loading tests or

loading tests in another direction would be carried out, the behaviour of the samples

would differ due to the gap disappearance over the length of the joint.

During the optical examination of each polished micrograph section with the aid of

a microscope, an alloy zone could not be recognised. Instead, only a thin black line

was visible. Therefore, it had to be clarified what this black line is. Hence a polished mi-

crograph section was investigated by using a SEM. Observations showed that this line

corresponds to a crack that is originated by an incomplete de-oxidation of the base

material when the brazing wire reacts to it. Due to this fact, the alloy zone cannot be

investigated.
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Discussion

7.1. Influencing parameters

As presented in section 2.2.2.2, literature agrees that laser power, the feed speed of

base material and brazing wire are important quality influencing parameters [LI et al.,

2008, Heitmanek et al., 2014, Kai et al., 2015, Rong et al., 2015]. Within this research

more quality influencing parameters were identified. These parameters can be sub-

divided into laser, process parameters and material characteristics (see section 3.1),

which are explained and related to the observations made during the parameter

studies in the following.

7.1.1. Laser parameters

The laser power is one parameter, which has an influence on the brazing result. Further-

more, the focal position, which influences the spot size of the laser, is another impor-

tant parameter. Since this spot size determines the area of material to be heated and

melted respectively (see section 3.1.1.1.4 and 3.1.1.2.2). During the initial experiments,

carried out with the Nd:YAG laser, it was shown that the spot size has an influence on

the wetting behaviour of the brazing wire (see section 4.4). If the spot size is too small,

improper wetting of the brazing wire onto the base material occurs, due to the tem-

perature gradient between them [Jacobson and Humpston, 2005].

The term laser power has to be differentiated between the type of laser used: pulsed

or cw. For a pulsed laser, the laser power is understood as the average laser power,

which depends on the peak power, the pulse length and the repetition rate. Hence,
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7.1. Influencing parameters

variation of these parameters that determine the average laser power has also an

influence on the brazing result. This was presented within the initial experiments car-

ried out with the Nd:YAG laser (see section 4.4). There it was observed, that too high

peak powers lead to base material ablation (see Figure 4.14 and 4.15 respectively),

although the average laser power was within an acceptable range.

Furthermore, the repetition rate has an influence on the surface condition of the

brazed joint. Tests with the Nd:YAG laser showed that a decrease in repetition rate

leads to a decrease in surface roughness by maintaining the average laser power. The

optimal value for the repetition rate was determined to f = 20 Hz with regard to surface

roughness. This characteristic can be reasoned by the low repetition rates in combina-

tion with large pulse lengths, which approximate a quasi-continuous behaviour (see

section 5.3).

7.1.2. Process parameters

As mentioned above, literature identifies the feed speeds of base material and brazing

wire as important quality influencing parameters. However, opinions, found in litera-

ture, deviate with regard to the ratio between feed speed of brazing wire and feed

speed of base material for the same joint geometry (see Table 2.1 in section 2.2.2.2).

The data presented in Table 2.1, summarises the ratio of feed speeds of different liter-

ature sources by using the same materials, laser power and joint geometry (flanged

seam). There it can be seen that the ratio of feed speeds varies in the range of 1 up

to 3.25 [LI et al., 2008, Heitmanek et al., 2014, Kai et al., 2015, Rong et al., 2015].

Literature research was carried out with regard to the ratios of feed speeds for brazing

butt joints, albeit not found. For this reason the ratio was set to 2:1, as a rule of thumb.

This rule of thumb has been verified by the experiments carried out with the diode laser

(see section 6.3). There the ratio of feed speeds was investigated with and without us-

ing shielding gas. Results showed, on the one hand that the achievable feed speeds

of base material and brazing wire are 55.10 mm
min

and 109.10 mm
min

respectively for brazing

with shielding gas. This corresponds to a ratio of feed speeds of 1.98:1, which fits quite

well to the rule of thumb. On the other hand, the ratio of feed speeds is determined

to 1.87:1 for brazing without shielding gas. There the achievable feed speeds of the

brazing wire and base material are 138.4 mm
min

and 74.10 mm
min

respectively. As it can be

seen, the achievable feed speeds of the experiments carried out with and without

shielding gas differ. The slow feed speeds are initiated by the cooling down by the
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shielding gas. During the experiments it was observed that the usage of shielding gas

cools down the process by 100
◦

C up to 250
◦

C (see Figure 6.20). For this reason, shield-

ing gas was used no further.

Furthermore, it was identified during the initial experiments, carried out with the Nd:YAG

laser, that a pre-heating is essential in order to obtain good quality brazed joints. Pre-

heating is defined by two delay times (WZL) and (WZD) that introduce a delay be-

tween starting the process including the laser and starting to braze (see section 3.1.2.3).

This aspect is further discussed in section 7.2.

7.1.3. Material characteristics

The selection of materials used for brazing have an influence on the brazing result, as

the physical properties of the base material and brazing wire determine the operating

temperature for brazing. The operating temperature range is defined by the liquidus

temperature of the brazing wire and the solidus temperature of the base material.

Within this research, CuSi3 was used as brazing wire, which has a liquidus temperature

of 1,025
◦

C (see Table 4.3 in section 4.3.2). The mild cold rolled steel DC01 was used as

base material (see section 4.3.1). As this steel consists mainly of iron, the solidus tem-

perature of iron is used for a Carbon content of 0.12 %, which is approx. 1,490
◦

C (see

Figure A.12). Hence, the operating range corresponds to 1,025
◦

C - 1,490
◦

C.

Furthermore, the absorption behaviour of the materials depends on the wavelength

used. This behaviour was approximated for the brazing wire by using copper. The

absorption of copper for both wavelength used (808 nm and 1,064 nm) corresponds

approximately 4 % (see section 4.3.2). Whereas, the absorption of the base mate-

rial corresponds to approximately 40 % for 1,064 nm and to 50 % for 808 nm (see sec-

tion 4.3.1).

Next to the wavelength dependent absorption behaviour, the surface condition has

also an influence on the brazing result. It was found in literature that oxide layers in-

crease the absorption [Poprawe, 2005]. Furthermore the surface roughness influences

the absorption positively (see Figure 3.4) [Poprawe, 2005].

This information presented within this section is needed to estimate the required heat

input for brazing.
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7.1.4. Heat input

The heat input depends on the laser power and the feed speed of the base material.

Therefore, it can be seen as a derived value of the influencing parameters. Further-

more, the material characteristics have an influence on the heat input due to their ab-

sorption behaviour and surface condition (see section 7.1.3). Experiments showed that

the estimation of the heat input did not lead to satisfactory results (see section 4.4, 6.1

and 6.5). The heat input was estimated to 75 J
mm

for the initial experiments carried out

with the Nd:YAG laser. These experiments showed that a heat input of 90.95 J
mm

is re-

quired (see section 4.4). The same accounts for the experiments carried out with the

diode laser. There the heat input was estimated to 94.74 J
mm

(see section 6.1). As the

investigation of the ratio of feed speeds determined suitable feed speeds for the braz-

ing wire and the base material (see section 6.3 and 7.1.2), experiments were carried

out by using these suitable feed speeds and changing the laser power and therefore

the heat input (see section 6.5). Results showed that a good quality brazed joint is

achieved, when the heat input corresponds to 118.23 J
mm

.

The deviation between the estimations and the determined heat input could be rea-

soned by neglecting the losses regarding heat transport in the estimations.

As mentioned in section 3.2.2.1, the heat input and therefore the heating and fast

cooling of the material influences the microstructure or grain size of both materials

brazing wire and base materials [Fritz and Schulze, 2006]. This change in microstruc-

ture results in a hardness change in the region of the Heat Affected Zone (HAZ) across

the brazed joint [Higgins, 1983]. For this reason this hardness change was measured

(see section 6.6.1). The results showed the expected behaviour. The hardness of the

base material increases in the region of the HAZ by having its peak value at the gap

of the joint (see Figure 6.32).

7.2. Pre-heating

During the initial experiments (see section 4.4), it was observed that the temperature

increases, while brazing, over the length of the joint (see Figure 4.16). This behaviour

demonstrates that an appropriate operating temperature was not reached at the be-

ginning of the brazing process. For this reason, a pre-heating phase was introduced

to obtain a sufficient operating temperature at the beginning of the laser brazing pro-

cess. This pre-heating phase is defined by two delay times (WZL) and (WZD) that intro-
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duce a delay between starting the process including the laser and starting to braze

(see section 3.1.2.3). Results of these initial experiments showed that pre-heating is

essential in order to obtain good quality brazed joints. A sufficient pre-heating was

obtained if (WZL) and (WZD) were set to 3.5 s and 2.8 s respectively for Nd:YAG laser

brazing.

For this reason, this aspect was further investigated during the parameter studies, car-

ried out with the diode laser (see section 6.4). For these experiments the delay time

(WZL) was varied and (WZD) was adapted accordingly. The results showed that if an

appropriate operating temperature is reached at the beginning of the brazing pro-

cess, the oxidation marks were symmetric around the brazed joint and their distance

remained parallel to the joint. Whereas the oxidation marks diverge over the length of

the joint, if an insufficient pre-heating phase took place (see Figure 6.22).

Next to the oxidation marks, also the brazed joint itself indicates if an appropriate

temperature is reached at the beginning of the brazing process, as the width of the

joint is consistent over its length (see Figure 6.21 (a)). Furthermore, the experiments

showed that a good quality brazed joint is obtained, if (WZL) and (WZD) were set to

5.0 s and 4.3 s respectively for diode laser brazing. The difference between the two de-

lay times (WZL) and (WZD) is caused by the human error. As both the laser and the

wire feed have to be started manually and both are supposed to start at the same

time. Hence a human error of approximately 0.7 s is considered.

Based on these results, the successful implementation of a pre-heating phase was

demonstrated and confirmed by the oxidation marks as well as the consistency in

width of the brazed joints.

Comparing these results with literature, an approach was found with regard to pre-

heating. However, it was limited to the electric resistive pre-heating of the brazing wire

in order to obtain a better surface quality of the joints [Mathieu et al., 2006b]. Further-

more, pre-heating was also identified by Heitmanek et al. as an important aspect for

the process stability and joint quality of laser brazing [Heitmanek et al., 2014]. How-

ever, they used a different approach. Their approach was to manipulate the beam

shape by using the dynamic beam shaping system LASSY from Fraunhofer IWS, which

is based on scanning mirror optics. They changed the beam shape from circular to

elliptical in the direction of brazing to obtain a pre-heating of the base material [Heit-

manek et al., 2014]. These literature sources indicate that obtaining a sufficient operat-

ing temperature and minimising the temperature gradient between brazing wire and

base material are important to the brazing result, which corresponds to the findings
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presented within this work.

7.3. Wire positioning also within the laser spot

During the initial experiments, carried out with the Nd:YAG laser (see section 4.4), it was

observed that the wire positioning seems to have an influence on the brazing result.

Therefore this aspect was further investigated with both lasers, as their beam profiles

differ from each other (see section 3.1.1).

The investigations revealed that the wire positioning itself as well as within the laser

spot has a significant influence on the brazing result. For large incidence angles of the

brazing wire (> 47
◦

), it was observed that if the wire was loosely placed onto the base

material, it resulted in visibly wavy brazed joints (see section 5.1.1 and 6.2). This wavi-

ness could be caused by improper heating as well as oscillations of the brazing wire

(see section 5.1.1). The oscillations of the wire can be decreased if the incidence an-

gle is decreased. However, to completely eliminate the oscillations, the brazing wire

has to be positioned onto the base material as shown in Figure 5.2 (Right). There, the

wire is slightly pressed onto the base material, which ensures a small incidence angle

of the wire and sufficient contact between brazing wire and base material within the

laser spot. Furthermore, the wire is guided by the gap, which eliminates the occur-

rence of oscillations.

