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Sammanfattning 
Optimering av olika fogberednings-
vinklar för svetsprocessen Tandem 
MIG/MAG var målet för detta 
examensarbete. Frågan var om 
processen tillät en minskad 
fogberedning med likvärdig kvalitet. 
Svetsförsök utfördes på olika material 
med olika fogberedningar. Parametrar 
ändrades och optimerades för olika 
kombinationer av material och 
fogberedningsvinklar. De olika 
materialen reagerade inte på samma sätt 
gällande minskad fogberedning. Små 
diskontinuiteter och olikheter i 
fogberedningen hade större effekt på 
kvalitet och stabilitet när 
fogberedningsvinkeln minskades. Olika 
bågtyper och kombinationer av dessa 
har utvärderats. En summering av 
resultat för olika fogberedningar och 
material visas i Tabell 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ekonomiska analyser samt beräkningar 
har genomförts för att utvärdera 
kostnadsfördelningen för olika fall. Två 
fogberedningsmetoder har utvärderats, 
fräsning och vattenskärning. Fräsning 
hade fördelar vid stora serier och 
vattenskärning var mer kostnadseffektiv 
vid små serier. För 10 mm 
materialtjocklek påverkades inte 
fräshastigheten av minskad 
fogberedningsvinkel. Skärhastigheten 
för vattenskärning kunde ökas med 
minskad fogberedningsvikel. 
Utvärderingar av försök visade att 
tandem MIG/MAG kunde öka 
produktiviteten och minska 
kostnaderna. Svetsförsök med laser 
hybrid kunde inte utföras inom 
tidsramen för detta examensarbete.

Fall Material Fogberedning 
 (V-fog) 

Uppnådd 
svetsklass 

Lyckad/ 
Möjlig 

D1 Domex 700 MC 6° + 6° WB Ja/Ja 
D2 Domex 700 MC 15° + 15° WB Ja/Ja 
S1 Aluminium 6082 6° + 6° - Nej/Nej 
S2 Aluminium  6082 15° + 15° - Nej/Ja 
S3 Aluminium 6082 30° + 30° WB Ja/Ja 
R1 Rostfritt 2205 6° + 6° - Nej/Ja 
R2 Rostfritt 2205 20° + 20° WB Ja/Ja 

Tabell 1: Summering av uppnådda 
svetsklasser för olika fogberedningar och 

material 
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Abstract 
Optimization of different joint 
preparation angles for the welding 
processes Tandem MIG/MAG was the 
goal for this thesis. The question was if 
the processes allowed a decreased joint 
preparation with maintained quality.  
Welding trials were performed for 
different materials with different joint 
preparation. Parameters were changed 
and optimized for different 
combinations of material and joint 
preparation angle. 
The different materials did not have the 
same reaction to a decreased joint 
preparation. Small distortions in joint 
preparation angle had larger effect on 
quality and stability when the joint 
preparation angle was decreased. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Different arc types and combinations 
have been evaluated. A summary of 
results for different joint preparations 
and materials are presented in Table 2. 
Economical studies and calculations 
were made to evaluate the cost 
distribution for different cases. Two 
joint preparation methods were 
evaluated, milling and water jet. Milling 
showed advantages for large series and 
water jet for smaller. For 10 mm 
material thickness milling speed was 
not affected by decreased joint 
preparation angle. The cutting speed for 
water jet could be increased with 
decreased joint preparation angle. 
Evaluating results and trials have shown 
that Tandem MIG/MAG could raise 
productivity and decrease costs. 
Welding trials with laser hybrid could 
not be performed within the time frame 
of this thesis.

Case Material Joint preparation 
(V-joint) 

Achieved 
welding class 

Successful/ 
possible 

D1 Domex 700 MC 6° + 6° WB Yes/Yes 
D2 Domex 700 MC 15° + 15° WB Yes/Yes 
S1 Aluminium 6082 6° + 6° - No/No 
S2 Aluminium  6082 15° + 15° - No/Yes 
S3 Aluminium 6082 30° + 30° WB Yes/Yes 
R1 Stainless 2205 6° + 6° - No/Yes 
R2 Stainless 2205 20° + 20° WB Yes/Yes 

Table 2: Summary of reached weld quality 
for different joint preparation and material 



 

Table of Contents 
1. Introduction ....................................................................................................................... 7 
2. Objective........................................................................................................................... 7 
3. Preliminary study................................................................................................................ 8 

3.1 Literature study .......................................................................................................... 8 
3.1.1 Single wire MIG/MAG ........................................................................................ 8 
3.1.2 Tandem MIG/MAG............................................................................................. 9 
3.1.3 Laser welding....................................................................................................10 
3.1.4 Laser Hybrid welding information.........................................................................12 
3.1.5 Economical aspects on welding.............................................................................13 

4. Material ...........................................................................................................................14 
5. Equipment ........................................................................................................................16 

5.1 Tandem MAG setup...................................................................................................16 
5.2 Video and camera equipment........................................................................................17 
5.3 Destructive testing......................................................................................................17 

5.3.1 Metallography ...................................................................................................17 
5.3.2 Hardness test .....................................................................................................17 

6. Experimental .....................................................................................................................17 
6.1 Optimization of Tandem process for different materials and joints.......................................17 

6.1.1 Method of approach............................................................................................17 
6.1.2 Domex 700 MC.................................................................................................19 
6.1.3 Aluminium.......................................................................................................19 
6.1.4 Stainless steel....................................................................................................20 

6.2 Optimization of laser-MAG for different materials ...........................................................21 
7. Results.............................................................................................................................22 

7.1 Welding experiments with Tandem MIG/MAG................................................................22 
7.1.1 Domex 700 MC.................................................................................................22 
7.1.2 Aluminium SAPA 6082......................................................................................27 
7.1.3 Stainless steel....................................................................................................31 

7.2 Welding experiments with Laser hybrid welding..............................................................32 
7.3 Economical studies.....................................................................................................33 

8. Discussion........................................................................................................................35 
8.1 Milling calculations....................................................................................................35 
8.2 Arc stability ..............................................................................................................36 
8.3 Arc types ..................................................................................................................36 

9. Conclusions ......................................................................................................................38 
10. Acknowledgment ...........................................................................................................39 
11. References ....................................................................................................................40 
 
APPENDIX A: Economical analysis    I 
APPENDIX B: Not included, classified information.   VI 
APPENDIX C: Not included, classified information.   VI 
APPENDIX D: Not included, classified information.   VI 
APPENDIX E: Data from hardness and tensile testing   VII 
APPENDIX F: Macro and micro pictures of weld specimens with Domex 700 MC  XI 
APPENDIX G: Macro and micro pictures of weld specimens with Aluminium  XV 
APPENDIX H: Pictures on tensile-tested specimens with Domex 700 MC  XVI 
APPENDIX I: Pictures on tensile-tested specimens of Aluminium 6082  XVII 
 
 
 
 
 
 



 

1. Introduction 
Joining different materials has been a necessity for mankind since we first applied a 
grinded stone to a wooden stick to make the first spear. Joining different types of metals or 
different sheets of the same metal was introduced much later in history. The modern era for 
welding took start in 1886 with resistance welding, and in the coming century the welding 
processes would be further evolved and refined. MIG/MAG welding was first conducted in 
1948 and stands for Metal Inert Gas and Metal Active Gas welding. This method has made 
great progress thanks to the easy use and good possibilities of automatization. The process 
has changed over the years and has improved with the development of better components 
and new findings. In recent years the development has led to variations that almost can be 
considered new welding methods or hybrids between old but with new advantages [i]. 
 
Among the latest on the market we find Tandem MIG/MAG, laser hybrid and other high 
productive welding processes. Tandem MIG/MAG uses two separate wires that are fed 
into the same weld pool. The advantages are higher welding speed and greater deposition 
rate. The two wires can be fed separately with different parameters such as voltage, 
current, pulsing et cetera. Laser hybrid combines the large penetration achieved with a 
laser with for example the building and bridging ability of a MIG/MAG. The method is 
expensive to implement but has shown great results during tests and in full scale 
production [i], [ii]. 
 