Furthermore, the wire positioning within the laser spot was investigated. The trailing,

center and leading position were tested (see section 5.1.2). Experiments, carried out

with the Nd:YAG laser, showed that only good quality brazed joints were achieved, if

the wire is placed in the center of the laser spot (see section 5.1.2). The other positions

tested led to an improper heating and therefore to an insufficient brazing result.

The same experiments were also carried out with the diode laser (see section 6.2).

With regard to the wire positioning itself the same observations were made. Only the

wire positioning within the laser spot was not as crucial as for the Nd:YAG laser. This

can be explained by the different beam profiles of the lasers. The Nd:YAG laser has a

circular laser spot with a Gaussian distribution having its highest intensity in the center

of the laser spot (see section 3.1.1.1). Whereas, the diode laser has a rectangular laser

spot with a top hat profile in the direction of brazing (see section 3.1.1.2).

Literature research was carried out regarding this aspect, albeit not found.
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7.4. Characteristics of disappearing gap width and

deformation

During the initial experiments (see section 4.4), it was observed that the initial gap

of 0.1 mm disappeared over the length of the joint. Therefore, this aspect was fur-

ther investigated within the parameter studies carried out with the Nd:YAG laser (see

section 5.2.1), as this initial gap was supposed to be within the optimal range for laser

brazing (see section 3.2.1.1). The investigations showed that the gap decreases linearly

over the length of the brazed joint (see Figure 5.10). This behaviour can be reasoned

by the thermal expansion of the base materials due to heat conduction [Hornbogen,

1983]. Furthermore, it was demonstrated that the correspondent measurements agree

well with the theory of linear expansion with regard to a uniform temperature change

(see Figure 5.11).

The gap existence as well as its complete filling is a required condition for brazing to

obtain a good quality joint [Jacobson and Humpston, 2005]. Therefore, the disappear-

ance of the gap over the length of the joint is a unfavourable condition.

Although the tensile testing experiments, carried out on joints brazed with the diode

laser, do not support this (see section 6.6.2). For these experiments, the joints were cut

at the beginning, middle and end to investigate the influence of disappearing gap

to the tensile testing. It was observed that the all samples tested show the same be-

haviour, whether a gap exists or not. This could be reasoned by the wetting of the

brazing wire onto the base material in combination with the applied load in one di-

rection for tensile testing. It is assumed that if multiaxial loading tests or loading tests

in another direction would be carried out, the behaviour of the samples would differ

due to the gap disappearance over the length of the joint.

Furthermore tests were carried out to maintain the gap width over the length of the

joint, e.g. using spring steel of respective thickness as a spacer, tacking of base materi-

als prior to the brazing process and leaving space between the clamping bracket and

base material. However, non of them led to a satisfactory result (see section 5.2.2).

As mentioned in section 4.3.1, the automotive industry uses zinc galvanised steel as

base material for laser brazing. The liquidus temperature of zinc corresponds to 419.58
◦

C

and its evaporating temperature is 907
◦

C [Stöcker, 2000]. As it can be seen, the evap-

orating temperature of zinc is below the liquidus temperature of the brazing wire of

1,025
◦

C (see Table 4.3 in section 4.3.2). Hence, pores can form out while brazing, if

176



7.5. Alloy zone

the zinc vapour cannot escape. For this reason, the gap is a required condition for

brazing, so that possible vapours can escape [Jacobson and Humpston, 2005].

To overcome this characteristic of disappearing gap width, it is assumed that faster

process speeds in combination with a laser within the kW power range are needed.

As this should lead to a decrease in heat conduction and therefore to a decrease in

thermal expansion of the base materials.

Along with the observations made regarding the disappearance of gap width, de-

formations of the brazed joint were also observed during all experiments carried out.

The deformation occurs in the form of deflection over the length of the brazed joints

(see Figure 5.17 in section 5.2.3). This deflection is caused by heating induced thermal

expansion strains [Usmani et al., 2001]. The direction of curvature (see Figure 5.17) in-

dicates a uniform temperature gradient over the thickness of the joint. As the uniform

temperature rise within the base material was proven for the gap disappearance over

the length of the joint (see Figure 5.11), the deflection could be theoretically approx-

imated to 2.13 mm. To verify this approximation measurements were carried out that

confirmed this estimated value, as the deflection was measured to 2.25 mm± 0.14 mm

(see section 5.2.3).

7.5. Alloy zone

During the optical examination of each polished micrograph section with the aid of

a microscope, an alloy zone could not be recognised. Instead, only a thin black line

was visible. Therefore, it had to be clarified what this black line is. Hence a polished

micrograph section was investigated by using a SEM. Observations showed that this

line corresponds to a crack (see section 6.6.3) that is located in the base material. The

same phenomenon, of crack occurrence for laser brazing with CuSi3 and bare steel,

was also observed by Koltsov et al. [Koltsov et al., 2010]. According to Koltsov et al.,

the crack is originated by an incomplete de-oxidation of the base material when the

brazing wire reacts to it. Due to this fact, the alloy zone could not be investigated.
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Conclusion

Several conclusions can be drawn from the work presented in the previous chapters.

Chapter 3 identified the parameters that have an influence on the brazing result.

These influencing parameters can be subdivided into material characteristics, laser

and process parameters. Chapter 4, 5 and 6 are the main body of this work, where

the investigations and the results of the initial tests as well as of the parameter studies

with both lasers used are presented. These results led to several interesting conclu-

sions, where the major ones are presented in the following.

As presented in section 2.2.2.2, literature agrees that laser power, the feed speed of

base material and brazing wire are important quality influencing parameters [LI et al.,

2008, Heitmanek et al., 2014, Kai et al., 2015, Rong et al., 2015]. However, further influ-

encing parameters were identified within this work, which are presented in the follow-

ing. It was determined that the laser spot size has a significant influence on the brazing

result, as it influences the area to be heated and melted respectively. Therefore, the

spot size should be selected large enough, so that the base material is heated properly

and the brazing wire melted. This leads to a proper wetting of the brazing wire onto the

base material resulting in good quality brazed joints with regard to the quality measure

contact angle. If a pulsed laser is used for brazing, the average laser power is deter-

mined by the peak power, pulse length and repetition rate. Experiments showed that

if the repetition rate is kept constant, the average laser power should be obtained by

decreasing the peak power and increasing pulse length. Otherwise base material ab-

lation occurs due to the high peak powers. Furthermore, investigations demonstrated

that the repetition rate of a pulsed laser has an influence on the surface condition of

brazed joints. For the experiments the average laser power was kept constant and
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only the repetition rate was changed and the pulse length adapted accordingly. Re-

sults showed that a decrease in repetition rate leads to a decrease in surface rough-

ness of the brazed joint by having its optimal value at f = 20 Hz. Moreover, the ratio

between feed speed of brazing wire and feed speed of base material was investi-

gated for brazing butt joints. For initial testing the ratio was set to 2:1, as a rule of

thumb. This rule of thumb was verified, as the achievable ratio of feed speeds were in

the range of 1.87:1 for diode laser brazing without shielding gas and 1.99:1 for Nd:YAG

laser brazing.

Furthermore, two key aspects were identified and presented within this work that have

a significant influence on the quality of brazed joints. These key aspects represent the

novelty of this work.

The first key aspect is the understanding of the importance of the wire positioning itself

as well as within the laser spot. In this work, it was shown that if the wire itself is not

placed correctly onto the base material, this will lead to low quality brazed joints. This

low quality of the brazed joints is caused by oscillations of the brazing wire in combina-

tion with improper heating of the base material. To eliminate this behaviour, the wire

has to be slightly pressed onto the base material, so that it bends a little. This way, the

wire is guided by the gap, which prevents the wire from oscillating. Furthermore, the

wire has sufficient contact with the base material within the laser spot, which leads to

a proper heating of the base material and therefore to a good quality brazed joint.

The wire positioning within the laser spot is crucial for laser beams that have a Gaussian

intensity distribution. There it was found, that only the wire positioning at the center of

the laser spot led to good quality joints with regard to the contact angle. For the wire

positioning at the leading or trailing edge of the laser spot, low quality joints were ob-

tained. Whereas the wire positioning within the laser spot was not that crucial for laser

beams that have a top hat intensity profile in the direction of brazing. Variations of

wire positioning within this laser spot resulted still in good quality joints with regard to

contact angle.

The second key aspect, presented in this work, is the successful implementation of a

pre-heating phase prior to the actual brazing process. During the experiments, it was

observed that the temperature increases over the length of the joint, while brazing.

This leads to insufficient brazed joints until an appropriate operating temperature is

reached. For this reason, a pre-heating phase was implemented, which is defined by

two delay times (WZD) and (WZL) that introduce a delay between starting the process

including the laser and starting to braze. This pre-heating phase ensures an appropri-
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ate operating temperature for brazing at the beginning of the laser brazing process.

The successful implementation of the pre-heating phase was verified by the symmetry

of the oxidation marks around the brazed joint, where their distance remained parallel

to the joint. Next to the oxidation marks, also the brazed joint itself was an indicator

for successful pre-heating, as the width of the joint was consistent over its length, if an

appropriate temperature was reached at the beginning of the brazing process.
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Future work

Further investigations could be carried out with regard to the observed characteristics

of disappearing gap width over the length of the joint and deformation (see sec-

tion 5.2). Since, it is assumed that these characteristics would disappear, if faster laser

brazing process speeds are obtained by using a laser in the kW power range. If this

assumptions proves to be correct, then the verified ratio of feed speeds for brazing

butt joints of 2:1 should be investigated again in terms of how the existence of a gap

would affect it, if at all. With regard to this assumption, further investigations can be

carried out how the presence of a zinc layer influences the brazing result.

Throughout this work, the base materials were cleaned prior to brazing. For this rea-

son, it can be further investigated how the surface condition in terms of dirt and oil

residuals will affect the brazing result, as the base components might not be cleaned

in industry prior to brazing. Next to this surface condition, investigations can be carried

out in terms of how the surface roughness of the base material influences the wetting

behaviour of the melted brazing wire.

Furthermore, the information, gained by the empirical research carried out within

this thesis, can be used to develop a simulation model by the aid of Finite Element

Method (FEM). As laser brazing is a very complex process, it can be divided into

smaller portions as a first step. These portions correspond to the various parameters

and processes that need to be considered for the model development. For instance,

the laser radiation itself is a parameter that has to be considered with regard to its

beam shape, intensity distribution as well as wavelength. Furthermore, the absorp-

tion behaviour of the materials used has to be defined, depending on the wave-

length used. As described in section 4.2.1.1, the absorption behaviour of the materials
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changes with increasing temperature, which also has to be considered. Another as-

pect is the change of physical state from solid to liquid of the brazing wire, which

needs to be considered as well. Along with this physical state change, the wetting of

the melted brazing wire onto the base material has also to be considered. If a gap

is supposed to be considered within the Finite Element model, which is supposed to

be filled by the melted brazing wire, the capillary filling pressure has to also be de-

scribed for the model. Furthermore, the heat conduction of the materials used should

also be considered. These processes and parameters mentioned above are the most

significant ones that need to be considered for modelling the laser brazing process.

Therefore, the suggestion is to develop a model for each process first and then com-

bine these single models into a complete Finite Element model.
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A. Appendix for the chapter ”Quality

influencing parameters”

A.1. Verification of the calculated HL204P Nd:YAG laser

beam characteristics

To verify the calculated laser beam characteristics of the used Nd:YAG laser the beam

profiler Laserscope UFF 100 from Prometec GmbH is used. The respective data sheet of

this device can be found in Appendix D.7. In total 24 measurements of the laser spot

at different z-positions are carried out to determine the caustic of the laser beam with

its respective characteristics.