The goals for these processes have been to increase the welding speed and penetration in 
pursuit of better welds and costs. Today a lot of research is made to evaluate and further 
increase the stability and performance of these processes. The main tasks concern the 
advantages that can be made with greater welding speeds, less joint preparation, less 
repetition work and full optimization of the process. This will give a better cost efficiency 
and better possibility for companies to invest in new equipment safely [ii], [xi]. 
 

2. Objective 
This Master Thesis is a part of an on-going project at the KIMAB Joining Technology 
Centre (Corrosion and Metals Research Institute). The projects purpose is to increase the 
performance of the Tandem-MIG/MAG process through optimization of the joint geometry 
and the joint properties. Optimizing the joint and the stability of the process could need 
different approaches for different joint preparations. Analysis of welding costs from joint 
preparation to a finished weld bead should be done to evaluate the effectiveness of the 
process for different materials and joint configurations. Selected cases for comparisons are 
shown in Table 3 below. 
 

Case Material Joint preparation 
D1 Domex 700 MC 6° + 6° 
D2 Domex 700 MC 15° + 15° 
S1 Aluminium 6082 6° + 6° 
S2 Aluminium6082 15° + 15° 
S3 Aluminium6082 30° + 30° 
R1 Stainless 2025 6° + 6° 
R2 Stainless 2025 20° + 20° 

Table 3: Summary of selected trials and the main joint parameters 
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3. Preliminary study 
3.1 Literature study 
 
3.1.1 Single wire MIG/MAG 
 
The most commonly used welding method in the world today is the single wire MIG/MAG 
process. It is a semi automatic welding method easy to use and with good results in 
different applications, which has made it popular. Principles are shown in Figure 1. The 
equipment is based on a welding gun (7) which is feed with a single wire from a reel or 
drum (3) through a hose package (5).The wire is feed forward by drive rollers (4) and can 
also be dragged forward if a “push pull”  system is used. If that is the case a second 
electrical motor is placed in the welding gun as well. Electric energy is supplied from a 
power source (6) through cables to the contact tip (8) mounted in the welding gun inside 
the shielding gas nozzle (9). Shielding gas is provided from the gas bottle (1) through a 
valve regulator (2) to the shielding gas nozzle via the hose package. 
 

 
Figure 1: Setup for a single MIG/MAG welding equipment 

 
This is the basic setup for welding MIG/MAG but it alternates from different suppliers and 
variations are made in different welding shops to get the desired functionality. The process 
is called MIG or MAG depending on which shielding gas is used. If the gas is inert it 
means it does not interact with the process and is present only to shield from the oxygen in 
the air. The active gas, on the contrary, affects the process in terms of arc stability, 
penetration, and it also gives protection against the surrounding air. The main arc types that 
can be achieved with MIG/MAG welding are short circuiting, globular and spray. They 
have different advantages and applications and are shown in Figure 2. 
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Figure 2: Arc types for different settings 

 
There are many advantages with MIG/MAG welding such as: 
Low heat input makes it suitable for thinner materials down to approximately 1 mm with 
low deformation. Suitable for a wide range of materials such as aluminium, low and high 
alloyed steel, stainless and other non-ferrous materials. Semi-automatic from the 
beginning, it is easy to fully automatize and mount on robot or with a moving work table 
[i]. But there are also disadvantages compared to other fusion welding methods. Some of 
the more serious discontinuities are more frequent in MIG/MAG welding, for example root 
defects and LOF (lack of fusion). The reason for this is that the process stability window is 
larger than the window for defect free welding. Spatter and porosity are also more frequent 
for this process but are not considered an equal problem and the acceptance level is higher 
due to its minor effect on strength and endurance [i]. An exception from this is applications 
with stainless steels, where spatter can cause reduced corrosion resistance. In this case, 
spatter free welding must be achieved. 
 