For the caustic measurement the lens with a focal length of 150 mm is used. Since

the laser used operates in pulsed mode and the Laserscope UFF 100 has a certain

sampling rate, a suitable parameter set for the Nd:YAG laser has to be determined

to avoid or at least diminish any kind of interferences. For this, testing is carried out

to find a sufficient parameter set prior to the actual measurement. The determined

parameter set is as follows:

• power P [W]: 357

• pulse length tp [ms]: 17.7

• repetition rate f [Hz]:12.5

• average power Pav [W]: 80.7

• number of averaging: 10
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A. Appendix for the chapter ”Quality influencing parameters”

The Laserscope UFF 100 is placed within the Nd:YAG laser work station (see section 4.1).

Subsequently the laser is focused and positioned on the measurement window of the

Laserscope. For the measurement only the z-position is changed and the amplifi-

cation of the measurement signal is adapted accordingly. The start position for the

measurement is z = -56.75 mm. The results of the caustic measurement can be found

in Appendix A.2.

Figure A.1 shows an example of a false colour image of the laser spot at the respec-

tive z-position (A.1a) as well as the measured caustic (A.1b). The provided analysis

software of the Laserscope UFF 100 calculates the beam characteristics beam waist,

divergence and Rayleigh length based on the method of second-order moments as

well as the 86 % method. The results are shown in Table A.1.

Furthermore, Table A.1 includes the theoretically determined or provided values for

the respective parameters. More detailed information regarding the measurements

and their results can be found in Appendix A.2.

(a) Example of a measured false colour image of

the laser spot for caustic determination

(b) Measured caustic of the Nd:YAG laser beam

Figure A.1.: a) Example of a measured false colour image of the laser spot for caustic determi-
nation at z-position -65.700 mm with a fill factor of the measurement window of 59 %
and with a beam radius w: 0.147 mm (86 % method) determined by the provided
Laserscope UFF 100 software ; b) Measured caustic of the Nd:YAG laser beam

As it can be seen in Table A.1 the experimentally determined parameters, beam waist

radius (w0), divergence ( θ
2
) as well as the (BPP) are smaller compared to the theoret-
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A.1. Verification of the calculated HL204P Nd:YAG laser beam characteristics

Table A.1.: Determined Nd:YAG laser beam characteristics via the Laserscope UFF 100 by using
the 86 % method and the method of second-order moments as well as the theoret-
ical determined and given values (see Table 3.1) for comparison

Laser beam 86 % method Method of Theoretical
characteristics second-order moments

Beam waist radius w0 [mm] 0.138 0.149 0.150

Rayleigh length zR [mm] 1.603 1.683 1.401

Divergence angle θ
2

[rad] 0.086 0.0885 0.107

Determined BPP [mm*mrad] 11.868 13,187 16

ically determined values and the Rayleigh length (zR) is respectively larger due to its

definition (see equation 3.6). The experimentally determined values are influenced

by positioning of the laser spot within the measurement window, amplification of the

measurement signal, selection of the size of the measurement window with regard to

the fill factor, the operation mode of the laser as well as the repeatability of the mea-

surement device.

The correct positioning of the laser spot within the measurement is important for the

calculation of the power density distribution. For all measurements the whole laser

spot is covered within the measurement window only a marginal displacement of x =

0.136 mm and y = -0.420 mm with regard to the center of the power density distribution

could not be avoided.

The fill factor should be in the range of 50 % to 75 %, i.e. that the area of the laser

spot should cover at least 50 % and up to 75 % of the measurement window (e.g. see

Figure A.1a) [Prometec GmbH, 1996].

This provided range should not be exceeded, since then the asymptotic decreasing

parts at the edge of the laser spot are neglected. If the fill factor is below this range

the total measurement signal is predominated by the noise component. For all mea-

surements the fill factor is kept within this range. However, the manual of the Laser-

scope indicates that the measurement error is minimal for a fill factor of approximately

55% [Prometec GmbH, 1996]. But this value could not always be obtained due to laser

spot size versus size of measurement window with respect to fill factor.

As mentioned, the laser spot is not perfectly aligned to the point of origin of the mea-

surement window. For this reason the real point of origin deviates from the calculated

one. This difference is added to the measurement signal for each point at the distri-

bution. Depending on the fill factor this difference can have a significant influence

on the calculation of the volume of the power density distribution. The influence in-

creases with a decrease in the fill factor [Prometec GmbH, 1996].
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A. Appendix for the chapter ”Quality influencing parameters”

The amplification of the measurement signal also influences the result. For instance, if

the amplification is too small, information is lost and therefore the determined param-

eters might be inaccurate. The same occurs, if the signal is amplified too much. As it

seems an optimal amplification is not always maintained with regard to determined

parameters.

The beam radius (w) according to the 86 % method is determined by at first adding

all measurement points of the power density distribution that in sum correspond to

86 % of the total sum of all measurement points. This is carried out, since the volume

of the power density distribution is proportional to the laser power. Subsequently, the

cross-sectional area of the laser spot is determined by counting the respective mea-

surement points and multiplying each of these points with the corresponding mea-

surement window dependent fractional area. This obtained area is assumed to be

circular and the beam radius is calculated respectively [Prometec GmbH, 1996].

Since the laser used operates in pulsed mode and the Laserscope has a certain sam-

pling rate for each size of the measurement window, interference can occur. As men-

tioned above, a sufficient set of laser parameters was determined and each mea-

surement result is the average of 10 measurements to diminish the influence of inter-

ference.

However, sometimes the interference could not be totally avoided as it can be seen

in Figure A.2 which also has an influence on the measurement results.

Figure A.2.: Example of a measured false colour image of the laser spot used for caustic de-
termination with recognisable interference at z-position -64.000 mm with a beam
radius w of 0.250 mm (86 % method) and a fill factor of 50 %
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A.2. Results of the caustic measurements of the HL204P Nd:YAG laser

Considering all these previous mentioned influences as well as the mechanical re-

peatability of this device of ± 0.05 mm in y and ± 2 µm in x-direction, the relative

deviation of 8.00 % (86 % method ) and 0.67 % (method of second-order moments) for

the beam waist radius (w0), 12.60 % (86 % method ) and 16.76 % (method of second-

order moments) for the Rayleigh length (zR) and 19.38 % (86 % method ) and 17.03 %

(method of second-order moments) for the divergence ( θ
2
) between the experimen-

tally determined and theoretical parameters can be reasoned.

A.2. Results of the caustic measurements of the HL204P

Nd:YAG laser
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A.3. LDL 40-150 output power dependency on driving current

A.3. LDL 40-150 output power dependency on driving

current

Figure A.3.: Diode laser LDL 40-150 output power dependency on driving
current[Laserline GmbH, 2003]

A.4. Verification of simple astigmatic beam

To ensure that the beam is simple astigmatic, several measurements of the laser spot

are carried out with the beam profiler Laserscope UFF 100 from PROMETEC GmbH.

Even if this device is specified for CO2 as well as Nd:YAG laser radiation, it can be used

to estimate the respective beam classification [Prometec GmbH, 1996].

Figure A.4 shows as an example two beam profiles, each captured at different z-

positions. These profiles clearly indicate that the laser beam of the diode laser is

simple astigmatic, since the principal axis of the beam does not rotate while prop-

agating [Neubert and Scharfe, 2007].
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A. Appendix for the chapter ”Quality influencing parameters”

(a) Beam profile of the diode laser spot at the focal posi-

tion

z = 0 mm (beam waist)

(b) Beam profile of the defocused diode laser spot

(z = -26.01 mm)

Figure A.4.: Images of the diode laser spot captured with the beam profiler Laserscope UFF 100
from PROMETEC GmbH. The sensitivity of the Laserscope is not linear for the diode
laser wavelength used. a) Beam profile of the diode laser spot at the focal position
(z = 0 mm); b) Beam profile of the defocused diode laser spot (z = -26.01 mm)

A.5. Verification of the theoretically determined diode

laser spot sizes

During orientation control of the laser spot within the work station, it is observed for

the laser spot at the focal position (F) =+ 5 mm (Figure A.5 (c)) that the diameters

correspond approximately to the half of theoretical estimated ones by measuring the

ablated part of the paper.

Figure A.5.: Orientation of the diode laser spot within the work station: a) z = +10 mm, P = 85 W;
b) z = +10 mm, P = 85 W; c) z = +5 mm, P = 45 W; d) z = +7 mm, P = 45 W; e) z = +8 mm,
P = 65 W;
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A.5. Verification of the theoretically determined diode laser spot sizes

The diameters determined for the other focal positions is in general smaller than the

theoretical estimated ones via the equation (3.8), since the power used was not suffi-

cient to completely ablate the photo-sensitive paper. It is assumed that the ablated

part of the paper corresponds only to the half of the theoretical diameter, since the

other 50 % of the laser spot (see Figure 3.3) are too weak to cause any reaction at the

photo-sensitive paper (or to say it in different terms: for the other 50 % of the laser spot

the photo-sensitive paper is too insensitive).

To validate this assumption the measurement is carried out again for the focal posi-

tions (F) 12 +4 mm, +5 mm, +6 mm, +7 mm and +10 mm. For each focal position a

single laser pulse is emitted onto the photo-sensitive paper and repeated at least 15

times with different powers used. The powers are varied to ensure that this observa-

tion does not only account for a single focal position in combination with a specific

power used. From each measurement a picture is taken with the Casio Exilim Ex-ZR100

12.1 MPixel camera and the respective diameters (dx(F)) and (dy(F)) are measured.

The measurement approach is exemplified on the focal position (F) =+5 mm. All other

measurement results can be found in Appendix A.6. Table A.2 shows the number of

emitted laser pulses and the respective power used for each pulse. Figure A.6 shows

Table A.2.: Powers used for verification of spot diameters estimation of the diode laser at the
focal position (F) =+5 mm

No. P in W

1 45

2 45

3 45

4 45

5 45

6 45

7 45

8 50

9 50

10 50

11 50

12 50

13 48

14 48

15 48

16 48

17 48

the result of the measurement with the focal position (F) = +5 mm. To measure the re-
12”+” sign for the focal positions indicates that the focal position is above the surface
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spective diameters, the pixels have to be correlated to unit length. For this, a ruler with

a 0.5 mm scale is used, which can be seen in Figure A.6 at the bottom. Subsequently,

for each spot the diameters (dx) and (dy) are measured as indicated in Figure A.6. For

all the measurements a tolerance of ±15 pixels is taken into account that corresponds

to ± 0.288 mm for the focal position (F)=+5 mm.

Figure A.6.: Measurement result of diode laser spot diameters for the focal position (F)=
+5 mm; the measurement approach of (dx) and (dy) is presented at laser spot
number 1 and 2 respectively

Table A.3 shows the measurement results for the focal position (F) =+ 5 mm.