3.1.2 Tandem MIG/MAG 
 
The Tandem MIG/MAG process is a development of single wire MIG/MAG welding and 
comprises of two separate MIG/MAG applications in one welding gun. The combination 
of two processes bound together and working in the same weld pool give new advantages 
compared to a single MIG/MAG. The main advantages are deeper penetration, increased 
deposition rate and greater welding speed [i], [iii]. The Tandem MIG/MAG equipment 
used in this thesis uses the same type of equipment as the single wire system, but 
duplicated. This is a great advantage because it is possible to use existing equipment and 
complete it with the second setup (compared to other high speed equipments such as the 
Laser Hybrid which is expensive to procure). The unique part for the Tandem system is the 
welding gun. The wires are electrically separated with one contact tip each in the same gas 
cup. With this setup every parameter can be set individually, for example wire feed, pulse, 
voltage, current (except for travelling speed) [i], [xi]. There is also a Twin setup where two 
wires are using the same contact tip. This means that the wires have the same potential and 
therefore they are forced to have the same welding voltage which limits the options for 
adjusting the process. This method is not as common today [i]. 
For tandem welding, the leading wire is often set to achieve penetration and melt the root 
and base material while the trailing wire fill up the joint and create the surface[iv]. 
Tandem welding has advantages but is a more demanding process if good results shall be 
achieved. The setup, programming and adjustments take more time and the process itself 
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needs stability. Today only a few manufacturers give the user freedom of choosing 
electrode spacing and angles while the other use fixed geometries in the welding guns. 
A schematic picture of the torch angles and different inter distances are shown in Figure 3. 
These are suggestions of variations but other combinations can be used as well. 
The possibilities of arc types are the same as for the single application, spray, short arc and 
pulsed. If small electrode spacing is used, synchronised pulsed arcs are vital for most 
materials due to the risk for arc interference between the wires. Larger electrode spacing is 
less sensitive for arc interference. High current and magnetic fields do not only affect the 
other arc but also the weld pool and the transport of droplets of molten material into the 
weldpool [i], [v], [vi], [iii]. 
 

 
Figure 3: The effect of different electrode angles on electrode spacing 

  
For Tandem MIG/MAG welding the variation of parameters is vast, but two different paths 
have evolved. One for smaller inter distances between the wires, mainly using pulsing to 
achieve a stable process, and the other with larger inter distance and free choice of arc 
types [iii], [vi]. 
The non pulsed Tandem requires less setup and fewer parameters and can show god results 
in spatter free high speed welding. For example, large electrode spacing has proved to 
work with short arc setup on both wires without spatter [vi]. Using pulsing and a narrow 
distance between the electrodes is suggested in literature for completing a stable and 
spatter free weld but guidance in parameters are hard to find. The selection of parameters 
increase if pulsing is used and disagreement between different researchers have occurred 
concerning if in-phase or anti-phase pulse synchronization is the best choice. The anti-
phase pulsing has a tendency to be more stable than the in-phase pulsing but will not 
always guarantee a better weld. In general, the process demands a very robust control in 
the power sources to fully benefit from pulse synchronization [iii]. 
 
3.1.3 Laser welding 
 
In 1960 Maiman discovered and started implementing laser technology, LASER stands for 
“light amplification by stimulated emission of radiation”. Lasers have had a huge impact 
on many different areas from industrial to medical and healthcare. In the cutting and 
joining industry the laser has had an increasing role and a continuous development. 
Fundamental for the success of laser is the density of energy concentrated to a single point. 
This is made possible because the light is monochromatic, coherent and almost parallel. 
The laser source is built up by an exciter source, a laser-active medium and two mirrors: 
one highly reflecting and one semi reflecting. When the medium is exposed for the light it 
causes emission which is reflected between the mirrors until it passes through the semi 
reflecting mirror as radiation. The principles of the laser source are shown in Figure 4. 
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Different types of laser-active media give different laser types, they differ in wavelength 
and in laser power. The two types that are mainly used for material processing are Nd-Yag 
and CO2 lasers due to the high laser power [vii]. 