Table A.3.: Measurement results for the laser spot diameters (dx) and (dy) at the focal position
(F) =+5 mm. The determined diameters correspond to twice the measured ones

Power measured measured determined determined
Number in W dx in mm dy in mm dx in mm dy in mm

1 45 1.154 1.788 2.308 ± 0.288 3.577 ± 0.288

2 45 1.173 1.865 2.346 ± 0.288 3.731 ± 0.288

3 45 1.154 1.827 2.308 ± 0.288 3.654 ± 0.288

4 45 1.192 1.865 2.385 ± 0.288 3.731 ± 0.288

5 45 1.173 1.885 2.346 ± 0.288 3.769 ± 0.288

6 45 1.173 1.923 2.346 ± 0.288 3.846 ± 0.288

7 45 1.154 1.865 2.308 ± 0.288 3.731 ± 0.288

8 50 1.173 1.904 2.346 ± 0.288 3.808 ± 0.288

9 50 1.212 1.942 2.423 ± 0.288 3.885 ± 0.288

10 50 1.212 1.923 2.423 ± 0.288 3.846 ± 0.288

11 50 1.231 1.923 2.462 ± 0.288 3.846 ± 0.288

12 50 1.212 1.923 2.423 ± 0.288 3.846 ± 0.288

13 48 1.212 1.904 2.423 ± 0.288 3.808 ± 0.288

14 48 1.212 1.923 2.423 ± 0.288 3.846 ± 0.288

15 48 1.231 1.923 2.462 ± 0.288 3.846 ± 0.288

16 48 1.231 1.923 2.462 ± 0.288 3.846 ± 0.288

17 48 1.154 1.885 2.308 ± 0.288 3.769 ± 0.288
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A.6. Verification of the calculated diode laser spot diameters (dx(z)) and (dy(z))

Comparing the determined diameters (dx(5)) and (dx(5)) respectively with the theo-

retical determined ones (dx(5) = 2.43 mm and dy(5) = 3.68 mm (see section 3.1.1.2.2)),

it can be said that the theoretical ones are within the measurement tolerance of the

determined diameters. These measurements are also carried out for the other focal

positions mentioned. The results are presented in Figure A.7. Figure A.7 shows on the

one hand the theoretical propagation of the beam diameters, which are determined

by using equation 3.8, and on the other hand the mean of the determined diameters

at the respective focal positions.

Figure A.7.: Propagation of laser beam diameters along the z-axis: measured and theoretical
diameters

A.6. Verification of the calculated diode laser spot

diameters (dx(z)) and (dy(z))

In Figure A.8 to A.11 the measurement results for the respective focal position are pre-

sented. In Table A.4 to A.7 the measured and determined spot diameters (dx(z)) and

(dy(z) are shown. For each spot diameter measurement a measurement tolerance of

±15 pixels is taken into account.
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Figure A.8.: Measurement result of diode laser spot diameters for the focal position (F) = +4 mm

Table A.4.: Measurement results for the laser spot diameters(dx) and (dy) at the focal position
(F) =+4 mm. The determined diameters correspond to twice the measured ones

Power measured measured determined determined
Number in W dx in mm dy in mm dx in mm dy in mm

1 40 1.093 1.581 2.186 ± 0.349 3.163 ± 0.349

2 38 1.023 1.558 2.047 ± 0.349 3.116 ± 0.349

3 35 1.047 1.558 2.093 ± 0.349 3.116 ± 0.349

4 30 1.047 1.558 2.093 ± 0.349 3.116 ± 0.349

5 30 1.023 1.558 2.047 ± 0.349 3.116 ± 0.349

6 30 1.047 1.535 2.093 ± 0.349 3.070 ± 0.349

7 30 1.047 1.581 2.093 ± 0.349 3.163 ± 0.349

8 30 1.047 1.581 2.093 ± 0.349 3.163 ± 0.349

9 30 1.023 1.581 2.047 ± 0.349 3.163 ± 0.349

10 35 1.070 1.605 2.140 ± 0.349 3.209 ± 0.349

11 35 1.023 1.605 2.047 ± 0.349 3.209 ± 0.349

12 35 1.047 1.605 2.093 ± 0.349 3.209 ± 0.349

13 35 1.047 1.605 2.093 ± 0.349 3.209 ± 0.349

14 38 1.070 1.628 2.140 ± 0.349 3.256 ± 0.349

15 38 1.047 1.628 2.093 ± 0.349 3.256 ± 0.349

16 38 1.047 1.628 2.093 ± 0.349 3.256 ± 0.349

17 38 1.047 1.605 2.093 ± 0.349 3.209 ± 0.349

Figure A.9.: Measurement result of diode laser spot diameters for the focal position (F) = +6 mm
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A.6. Verification of the calculated diode laser spot diameters (dx(z)) and (dy(z))

Table A.5.: Measurement results for the laser spot diameters (dx) and (dy) at the focal position
(F) =+6 mm. The determined diameters correspond to twice the measured ones

Power measured measured determined determined

Number in W dx in mm dy in mm dx in mm dy in mm

1 55 1.371 2.162 2.741 ± 0.290 4.324 ± 0.290

2 55 1.390 2.162 2.780 ± 0.290 4.324 ± 0.290

3 55 1.448 2.181 2.896 ± 0.290 4.363 ± 0.290

4 55 1.429 2.220 2.857 ± 0.290 4.440 ± 0.290

5 55 1.429 2.220 2.857 ± 0.290 4.440 ± 0.290

6 58 1.467 2.259 2.934 ± 0.290 4.517 ± 0.290

7 58 1.448 2.220 2.896 ± 0.290 4.440 ± 0.290

8 58 1.467 2.278 2.934 ± 0.290 4.556 ± 0.290

9 58 1.486 2.278 2.973 ± 0.290 4.556 ± 0.290

10 58 1.448 2.297 2.896 ± 0.290 4.595 ± 0.290

11 60 1.467 2.239 2.934 ± 0.290 4.479 ± 0.290

12 60 1.448 2.297 2.896 ± 0.290 4.595 ± 0.290

13 60 1.448 2.259 2.896 ± 0.290 4.517 ± 0.290

14 60 1.467 2.297 2.934 ± 0.290 4.595 ± 0.290

15 60 1.448 2.259 2.896 ± 0.290 4.517 ± 0.290

Figure A.10.: Measurement result of diode laser spot diameters for the focal position (F) =
+7 mm
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Table A.6.: Measurement results for the laser spot diameters (dx) and (dy) at the focal position
(F) =+7 mm. The determined diameters correspond to twice the measured ones

Power measured measured determined determined

Number in W dx in mm dy in mm dx in mm dy in mm

1 65 1.676 2.500 3.351 ± 0.399 5.000 ± 0.399

2 65 1.676 2.527 3.351 ± 0.399 5.053 ± 0.399

3 65 1.702 2.580 3.404 ± 0.399 5.160 ± 0.399

4 65 1.702 2.633 3.404 ± 0.399 5.266 ± 0.399

5 65 1.676 2.580 3.351 ± 0.399 5.160 ± 0.399

6 68 1.702 2.686 3.404 ± 0.399 5.372 ± 0.399

7 68 1.702 2.660 3.404 ± 0.399 5.319 ± 0.399

8 68 1.702 2.660 3.404 ± 0.399 5.319 ± 0.399

9 68 1.729 2.660 3.457 ± 0.399 5.319 ± 0.399

10 68 1.729 2.686 3.457 ± 0.399 5.372 ± 0.399

11 70 1.729 2.686 3.457 ± 0.399 5.372 ± 0.399

12 70 1.729 2.686 3.457 ± 0.399 5.372 ± 0.399

13 70 1.755 2.686 3.511 ± 0.399 5.372 ± 0.399

14 70 1.755 2.686 3.511 ± 0.399 5.372 ± 0.399

15 70 1.755 2.713 3.511 ± 0.399 5.426 ± 0.399

16 60 1.622 2.660 3.245 ± 0.399 5.319 ± 0.399

17 60 1.569 2.660 3.138 ± 0.399 5.319 ± 0.399

18 60 1.622 2.713 3.245 ± 0.399 5.426 ± 0.399

19 60 1.622 2.713 3.245 ± 0.399 5.426 ± 0.399

20 60 1.569 2.606 3.138 ± 0.399 5.213 ± 0.399

Figure A.11.: Measurement result of diode laser spot diameters for the focal position (F) =
+10 mm
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A.6. Verification of the calculated diode laser spot diameters (dx(z)) and (dy(z))

Table A.7.: Measurement results for the laser spot diameters (dx) and (dy) at the focal position
(F) =+10 mm. The determined diameters correspond to twice the measured ones

Power measured measured determined determined

Number in W dx in mm dy in mm dx in mm dy in mm

1 95 2.387 3.498 4.774 ± 0.309 6.996 ± 0.309

2 95 2.366 3.580 4.733 ± 0.309 7.160 ± 0.309

3 95 2.387 3.539 4.774 ± 0.309 7.078 ± 0.309

4 95 2.407 3.580 4.815 ± 0.309 7.160 ± 0.309

5 95 2.428 3.601 4.856 ± 0.309 7.202 ± 0.309

6 98 2.407 3.601 4.815 ± 0.309 7.202 ± 0.309

7 98 2.325 3.560 4.650 ± 0.309 7.119 ± 0.309

8 98 2.407 3.601 4.815 ± 0.309 7.202 ± 0.309

9 98 2.366 3.519 4.733 ± 0.309 7.037 ± 0.309

10 98 2.407 3.580 4.815 ± 0.309 7.160 ± 0.309

11 100 2.366 3.580 4.733 ± 0.309 7.160 ± 0.309

12 100 2.387 3.601 4.774 ± 0.309 7.202 ± 0.309

13 100 2.387 3.560 4.774 ± 0.309 7.119 ± 0.309

14 100 2.407 3.580 4.815 ± 0.309 7.160 ± 0.309

15 100 2.428 3.580 4.856 ± 0.309 7.160 ± 0.309

16 105 2.366 3.519 4.733 ± 0.309 7.037 ± 0.309

17 105 2.428 3.601 4.856 ± 0.309 7.202 ± 0.309

18 105 2.449 3.580 4.897 ± 0.309 7.160 ± 0.309

19 105 2.469 3.642 4.938 ± 0.309 7.284 ± 0.309

20 105 2.510 3.621 5.021 ± 0.309 7.243 ± 0.309

21 110 2.551 3.642 5.103 ± 0.309 7.284 ± 0.309

22 110 2.551 3.642 5.103 ± 0.309 7.284 ± 0.309

23 110 2.593 3.642 5.185 ± 0.309 7.284 ± 0.309

24 110 2.593 3.663 5.185 ± 0.309 7.325 ± 0.309

25 110 2.551 3.642 5.103 ± 0.309 7.284 ± 0.309

26 90 2.325 3.560 4.650 ± 0.309 7.119 ± 0.309

27 90 2.305 3.498 4.609 ± 0.309 6.996 ± 0.309

28 90 2.243 3.457 4.486 ± 0.309 6.914 ± 0.309

29 90 2.305 3.539 4.609 ± 0.309 7.078 ± 0.309

30 90 2.222 3.416 4.444 ± 0.309 6.831 ± 0.309
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A.7. Preparation of polished micrograph sections

The preparation is as follows: a sample is manually cut and embedded. Subsequently,

it is ground and polished with the following grain sized: P120, P240, P600 and P1200.

Between each step it is cleaned via an ultrasonic bath to get rid of any residuals from

the previously used grinding plate. Before polishing, the embedded sample is cleaned

with 96 % denatured ethanol. Then the micrograph section is polished by the aid of a

9 µm diamond suspension and subsequently cleaned and etched by using Nital.

A.8. Height and width measurement of the polished

micrograph sections

To determine the respective height h as well as the spread diameter 2A of the brazed

joint, the microscope or more precisely the camera, which is mounted onto the micro-

scope, has to be calibrated first. For this a stage micrometer with a total scale of 1 mm

and a smallest subdivision of 10 µm is placed onto the microscope stage. The camera

is set and these settings are saved and always used. For each magnification of the

microscope a picture is taken of the stage micrometer. Subsequently, the pixels of the

image are related to the displayed distances by averaging over at least 4 subdivisions.

Due to this relation the spread diameter as well as the height of the brazed joint can

be determined.

A.9. The iron - iron carbide (Fe-Fe3C) phase diagram

In this section, only the relevant parts of the iron - iron carbide phase diagram are ex-

plained for the analysis of the micrograph sections.

A portion of the iron - iron carbide (Fe- Fe3C) phase diagram is presented in Figure A.12.