 
Figure 4: Principles of a laser source 

 
Laser light is absorbed or reflected by the surface of the exposed material, the absorbed 
light is transformed to heat and reflecting rays do not contribute. The energy for welding is 
a result of the total amount of energy and how much that is absorbed. The coefficient of 
reflectance is a material parameter but it is influenced by the wavelength and the intensity 
of the laser as well. Two types of welding are considered, thermal conduction welding and 
deep penetration welding. Thermal conduction welding of steel is possible up to an 
intensity of 2·106 W/cm-2. If that limit is exceeded the penetration grows rapidly and deep 
penetration welding is considered [vii]. 

    
Figure 5: Thermal conduction welding  Figure 6: Deep penetration welding 
In completing a desired weld many parameters must be coordinated. Laser welding is 
sensitive to gap variations and misalignments for butt welds and when no filler material is 
used. Reference values for gap and misalignment in butt welds are presented below. 
 
Plate thickness d Gap width b  Edge misalignment e 
0,5 - 3 mm 0,1 · d 0,15 · d 
3 – 10 mm 0,05 · d 0,1 · d 
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Table 4: Tolerance box for gap width and edge misalignment “according to [vii]” 
 
Although lasers are continuously improving, they are still very sensitive to focal distortion 
and tolerance variation of incoming parts. In beneficial cases, full penetration can be 
achieved up to thicknesses of 16 mm in mild steel. But for so deep and narrow welds, the 
lasers fast cooling time can create problems [viii]. 
 
3.1.4 Laser Hybrid welding information 
 
Hybrid welding is a common name for when two different processes work together and are 
combined into one welding process. Laser MIG/MAG hybrid welding was first performed 
ten years after the introduction of laser but it was not successful until the 1990´s [i]. 
Characteristic for laser-arc hybrid is the created fast moving molten pool of material in 
which both processes work. The setup for the hybrid process consists of a laser and an arc 
process either separately or included in the same welding head. The two processes have to 
be arranged with different angles between themselves and towards the joint. Alternating 
between leading or trailing laser will be of interest to study, since the process behaviour 
and the weld profile differ quite much. Today the most common hybrid is between laser 
and MIG/MAG where most benefits have been found [ix]. Setup parameters for a laser-
MAG hybrid can bee seen in Figure 7. 

 
Figure 7: Setting parameters for laser-MAG hybrid 

 
 
The hybrid creates a process that resembles parts of both processes and the results reflect 
the dominating welding process. If the MIG/MAG contributes with over 60 per cent of the 
power the process will be MIG/MAG dominated and if less the laser process will dominate 
the finished result [i]. This opportunity to vary the behaviour makes the hybrid process 
more usable. Pure laser welding has the possibility for high welding speeds and a good 
penetration but is sensitive to variation in the joint and gap bridge ability. The MIG/MAG 
contributes with the possibility of high material deposition rate and apart from being a 
good hot wire unit for the laser it also improves gap-bridging and tolerances.  
With the possibility of changing the heat balance of the processes comes a possibility to 
control the heat input and the cooling time for the weld and HAZ properties (heat affected 
zone). This is important for both hardness and tensile strength of the joint Figure 8 [i], [ii]. 
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Figure 8 : Properties of welds made with different processes [i], [ii] 

 
Achieving maximum penetration is of great interest and therefore getting the processes to 
work closely with a laser-arc distance between 1 to 3 mm is recommended [x].  
 
3.1.5  Economical aspects on welding 
 
Welding processes are chosen by technical and economical aspects. A process which does 
not pay off in economical matters is seldom implemented or kept. Calculating the cost for a 
process includes a lot of variables, some uncertain and others easier to calculate. The costs 
are often divided in actual welding costs and other that are connected to either before or 
after the actual welding. Actual welding costs are normally labour, consumables, 
equipment and energy. Before welding we have costs for joint preparation and after 
painting and inspection generates costs. A reduction of the actual weld cost can be 
performed in many ways but the most effective is by reducing the labour cost. This can be 
performed in many different ways, for example by automatization, increased arc time, 
higher welding speeds and greater deposition. All of these suggestions increases the actual 
productivity and reduces the labour cost for a specific operation. Planning and calculating 
is a good way of ensuring that the right method and a cost optimized process are used for 
the actual operation. The costs for filler metals, shielding gas and other supplementary are 
often small in comparison [i]. 
 