As it can be seen in Figure A.12, steel ranges up to a carbon content of 2 %. The range

of steel is subdivided into hypoeutecoid and hypereutectoid alloys [Callister, 2001].
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Figure A.12.: The iron - iron carbide (Fe - Fe3C) phase diagram [Callister, 2001]; the red circle
indicates the eutectoid and the red highlighted line corresponds to the solidus
line

The hypoeuctectoid alloy ranges from 0.022 wt% to 0.76 wt% carbon content (Fig-

ure A.12), whereas the hypereutectoid alloy is within the range of 0.76 wt% - 2.14 wt%

carbon content. The steel 1.033, which is used as base material, has a carbon content

of 0.12 %. Therefore, this steel belongs to the group of hypoeutectoid alloys (see red-

dish box in Figure A.12). The phase transformations of this type of steel are explained

in the following [Callister, 2001].

Hypoeutectoid alloys

The phase transformations, due to a slow cooling of a hypoeutectoid alloy, are ex-

plained along the vertical line yy’ in Figure A.13. In point c, approximately 875
◦

C,

the microstructure will entirely consist of austenite (γ). If the alloy is cooled to point d,
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approximately 775
◦

C, two phases (α) - ferrite and austenite (γ) will coexist within the

microstructure. There, most of the small (α) - particles will form along the original (γ)

grain boundaries [Callister, 2001].

Figure A.13.: Microstructure of hypoeutectoid steel [Callister, 2001]

If an alloy is cooled along the line MN (Figure A.13), through the coexisting (α) - ferrite

and austenite (γ) phases, it becomes slightly richer in carbon. But if an alloy is cooled

along the line MO, the change is more dramatic, because the carbon content rises

considerably.

Cooling from point d to e, just above the eutectoid temperature (Te), will produce an

increased fraction of (α) - ferrite, as it can be seen in the schematic microstructure in

Figure A.13 [Callister, 2001].

If the temperature is lowered just below the eutectoid temperature, to point f, all the

austenite (γ), which was present in point e will transform to pearlite ((α) - ferrite + ce-

mentite (Fe3C)). The (α) - ferrite, which existed in point e, will virtually not change while
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cooling to point f. It will normally be present as a continuous matrix phase that sur-

rounds the isolated pearlite colonies. The microstructure of this point f is also shown in

Figure A.13 [Callister, 2001].

Therefore, the (α) - ferrite phase will be present in both the pearlite and also as the

phase that formed while cooling through point e. The ferrite that is present in the

pearlite is called eutectoid ferrite, whereas the (α) - ferrite that formed above the eu-

tectoid temperature (Te) is called proeutectoid ferrite (Figure A.13). In Figure A.14 an

enlarged view of the microstructure in point f can be seen [Callister, 2001].

Figure A.14.: Microstructure of a hypoeutectoid alloy below the eutectoid temperature
(Te) [Callister, 2001]

In Figure A.15 a polished micrograph section of a hypoeutectoid alloy is shown. For

pearlite, the spacing between the (α) - ferrite and cementite layers varies from grain

to grain. Some of the pearlite appears dark due to the many close - spaced layers

that are unresolved at the magnification of this polished micrograph section [Callister,

2001].

Figure A.15.: Polished micrograph section of a hypoeutectoid alloy [University of Tennessee,
2008]; Magnification: 635x
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A.10. Vickers hardness measurement

For carrying out such a measurement, the polished micrograph sections are going to

be used.

These polished micrograph sections (No.1, Figure A.16) will be placed in the clamping

device just below the objective (No.2, Figure A.16). Subsequently, the focus will be set

onto the surface of the probe. Then, the indenter, which has a pyramid shape, (No.3,

Figure A.16) is applied onto the surface with 1 kgf (corresponds to 9.807 N) for 15 sec.

(a) Vickers hardness testing machine (b) Enlarged view of the Vickers hardness testing ma-

chine;1) Probe; 2) Objective; 3) Indenter

Figure A.16.: a) Vickers hardness testing machine; b) Enlarged view of the Vickers hardness test-
ing machine;1) Probe; 2) Objective; 3) Indenter
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”Experimental procedures and initial

tests”

B.1. Laser brazing setup

B.1.1. Clamping device

The design and realisation of the clamping device can be seen in Figure B.1. The

respective technical drawings can found in Appendix E.1.1.

(a) Design of the clamping device (b) Realisation of the clamping device

Figure B.1.: Design (a) and realisation (b) of the clamping device; 1) Clamping brackets;
2) Dovetail; 3) Micrometer gauge

To enable clamping for different sizes of metal plates, the clamping brackets (No.1;

Figure B.1) have a length of 180 mm. Furthermore, one clamping bracket is mounted
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on a dovetail (No.2; Figure B.1), so that the width of the plates can also be varied by

moving this clamping bracket. Even clamping over the full plate length is obtained by

the design and mounting of the upper part of the clamping brackets. To realise an

easy adjustment of the gap width between the base materials, which are going to be

joined, a micrometer gauge is placed in front of the movable clamping bracket (No.

3; Figure B.1).

B.1.2. Wire feeder

The design and realisation of the wire feeder are shown in Figure B.2. The respective

technical drawings can found in Appendix E.1.2.

(a) Design of the wire feeder (b) Realisation of the wire feeder

Figure B.2.: Design (a) and realisation (b) of the wire feeder; 1) Stepper motor; 2) Tensioner with
guidance groove; 3) Wire; 4) Wire guidance; 5) Adjustment of the incidence angle
of the wire; 6) Drive roll

For defined guidance of the wire (No.3; Figure B.2b) through the wire feeder, the ten-

sioner is provided with a guidance groove (No.2; Figure B.2a). Above the tensioner is

the drive roll, which is pivoted via a grooved ball bearing (No.6; Figure B.2a). The drive

roll is mounted onto the axis of the stepper motor. To improve the grip for pulling the

wire a rubber sleeve was attached to this roll.

For adjusting the incidence angle of the wire, a curved slot hole is used (No.5; Fig-

ure B.2a). The holder of the wire guidance and therefore, the incidence angle of the

wire can be directed by moving the holder within this slot hole. The wire feed is driven
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by a stepper motor (No. 1; Figure B.2a). This stepper motor SM 42051 is controlled by

a LabView c© designed software program via the stepper motor card SMC 800. The

motor and the card are both from the company Emis GmbH. The designed LabView c©

program is described in section 4.2.3.

The wire guidance (No.4, Figure B.2a) is important as early test showed (see Figure 4.1).

Therefore, the wire is guided from the wire reel to the tensioner by using three tubes,

where one is smaller than the other. These tubes are put into each other, so that the

inner diameter of the whole wire guidance is about 0.1 mm larger than the used wire

to prevent oscillation of the wire (see Figure B.3a). From the tensioner to the actual

brazing process, the brazing wire is also guided via a tube. This final wire guidance has

a small clearance (see Figure B.3).

(a) Implemented wire guidance (b) Enlarged front view of the lower red rectan-

gle in B.3a

Figure B.3.: a) Implemented wire guidance; b) Enlarged view of the lower red rectangle in a)
showing the tube

B.2. Measurement equipment

B.2.1. Testing of the optimised temperature measurement setup

The optimised temperature measurement setup is implemented into the Nd:YAG laser

work station, as described in section 4.2.1.2.
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The testing of the optimised temperature measurement setup was carried out for laser

welding, since at this time the wire feeder, described in section 4.1 was manufactured,

which is an optimisation of the first one designed with regard to wire feed control.

However, for testing the temperature measurement setup, the process taking place

plays a minor role.

Before carrying out the tests, two metal samples consisting of mild cold - rolled con-

structional steel 1.0330 are prepared as follows:

• Cleaning of the samples with 96 % denatured ethanol

• Ultrasonic bath in distilled water to get rid of possible dirt or grease

• Cleaning of the samples with 96 % denatured ethanol

Subsequently, these samples are put into the clamping device and the process pa-

rameters of the laser work station are set as follows:

• Peak Power (P) = 2500 W

• Repetition rate (f) = 50 Hz

• Pulse length (tp) = 1.3 ms

• Focal position (F) = -15 mm below the surface of the sample

• Feed speed (v) = 250 mm/min

Since the thermocouples are manually placed, the displacement between measure-

ment tip of the thermocouples and the joint is determined for each measurement. A

third thermocouple is used for triggering, i.e. to automatically start the measurement.

However, the measurement is still manually stopped. Four measurements are carried

out with this set of parameters to compare the application of this setup.

Within all displayed measurement signals in the following subsections the red graph

corresponds to the signal of the thermocouple used as a trigger, the green graph cor-

responds to the one behind the laser head and the black graph corresponds to the

one in front of the laser head.
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B.2.1.1. First measurement

For this measurement the thermocouple behind the laser head (green graph) is dis-

placed by approx. 3 mm from the joint, whereas the one in front of the laser head

(black graph) is positioned about 2 mm away from the joint. The measurement results

are shown in Figure B.4.

Figure B.4.: First measurement result showing the temperature profile against time; the black
graph corresponds to the measurement signal of the thermocouple in front of the
laser head, the green one corresponds to the signal of the one behind the laser
head and the red graph is the signal of the trigger

There, the unequal positioning of the thermocouples can be seen since the thermo-

couple in front of the laser head measures higher temperatures compared to the other

one. The contact between the thermocouple and base material is given during the

whole measurement. The relatively small variations in temperature result from lodging

of the measurement tip of the thermocouples onto tiny unevenness of the surface of

the base material, during the time the sample is moving beneath the laser head with

the mounted thermocouples. While lodged, the thermocouples remain in one posi-

tion for a bit longer which results in temperature increase.
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Furthermore, a continuous increase in temperature can be seen in both graphs ne-

glecting the small temperature variations. The reason for this is the heat conduction

of the base material. At the end of the samples the temperature increases drastically

(blue rectangle) due to heat accumulation since laser radiation impacted on base

material over its whole length.

B.2.1.2. Second measurement

The thermocouple behind the laser head is displaced by approx. 3 mm and the one

in front of the laser head by approximately the same value. In Figure B.5 the measure-

ment results are shown. Both temperature profiles do not show an even temperature

distribution. However, both maintain contact to base material during the whole mea-

surement.

The measurement result of the thermocouple in front of the laser head increases very

fast in temperature until 2.5 s. Then the slope of temperature rise decreases till 5 s.

At this point in time a drastic rise in temperature is measured (purple rectangle), due

to lodging of the measurement tip of the thermocouples onto tiny unevenness of the

surface of base material, while the sample is moving beneath the laser head with the

mounted thermocouples. Therefore, the thermocouples remain in one position for a

bit longer which results in temperature increase. After this temperature peak, the slope

of temperature rise is back to that of the beginning of about 4 s. The small temperature

variations until the end of measurement result from lodging or from little displacement

of the measurement tip away or in direction of the heat input. At 40 s a temperature

increase occurs due to heat accumulation.

The measurement result of the thermocouple behind the laser head has also a very

fast increase in temperature until about 2.5 s. Then, the temperature drops suddenly

due to moving away of the measurement tip from the heat input. The same situation

occurred at the second temperature rise at approximately 8 s. The drastic increase

(blue rectangle) is caused by lodging of the measurement tip onto some unevenness

of the surface of base material. This measurement result of the thermocouple behind

the laser head does not show the expected temperature increase at the end of the

samples due to heat accumulation since the measurement tip was lodged first and

then displaced away from the heat input.
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Figure B.5.: Second measurement result showing the temperature profile against time; the
black graph corresponds to the measurement signal of the thermocouple in front
of the laser head, the green one corresponds to the signal of the one behind the
laser head and the red graph is the signal of the trigger

B.2.1.3. Third measurement

Within this measurement the thermocouple in front of the laser head was positioned

about 0.5 mm away from the joint and the one behind the laser head about 1.5 mm

away. The measurement results are shown in Figure B.6.
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Figure B.6.: Third measurement result showing the temperature profile against time; the black
graph corresponds to the measurement signal of the thermocouple in front of the
laser head, the green one corresponds to the signal of the one behind the laser
head and the red graph is the signal of the trigger

The measurement signal of the thermocouple in front of the laser head (black graph)

shows persistent changes in temperature. These changes result from wedging of the

measurement tip with the surface of the base material while moving over it. After

wedging the measurement tip jumps to the actual position of the brazing process. Dur-

ing this jumping the temperature decreases (black graph). Furthermore, this causes

a variation in displacement of the measurement tip regarding to the joint, which can

be seen, since the temperature decreases in the range of 30 s - 40 s.

However, the wedging at 40 s leads to a displacement closer to the joint, which results

in a drastic temperature rise in conjunction with the heat accumulation at the end of

the base material. As the temperature exceeds 1200
◦

C (blue rectangle) the thermo-

couple is destroyed since it can only cope with a maximum temperature of 1200
◦

C. It

was exchanged by a thermocouple of the same type and manufacturer.

The measurement signal of the thermocouple behind the laser head is smoother com-

pared to the one in front of the laser head. Due to having a larger displacement from

the joint the temperature is significantly less than the one of the other thermocouple.

Within the time of 2 s - 20 s the temperature decreases steadily due to the moving

away of the measurement tip from the joint. However, at 20 s the temperature starts
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to increase until 39 s since the measurement tip moves towards the joint. After that

the temperature continuously decreases and the expected heat accumulation is not

seen because of departing of the measurement tip from the joint.

B.2.1.4. Fourth measurement

For this measurement the thermocouple behind the laser head was positioned ca.

3.5 mm away from the joint and the other one about 4 mm away. The measurement

results are shown in Figure B.7.

Figure B.7.: Fourth measurement result showing the temperature profile against time; the black
graph corresponds to the measurement signal of the thermocouple in front of the
laser head, the green one corresponds to the signal of the one behind the laser
head and the red graph is the signal of the trigger

The unequal positioning of the thermocouples can be directly seen due to the dif-

ferent temperature ranges of the measurement signals. Both graphs show a relatively

smooth signal without any huge variations in temperature compared to the third mea-

surement. Furthermore, they both clearly indicate the heat accumulation at the end

of the base materials due to an increase in temperature (blue rectangles).
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B.2.1.5. Discussion

The first measurement setup has to be optimised due to not maintaining contact with

the surface of the base materials throughout the measurement.

For this a new positioner and holder for the thermocouples was designed, manufac-

tured and subsequently implemented into the Nd:YAG laser work station.

Several limitations due to lack of space have to be regarded for designing since it

was determined during testing of the first setup that incidence angles of the thermo-

couples between 70
◦

- 90
◦

obtain a contact throughout the whole measurement.

To realise those incidence angles the thermocouples have to be directly mounted to

the laser head. The new setup enables measurements up to 10 mm away from each

side of the joint. Furthermore, a height adjustment was implemented, so that the ther-

mocouples can easily be adjusted to changing focal positions or to adapt the height

depending on the incidence angle.

First tests with the new setup showed that the contact throughout the whole measure-

ment is maintained. However, variations in temperature have been recognised during

the measurement. These variations can be caused by departing of the measurement

tip of the thermocouple from its primary position regarding the displacement from the

joint due to the ductility of the thermocouple.

Furthermore, it can result from wedging of the measurement tip with the surface of

the base material, which leads to jumps of the measurement tip to the actual posi-

tion of the brazing process. The danger of wedging increases either with an increased

pressure to the measurement tip caused by a not sufficient height adjustment or with

increasing the contact area of the measurement tip.

For this a compromise between maintaining the contact throughout the measurement

and the incidence angle has to be found, which is approximately at 70
◦

to minimise

the danger of wedging.

The repeated measurements showed that they are not reproducible due to manual

positioning, departing from the primary position while moving and wedging.

However, a better estimation of the temperature range can be gained as without this

setup and with more experience in positioning of the thermocouples the estimation

can be advanced.
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B.2.2. Verification of the optimised temperature measurement setup

B.2.2.1. Approach for verification

For verification of the temperature measurement setup the SC640 IR camera from FLIR

Systems was used. The verification was carried out using the diode laser work station.

For this setup two base material samples consisting of mild cold-rolled constructional

steel 1.0330 were used. These were cleaned via an ultrasonic bath and ethanol. These

samples were put into the clamping device and the process parameters for the laser

brazing process were set according to table B.1. Since the thermocouples have to

be manually placed, the displacement between center of the laser spot and position

of the thermocouple is measured. In this case the thermocouple in front of the laser

and the one behind are approximately displaced by 3 mm and 2 mm respectively

(Figure B.8a).

Table B.1.: Parameters of the brazing process for thermocouple verification at the diode laser
work station

Parameter

Power [W] 150
Delay time wire feed WZD [ms] 4700
Delay time laser WZL [ms] 3500
Wire feed [steps/s] 4

Feed speed of the base material [mm/min]13 60.8

Focal position F14 [mm] -5
Gap [mm] 0.4

Before the actual verification via the IR camera can take place, measurements have

to be carried out to do the IR camera settings correctly in order to obtain valid mea-

surement results. For this reason the ambient temperature as well as the relative hu-

midity have to be determined, which is done by using the hand-held measurement

device 605-H1 from Testo AG. The datasheet of this device can be found in the Ap-

pendix D.6.

Furthermore the emissivity of the used base materials is a required parameter. How-

ever, the emissivity (ε) is not known and cannot be sufficiently determined for the given

13The feed speed for the diode laser work station has to be entered in [µm/s], however it was
converted to [mm/min], which is used for the Nd:YAG laser work station

14the ”-” indicates that the focal position is below the surface of the sample
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material, so that the used value for the emissivity is taken from the provided emissivity

tables from FLIR Systems. These emissivity tables provided by FLIR Systems only contain

general material names, such as ”steel” and information about either its surface con-

dition or type of manufacture. No exact material types are stated. For this reason, the

value ε = 0.56 at a temperature of 50 ◦C is chosen which corresponds closest to the

used material ”rolled steel sheet” [Flir Systems Inc., 2006, S. 260].

To achieve a sufficient resolution for the infrared images a 76 mm objective is used for

the IR camera. Subsequently, the IR camera is positioned as shown in Figure B.8b and

the distance between camera and laser spot position (object distance) is measured.

This position, the set temperature range and the respective incidence angle of the

camera to the laser brazing process were found best due to prior testing.

(a) Positioning of the thermocouples (b) Positioning of the used IR camera SC640 from FLIR

Systems for verification of the temperature measure-

ment setup

Figure B.8.: a) Positioning of the thermocouples; b)Position of the used IR camera SC640 for the
measurement

Another parameter, required for the IR camera, is the apparent reflected temperature,

which is dependent on ambient heat and/or light sources and is determined by fol-

lowing the instructions stated in the manual of the camera [Flir Systems Inc., 2006]. All

these required parameters for the IR camera settings and their corresponding values

are stated in Table B.2. After all parameters are set, the laser brazing process including

the temperature measurement is started. During the brazing process IR images are

recorded in best possible constant time intervals. The intervals sometimes differ due to
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Table B.2.: Parameters used as IR camera SC640 setting for temperature measurement setup
verification

Parameter

Used objective [mm] 76
Emissivity (ε) 0.56
Distance to object dob j [m] 1.1
Ambient temperature [◦C] 17.2
Relative humidity [%] 40.0
Apparent reflected temperature [◦C] 28.4
Used temperature range [◦C] 0-500

storage times as well as obstacles within the view field of the camera, such as screw

heads on the clamping device (see Figure B.1b). Both measurement results are shown

and discussed within the following subsection.

B.2.2.2. Results and discussion of temperature measurement setup verification

Over the whole length of the brazed joint a total of 9 IR images are recorded and

subsequently analysed by using the spot meter tool of the provided software analysis

program from FLIR Systems.

To identify the thermocouple, especially the region of contact between thermocou-

ple and base material, in the IR image correctly for spot meter analysis the tempera-

ture range which is supposed to be displayed in the image is adjusted accordingly via

this program.

For example, Figure B.9 shows the difference in display of the first recorded IR image

depending on the temperature range.
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(a) Temperature range: 36
◦

C - 500
◦

C (b) Temperature range: 100
◦

C - 500
◦

C

Figure B.9.: a) and b): First IR-image of the laser brazing process with the spot meter result of
386.0

◦

C for the thermocouple in front of the laser with two different temperature
ranges: a) 36

◦

C - 500
◦

C; b) 100
◦

C - 500
◦

C

Figure B.10 presents an enlarged view of the first recorded IR image including the anal-

ysis result of the spot meter. As it can be seen in Figure B.10 only the thermocouple in

front of the laser can be clearly recognised due to diffuse reflection of the incident

laser beam as well as the exact placement of the thermocouple in front of the laser in

line with the one behind the laser. As already mentioned in subsection B.2.2.1 several

incidence angles of the camera were tested prior to the actual measurement to sig-

nificantly minimise the influence of the diffuse reflection. It was found that the flatter

the incidence angle, the less diffuse the reflection. For this reason an incidence angle

of approximately 35
◦

was chosen (see Figure B.8b).

All recorded IR images were analysed as described above. The correspondent spot

meter analysis results including the measurement uncertainty of 2 % from the camera

itself for each IR image can be found in Table B.3.
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Figure B.10.: First IR-image of the laser brazing process with the spot meter result of 386.0
◦

C for
the thermocouple in front of the laser

Table B.3.: Results of the IR spot meter analysis for the thermocouple in front of the laser

No. Spotmeter result of thermocouple [◦C]

1 386.0 ± 7.7

2 326.3 ± 6.5

3 362.3 ± 7.2

4 364.1 ± 7.3

5 344.4 ± 6.9

6 352.6 ± 7.1

7 308.7 ± 6.2

8 346.5 ± 6.9

9 389.4 ± 7.8

Figure B.11 shows the temperature measurement signals of the thermocouples for the

brazed joint, where the black signal corresponds to the thermocouple behind the laser

and the red signal to the one in front of the laser. The green signal is from the former

third thermocouple which is only used for testing purpose if required. In this case it is a

dummy signal, because it was not used.

Furthermore the displacement of the thermocouples with regard to the brazing pro-

cess can be seen in Figure B.11, since the thermocouple behind the laser has a higher

signal than the one in front of the laser. The temperature measurement signals are not
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smooth due to not always maintaining contact while e.g. scratching over the surface

of the base materials. This circumstance has already been recognised and reasoned

in section B.2.1.

Figure B.11.: Measurement result of the thermocouples ( the red graph corresponds to the
measurement signal of the thermocouple in front of the laser and the black graph
to the one behind the laser) ; The green circles indicate when and with which
result the IR pictures were taken

In Figure B.11 green circles along the red measurement signal indicate when the IR

images were recorded as well as the result of the respective spot meter analysis. As it

can be seen both measurement results approximate each other considering the mea-

surement uncertainty of the camera as well as the uncertainty of the thermocouples

which is stated as ±2.5
◦

C within the designated temperature range. Due to this result

it is verified that the optimised temperature measurement setup operates correctly.
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B.2.3. Verification of the wire feed control

To verify the encoder, the transmission ratio between the encoder and the stepper

motor has to be determined first. This is done as follows:

transmissionratio =
countso f encoder per revolution

stepso f themotor per revolution
=

512

200
= 2.56 (B.1)

Subsequently the circumference of the tensioner has to be determined. Since the

tensioner has a diameter of 30 mm the circumference corresponds to 94.25 mm. The

stepper motor does 200 steps per revolution, so that one step of the stepper motor

theoretically corresponds to 0.47 mm fed wire. The wire feed control was tested for

different velocities of the wire feed, but only the results of the most commonly used

velocity (7 steps per second) for the parameter studies are presented. The measure-

ment results of the other velocities tested can be found in Appendix B.2.4. At a speed

of 7 steps per second for the duration of one minute 197.4 mm of wire are fed in theory.