New technology is often considered when the difference between expenses and receipts is 
decreasing. Evaluating different alternatives like moving production to low-wage 
countries, increasing productivity or efficiency is then considered. When evaluating the 
two later alternatives it is often increase of productivity that is considered and the 
efficiency is left undecided. One of the reasons is that facts of the new processes are often 
missing or can only be presented by the manufacturers of the equipment. They reveal the 
technical benefits of the process but can seldom reveal all economical facts. When an 
upgrade is considered an estimation of the overall costs and advantages has to be made 
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which insures that the investment is the right one to do. First considering the cost of this 
new investment, is it enough with the price of the machine or does implementation and 
education costs have to be added, (i.e not neglectable). Running the machine is often a cost 
that can be calculated and maybe presented by the salesman, but the other costs can be 
more difficult to assess. Interesting advantages that could give credit to this new laser-
hybrid process are the reduced sensitiveness of the incoming material and the effect on the 
repair work such as less straightening and grinding [xi]. 
An example of a cost comparison calculation for two different new methods is shown in 
Figure 9 [xii]. 
 

 
Figure 9: Cost comparison between laser hybrid and single MIG/MAG [xii] 

 

4. Material 
Selected base materials for welding trials were Aluminium (6082), Carbon-steel (Domex 
700 MC), and Stainless steel (2205). The materials have been machined for joint 
preparation and the different setups can be seen in tables below. Filler materials have 
compositions that are adapted to the selected base material, these are also listed. Filler 
material and shielding gas was not varied with the joint preparation. Materials, filler 
metals, shielding gases and chemical compositions are shown in tables below arranged in 
base material order. 
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Sheet material Grade Thickness Edge quality 
6° no nose 
6°, 2 mm  nose 
6°, 4 mm  nose 

Aluminium SAPA 6082 10 mm 

15° no nose 

Composition Al Cr Cu Fe Mg Mn Si Ti Zn Other 
Wt. % 95,5-

98,3 
Max 
0,25 

Max 
0,1 

Max 
0,5 

0,6-
1,2 

0,4-
1 

0,7-
1,3 

Max 
0,1 

Max 
0,2 

Max 
0,15 

Table 5: Aluminium 6082, [xiii] 
 
Filler Si Mn Mg FE Al 
OK Autrod 18.16 
1,2 mm 

Max 0,25 
 

0,8 4,8 Max 0,4 Rest 

Shielding gas: Ar 30% He 
Table 6: Filler and shielding gas for aluminium, [xiv] 
 
Sheet material Grade Thickness Edge quality 

6° no nose 
6°, 2 mm  nose 
6°, 4 mm  nose 
15° no nose 

10 mm 
 
 
 
 0° no nose 

20° no nose 

Carbon Steel SSAB Domex 700 MC 

6 mm 
8° no nose 

Composition C Si Mn P S Al Nb V Ti Iron 
Avg. Nominal % 0,12 0,10 2,10 0,025 0,010 0,015 0,09 0,20 0,15 Balance 
Table 7: Carbon steel Domex 700 MC 
 
Filler C Si Mn Cr Ni Mo V 
OK Autrod 13.29 
1,2 mm 

0,06 0,6 1,6 0,3 1,4 0,25 0,07 
 

Shielding gas: MISON 8, 92 % Ar + 8 % CO2 +0,03 % NO 
Table 8: Filler material for Domex 700 MC, [xiv] 
 
Sheet material Grade Thickness Edge quality 

6° no nose 
6°, 2 mm  nose 
15° no nose 

2205 13 mm 
 
 
6 mm  
 

 