Testing was done by feeding the wire for one minute and subsequently measuring the

length of the fed wire as well as saving the counts of the encoder. This test was re-

peated five times and the results are shown in table B.4. The average encoder count

Table B.4.: Results from testing the encoder at a feed speed of 7 steps per second for a duration
of one minute

Counts of encoder fed wire [mm]

2215 190
2172 190
2105 189
2063 187
2094 190

Average 2129.8± 62.1 189.2± 1.3

corresponds to 2129.8 ± 62. Within one minute the stepper motor carries out 420 steps

at a speed of 7 steps per second. To receive the result of how many counts does the

encoder do per step of the motor, the average encoder count has to be divided by

420. Furthermore the transmission ratio of 2.56 has to be considered which results in

1.98 counts of the encoder per step of the motor. This means that the encoder almost

carries out two counts every time the motor does a step. A reason for this result could

be that the motor swings a little between the steps so that the encoder receives two

signals.
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As already explained in the previous section, the second channel cannot be imple-

mented due to cost reasons to overcome this problem. However, within a good es-

timation it can be said that the result of the encoder has to be halved to obtain the

total steps carried out by the stepper motor with regard to the transmission ratio.

To also have a manual control of the fed wire, marks were set on the wire in defined

distances as a further control possibility.

B.2.4. Verification of wire feed control for different velocities

Table B.5.: Results from testing the encoder at a feed speed of 2 steps per second for a duration
of one minute

Counts of encoder fed wire [mm] total steps of stepper motor

577 55 120
562 55 120
578 55 120
545 53 120
578 54 120

Average 568 ± 14.54 54.4± 0.89 120

Table B.6.: Results from testing the encoder at a feed speed of 3 steps per second for a duration
of one minute

Counts of encoder fed wire [mm] total steps of stepper motor

862 83 180
864 83 180
842 82 180
873 82 180
880 81 180

Average 864.2 ± 14.36 82.2± 0.84 180

Table B.7.: Results from testing the encoder at a feed speed of 4 steps per second for a duration
of one minute

Counts of encoder fed wire [mm] total steps of stepper motor

1210 110 240
1151 110 240
1155 108 240
1157 108 240
1152 110 240

Average 1165 ± 25.27 109.2± 1.09 240
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B.3. Surface roughness (Rz) of the base material

Table B.8.: Results from testing the encoder at a feed speed of 5 steps per second for a duration
of one minute

Counts of encoder fed wire [mm] total steps of stepper motor

1421 135 300
1516 140 300
1551 140 300
1514 139 300
1529 138 300

Average 1506.2 ± 49.87 138.4± 2.07 300

Table B.9.: Results from testing the encoder at a feed speed of 6 steps per second for a duration
of one minute

Counts of encoder fed wire [mm] total steps of stepper motor

1823 161 360
1836 163 360
1824 160 360
1830 162 360
1808 161 360

Average 1824.2 ± 10.45 161.4± 1.14 360

Table B.10.: Results from testing the encoder at a feed speed of 8 steps per second for a dura-
tion of one minute

Counts of encoder fed wire [mm] total steps of stepper motor

2461 215 480
2683 220 480
2468 218 480
2484 216 480
2613 218 480

Average 2541.8 ± 100.40 217.4± 1.95 480

Table B.11.: Results from testing the encoder at a feed speed of 9 steps per second for a dura-
tion of one minute

Counts of encoder fed wire [mm] total steps of stepper motor

2639 240 540
2681 243 540
2591 244 540
2700 244 540
2611 247 540

Average 2644.4 ± 45.90 243.6± 2.51 540

B.3. Surface roughness (Rz) of the base material

To determine the surface roughness (Rz) of the base material, the roughness was mea-

sured on 4 base materials at 10 locations as shown in Figure B.12. There, it can be seen

that 5 measurements were carried out over the length of the base material (mea-

surement locations (a) - (e)) and 5 across the base material (measurement locations

(f) - (j)). The first measurement point is located 10 mm away from the edge of the

base material. The distance between the other measurement locations corresponds
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to 20 mm.

Figure B.12.: Surface roughness measurement approach of base material; a) - e) measurement
over the length of the base material; f) - j) measurement across the base material

The surface roughness of the base material was measured with the stylus instrument

Perthometer S5P from Perthen GmbH. This instrument has a measurement range of

50 µm and the radius of the measurement tip corresponds to 5 µm. The measurement

distance is set to 4.8 mm, whereas the distance of 0.8 mm corresponds to the forward

measurement distance, which is not included in the actual measurement.

From all measurements carried out the mean of the surface roughness (Rz) was calcu-

lated for each location. The results are presented in Table B.12.

Table B.12.: Mean values of Rz mean for respective location

Over Rz mean Across the Rz mean

the length [µm] base material [µm]

a 5.69 f 5.64

b 5.70 g 5.80

c 5.95 h 5.16

d 5.67 i 5.23

e 5.26 j 5.58

Mean: 5.65± 0.155 5.48± 0.23
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B.4. Realised adaptation of the software program “LNS QS V2“

B.4. Realised adaptation of the software program

“LNS QS V2“

The user interface of the adapted program, called “SurfMeas“, is shown in Figure B.13.

It has two tabs named current measurement (aktuelle Messung) and system messages

/ Excel (Systemmeldungen / Excel). To the left of these tabs the measurement range

for a measurement is determined by the entered lengths. The length in front of the

sample (Länge vor), the sample length (Werkstücklänge) and the length behind the

sample (Länge nach) can be set in the corresponding edit line (Figure B.13). Out of

these entered values the needed measurement time (Gesamtzeit) for internal pro-

cessing is calculated and displayed in ms. The tab current measurement displays the

measurement signal. There, the red lines indicate the sample length.

Figure B.13.: Screenshot of the new software program “SurfMeas“ showing the tab current
measurement (aktuelle Messung) where a measurement signal is displayed

The tab system messages / Excel (Systemmeldungen / Excel) is shown in Figure B.14.

241



B. Appendix for the chapter ”Experimental procedures and initial tests”

There, the system messages during measurement are displayed. The displayed Excel

table shows in column B the entered length. The time needed for the measurement

of each entered length is calculated and automatically displayed in column C. This

calculated time is needed for the determination of the measurement range, since

the number of measurement values can be determined by the set measurement fre-

quency of the sensor and the measurement time. The number of measurement values

is needed for allocating them to the measurement length.

Figure B.14.: Screenshot of the software program “SurfMeas“ showing the tab system messages
/ Excel, where the system messages, the complete measurement signal, the mea-
surement signal of the sample and the Excel table are displayed

The selection between automatic or triggered start of measurement is also realised

by selecting the correspondent radio button in the upper left corner (see Figure B.13).

However, for the automatic start of measurement additional u - shaped trigger plates

are needed that are implemented into setup (see Figure B.15) to have defined edges

for starting and stopping the measurement.
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Furthermore the red arrows in Figure B.15 indicate the length in front of the sample

(Länge vor) and behind the sample (Länge nach) that has to be entered in the cor-

responding edit line (see Figure B.13).

Figure B.15.: Positioning of the trigger plates in front of and behind the base materials

Furthermore, it was required to export the measurement data to Excel and to store its

corresponding settings. This is fulfilled by clicking the button “Excel“ in the lower right

corner (Figure B.14). By clicking this button, the program exports the measurement

data and its corresponding settings by generating three worksheets in an Excel file:

1. Table of measurement data

2. Diagram of measurement data

3. Settings for measurement
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C. Appendix for the chapter ”Parameter

studies with the diode laser”

C.1. Vickers hardness measurement of the joints brazed

with different powers

Table C.1.: Measurement results of the respective diagonals from the indentation and the cor-
respondent Vickers hardness for P= 150 W

Position d1 d2 Hardness

in mm in µm in µm in HV1̇

0.0 118.3 126.0 124.3

1.0 122.7 126.3 119.6

2.0 123.1 121.1 124.4

3.0 117.3 120.4 131.3

4.0 112.6 118.0 139.5

5.0 108.7 113.1 150.8

5.5 107.1 111.2 155.6

6.0 103.4 108.3 165.5

6.5 107.8 110.1 156.2

7.0 104.9 108.8 162.4

7.5 102.1 103.7 175.1

8.0 107.8 110.3 155.9

8.5 106.1 107.2 163.0

9.0 102.4 106.3 170.3

9.5 106.6 110.7 157.1

10.0 104.2 105.2 169.2

11.0 107.2 113.3 152.6

12.0 111.8 113.6 146.0

13.0 114.8 119.2 135.5

14.0 115.4 120.9 132.8

15.0 115.9 119.2 134.2

16.0 116.9 118.7 133.6
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C.1. Vickers hardness of the joints brazed with different powers

Figure C.1.: Vickers hardness measurement across the polished micrograph section of the joint
brazed with P= 150 W

Table C.2.: Measurement results of the respective diagonals from the indentation and the cor-
respondent Vickers hardness for P= 146 W

Position d1 d2 Hardness

in mm in µm in µm in HV1̇

0.0 114.5 122.9 131.6

1.0 115.9 118.1 135.5

2.0 113.4 118.9 137.4

3.0 109.9 117.7 143.2

4.0 110.5 111.1 151.0

5.0 105.9 108.4 161.5

5.5 104.6 107.1 165.5

6.0 108.4 110.9 154.2

6.5 107.4 109.9 157.1

7.0 105.7 104.3 168.2

7.5 98.7 100.8 186.4

8.0 116.0 118.0 135.5

8.5 103.8 103.6 172.4

9.0 106.0 110.9 157.7

9.5 110.3 112.7 149.2

10.0 104.1 110.0 161.8

11.0 109.4 111.4 152.1

12.0 118.1 116.5 134.8

13.0 117.9 120.8 130.2

14.0 122.8 121.7 124.1

15.0 121.1 127.7 119.8

16.0 122.5 124.7 121.4
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Table C.3.: Measurement results of the respective diagonals from the indentation and the cor-
respondent Vickers hardness for P= 148 W

Position d1 d2 Hardness

in mm in µm in µm in HV1̇

0.0 122.0 124.5 122.1

1.0 124.9 126.7 117.2

2.0 121.2 120.8 126.7

3.0 117.2 121.5 130.2

4.0 116.5 117.8 135.1

5.0 111.4 112.6 147.8

5.5 112.7 112.4 146.4

6.0 110.9 112.0 149.3

6.5 109.7 111.1 152.1

7.0 108.5 110.4 154.8

7.5 103.1 102.3 175.8

8.0 103.4 106.5 168.4

8.5 103.0 103.0 174.8

9.0 108.0 104.0 165.0

9.5 108.8 108.8 156.6

10.0 110.0 113.1 149.0

11.0 111.0 115.0 145.2

12.0 113.4 113.9 143.6

13.0 114.8 119.5 135.1

14.0 116.8 123.0 129.0

15.0 122.4 125.9 120.3

16.0 122.2 124.9 121.5

Figure C.2.: Vickers hardness measurement across the polished micrograph section of the joint
brazed with P= 148 W
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Table C.4.: Measurement results of the respective diagonals from the indentation and the cor-
respondent Vickers hardness for P= 144 W

Position d1 d2 Hardness

in mm in µm in µm in HV1̇

0.0 119.7 121.9 127.1

1.0 118.5 120.0 130.4

2.0 116.0 118.6 134.8

3.0 112.1 115.0 143.8

4.0 109.9 112.1 150.5

5.0 110.2 110.7 152.0

5.5 107.9 109.1 157.5

6.0 109.0 109.5 155.4

6.5 104.7 108.3 163.5

7.0 105.2 101.8 173.1

7.5 102.9 101.1 178.2

8.0 113.3 111.6 146.6

8.5 105.5 108.8 161.5

9.0 110.7 112.3 149.2

9.5 117.9 114.1 137.8

10.0 110.9 110.9 150.8

11.0 108.2 109.5 156.5

12.0 109.9 114.6 147.2

13.0 120.5 119.1 129.0

14.0 118.1 121.7 129.0

15.0 123.1 124.3 121.2

16.0 119.4 121.0 128.3

Figure C.3.: Vickers hardness measurement across the polished micrograph section of the joint
brazed with P= 144 W
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C.2. Tensile testing of the joints brazed with P = 146 W

Table C.5.: Measurement results from tensile testing of sample set (A)

Tensile
extension

(crosshead
Crosshead travel)

Sample Force travel Ultimate at ultimate Tensile Young’s
No. at fracture at fracture Force force stress modulus

(N) (mm) (N) mm
mm

(MPa) (MPa)

1 362.27 5.92 5565.85 0.010 556.58 151622.81

2 0.68 4.81 5000.74 0.008 500.07 156655.60

3 797.34 5.14 5377.27 0.010 537.73 139462.66

4 0.64 6.30 5571.53 0.011 557.15 157758.55

5 268.38 5.88 5291.59 0.009 529.16 155845.17

Arithmetic
mean 285.86 5.61 5361.39 0.010 536.14 152268.96

Standard
deviation 328.04 0.62 235.13 0.001 23.51 7526.39

Table C.6.: Measurement results from tensile testing of sample set (B)

Tensile
extension Tensile

(crosshead stress
Crosshead travel) at

Sample Force travel Ultimate at ultimate ultimate Young’s
No. at fracture at fracture Force force force modulus

(N) (mm) (N) mm
mm

(MPa) (MPa)

1 4,123.18 0.91 5,767.48 0.009 576.75 157,606.46

2 2,704.77 0.76 5,229.34 0.004 522.93 176,891.13

3 772.18 1.48 5,440.77 0.006 544.08 176,758.83

4 3,794.76 0.94 5,075.14 0.006 507.51 170,666.48

5 3,519.24 0.86 5,370.49 0.005 537.05 179,110.12

Arithmetic
mean 2,982.83 0.99 5,376.64 0.006 537.66 172,206.61

Standard
deviation 1,342.73 0.28 259.57 0.002 25.96 8,744.46
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Table C.7.: Measurement results from tensile testing of sample set (C)

Tensile
extension Tensile

(crosshead stress
Crosshead travel) at

Sample Force travel Ultimate at ultimate ultimate Young’s
No. at fracture at fracture Force force force modulus

(N) (mm) (N) mm
mm

(MPa) (MPa)

1 3,763.21 1.95 6,128.45 0.016 612.85 170,355.58

2 2,579.30 1.28 5,540.63 0.009 554.06 178,295.87

3 4,637.07 2.48 6,254.85 0.020 625.48 168,764.27

4 5,83.47 1.77 5,760.35 0.009 576.04 171,486.35

5 1,799.53 1.57 5,606.51 0.010 560.65 166,848.31

Arithmetic
mean 2,672.52 1.81 5,858.16 0.013 585.82 171,150.08

Standard
deviation 1,595.62 0.45 317.86 0.005 31.79 4,359.01
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(a) Force-displacement curve of sample set (A) (b) Force-displacement curve of sample set (B)

Figure C.4.: Force-displacement curves: a) Force-displacement curve of sample set (A);
b) Force-displacement curve of sample set (B); Tensile testing parameters:
crosshead travel speed: 5 mm

min
, condition for stopping the measurement: 40 % of

force; Parameters for brazing: P = 146 W, F = +5 mm, v = 74.10 mm
min

, vb = 138.4 mm
min

,
dgap = 0.4 mm, WZL = 5.0 s, WZD = 4.3 s
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C.2. Tensile testing of the joints brazed with P = 146 W

Figure C.5.: Force-displacement curve of sample set (C); Tensile testing parameters: crosshead
travel speed: 5 mm

min
, condition for stopping the measurement: 40 % of force; Pa-

rameters for brazing: P = 146 W, F = +5 mm, v = 74.10 mm
min

, vb = 138.4 mm
min

, dgap = 0.4 mm,
WZL = 5.0 s, WZD = 4.3 s
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C.3. SEM: element analysis mapped onto the respective

image

(a) Element analysis regarding iron of Figure 6.40a (b) Element analysis regarding copper of Figure 6.40a

Figure C.6.: SEM image of Figure 6.40a with the respective element analysis: a) Iron; b) Cop-
per; Parameters used for brazing: Pav = 150 W, F = +5 mm, v = 55.10 mm

min
, vb = 109.2 mm

min
,

dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s

(a) SEM image: enlarged view of the blue rectangle indi-

cated in Figure 6.39

(b) SEM: element analysis with regard to copper and iron

of the enlarged view of the blue rectangle indicated in

Figure 6.39

Figure C.7.: SEM images: a) enlarged view of the blue rectangle indicated in Figure 6.39
showing a partial ditch; b) Mapped information of the element analysis (Fe and
Cu) onto the enlarged view; Parameters used for brazing: Pav = 150 W, F = +5 mm,
v = 55.10 mm

min
, vb = 109.2 mm

min
, dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s
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C.3. SEM: element analysis mapped onto the respective image

(a) Element analysis regarding iron of Figure C.7a (b) Element analysis regarding copper of Figure C.7a

Figure C.8.: SEM image of Figure C.7a with the respective element analysis: a) Iron; b) Cop-
per; Parameters used for brazing: Pav = 150 W, F = +5 mm, v = 55.10 mm

min
, vb = 109.2 mm

min
,

dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s

(a) SEM image: enlarged view of the red rectangle indi-

cated in Figure 6.39

(b) SEM: element analysis with regard to copper and iron

of the enlarged view of the red rectangle indicated in

Figure 6.39

Figure C.9.: SEM images: a) Enlarged view of the red rectangle indicated in Figure 6.39
showing a ditch at the corner of the base material; b) Mapped information of
the element analysis (Fe and Cu) onto the enlarged view; Parameters used for
brazing: Pav = 150 W, F = +5 mm, v = 55.10 mm

min
, vb = 109.2 mm

min
, dgap = 0.4 mm, WZL = 5.5 s,

WZD = 4.7 s
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(a) Element analysis regarding iron of Figure C.9a (b) Element analysis regarding copper of Figure C.9a

Figure C.10.: SEM image of Figure C.9a with the respective element analysis: a) Iron; b) Cop-
per; Parameters used for brazing: Pav = 150 W, F = +5 mm, v = 55.10 mm

min
, vb = 109.2 mm

min
,

dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s

(a) SEM image: enlarged view of the dark green rectangle

indicated in Figure 6.39

(b) SEM: element analysis with regard to copper and iron of

the enlarged view of the dark green rectangle indicated

in Figure 6.39

Figure C.11.: SEM images: a) enlarged view of the dark green rectangle indicated in Fig-
ure 6.39 showing a partial ditch; b) Mapped information of the element analy-
sis (Fe and Cu) onto the enlarged view; Parameters used for brazing: Pav = 150 W,
F = +5 mm, v = 55.10 mm

min
, vb = 109.2 mm

min
, dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s
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C.3. SEM: element analysis mapped onto the respective image

(a) Element analysis regarding iron of Figure C.11a (b) Element analysis regarding copper of Figure C.11a

Figure C.12.: SEM image of Figure C.11a with the respective element analysis: a) Iron; b) Cop-
per; Parameters used for brazing: Pav = 150 W, F = +5 mm, v = 55.10 mm

min
, vb = 109.2 mm

min
,

dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s

(a) Element analysis regarding silicon of Figure C.11a (b) Element analysis regarding iron, copper and silicon of

Figure C.11a

Figure C.13.: SEM image of Figure C.11a with the respective element analysis: a) Silicon;
b) Mapped information of the element analysis (Fe, Cu and Si) onto the en-
larged view; Parameters used for brazing: Pav = 150 W, F = +5 mm, v = 55.10 mm

min
,

vb = 109.2 mm
min

, dgap = 0.4 mm, WZL = 5.5 s, WZD = 4.7 s
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D. Data sheets

D.1. Data sheet of the measurement amplifier AD595
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D.2. Data sheet of the 10 bit analogue-digital converter

D.2. Data sheet of the 10 bit analogue-digital converter
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D.2. Data sheet of the 10 bit analogue-digital converter
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D.2. Data sheet of the 10 bit analogue-digital converter
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D.3. Data sheet of the encoder HEDM 5500 B11
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D.3. Data sheet of the encoder HEDM 5500 B11
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D.4. Data sheet of NI Usb 6009 card from National

Instruments
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D.4. Data sheet of NI Usb 6009 card from National Instruments

287



D. Data sheets

288



D.4. Data sheet of NI Usb 6009 card from National Instruments
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D.4. Data sheet of NI Usb 6009 card from National Instruments
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D.5. Data sheet of the laser - triangulation sensor M7L/0,5

D.5. Data sheet of the laser - triangulation sensor M7L/0,5
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D.5. Data sheet of the laser - triangulation sensor M7L/0,5
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D.6. Data sheet of the hand-held measurement device testo 605-H1

D.6. Data sheet of the hand-held measurement device

testo 605-H1
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D.6. Data sheet of the hand-held measurement device testo 605-H1

299



D. Data sheets

D.7. Data sheet of the beam profiler laserscope UFF 100

from Prometec
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D.7. Data sheet of the beam profiler laserscope UFF 100 from Prometec
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D.8. Specifications of the tensile testing machine 3367 from Instron Corporation

D.8. Specifications of the tensile testing machine 3367 from

Instron Corporation
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E. Technical drawings

E.1. Technical drawings of the laser brazing setup

E.1.1. Technical drawings of the clamping device

Technical drawings of the clamping brackets
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Technical drawing of the base plate
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E.1. Technical drawings of the laser brazing setup

Technical drawing of the dovetail
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E.1. Technical drawings of the laser brazing setup
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E. Technical drawings

Technical drawing of the holder for the micrometer gauge
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E.1.2. Technical drawings of the wire feeder

Technical drawing of the base plate
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E.1. Technical drawings of the laser brazing setup
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E. Technical drawings

Technical drawing of the base plate for connection to the z-axis of the

work station
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E.1. Technical drawings of the laser brazing setup
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E. Technical drawings

Technical drawing of the tensioner including implementation

components

The technical drawings are presented in the following order:

• Tensioner with guidance groove

• Positioner for the folder of the tensioner

• Holder of the tensioner

• Axis of the tensioner
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E.1. Technical drawings of the laser brazing setup
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E.1. Technical drawings of the laser brazing setup

Technical drawing of the components needed for stepper motor

implementation

The technical drawings are presented in the following order:

• Connection plate for the stepper motor

• Connection between drive roll and tensioner

• Pillar for connection plate of the stepper motor
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E.1. Technical drawings of the laser brazing setup
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E.1. Technical drawings of the laser brazing setup

Technical drawing of the drive roll
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E.1. Technical drawings of the laser brazing setup

Technical drawing of the holder for the wire guidance
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E.1. Technical drawings of the laser brazing setup

343



E. Technical drawings

Technical drawing of the pillar for the wire feeder
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E.1. Technical drawings of the laser brazing setup
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E. Technical drawings

E.2. Technical drawings of the optimised temperature

measurement setup

Figure E.1.: Technical drawing of the connection plate
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E.2. Technical drawings of the optimised temperature measurement setup

Figure E.2.: Technical drawing of the connection plate for behind the laser head

Figure E.3.: Technical drawing of the connection plate for in front of the laser head
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E. Technical drawings

Figure E.4.: Technical drawing of the thermocouple housing
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E.2. Technical drawings of the optimised temperature measurement setup

Figure E.5.: Technical drawing of the thermocouple housing

Figure E.6.: Technical drawing of the U - profile
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E. Technical drawings

E.3. Technical drawings of the fixture for the laser -

triangulation sensor
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