 

Stainless steel 
(pipes) 

316L 10 
6  

Composition 
2205 

Cr Ni Mb C N Mn Si P S Iron 

Avg. Nominal % 22-
23 

4,5-
6,5 

3-
3,5 

Max 
0,03 

0,14-
0,2 

Max 
2,0 

Max 
1,0 

Max 
0,03 

Max 
0,02 

Balance 

Composition Cr Ni Mb C N Mn Si P S Iron 
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316L 
Avg. Nominal % 16-

18 
10-
14 

2-3 Max 
0,03 

 Max 
2,0 

Max 
1,0 

Max 
0,045 

Max 
0,03 

Balance 

Table 9: Stainless steels 2205 and 316L [xv], [xvi] 
 

Table 10: Filler materials for stainless steel, [xvii] 
 

5. Equipment 
5.1 Tandem MAG setup 
 
Tandem MAG trials were performed at KIMAB in laboratory environment. The 
experiments were performed with an automatic longitudinal welding machine ESAB 
“CaB460” equipped with two “Aristo MIG 500” power sources which are controlled by 
two “U8 control units” and a “digital PLC E300” for easy adjustments and flexibility. 
The welding torch was an ESAB “MTT 1500” tandem unit with exchangeable tubes, and 
electrode inter-distances. Feeding units were ESAB standard for Aristo 500. The electrode 
tubes and contact tips are exchangeable in this system which allows testing with different 
angles and distance between the wires. 
The setup is shown in Fel! Hittar inte referenskälla. and Figure 11. 
 

Figure 10: Tandem setup in KIMAB laboratory 
 

Figure 11: The welding torch ESAB “MTT 
1500” 

 
 

 
 

Filler C Si Mn Cr Ni Mo N 
Avesta 2205 
Lot nr: 60893, 1,2 mm 

0,18 0,46 1,5 22,9 8,8 3,09 0,153 

Avesta 316L-Si/SKR-Si 
Lot nr: 50429, 1,2 mm 

0,011 0,78 1,6 18,4 12,0 2,56 0,039 

Avesta 316L-Si/SKR-Si 
Lot nr: 50388, 1,2 mm 

0,019 0,87 1,7 18,1 11,8 2,78 0,056 

Shielding gas: MISON 2 HE, Ar+2%CO2+30%He+0,03%NO 
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5.2 Video and camera equipment 
 
To be able to study a welding process, recording the behaviour of the arc, molten pool and 
the metal transfer is of great interest. The arcs produces a large amount of heat and light in 
the ultra violet and visible wavelength that effects the recording equipment. There are 
different methods to avoid those problems, for example, a laser combined with a digital 
camera can be used, as in this project a “HSI Diode Laser” lights up the process and a 
“FASTCAM 1024PCI” captures the process. The disturbing light from the arc is filtered 
out by using synchronised laser illumination. That allows the arc, movements in the weld 
pool and the material transfer in the arc to be studied in great detail with a frame speed up 
to 5000 frames per second. Computer components such as graphic card and the cables 
connecting are all special made. Filming with a high resolution and 5000 frames per 
second creates large amount of data that has to be captured, transmitted and saved quickly 
[xviii]. 
 

5.3 Destructive testing 
 
5.3.1 Metallography 
 
For studies of the welds, micro and macro structure samples of the weld were taken out. 
Standard metallographic procedures were used, with grinding and polishing to 1.0 µm 
diamond size followed by etching with 2% Nital for the C-Mn, hydrogen hydroxide for 
aluminium and aqua regia for stainless. Studies were then performed with light optic 
microscope. For the macro studies a Wild Heerbrugg “PHOTOMACROSCOP M400” was 
used and for the micro a LEICA “DM IRM”. 
 
5.3.2 Hardness test 
 
Hardness tests were performed with Vickers hardness tests in a Future Tech “MICRO 
HARDNESS TESTER FM700”. The load was 300 g and it was applied for 11 seconds. 
Measurements and calculations of the pyramid were done in the microscope and results 
were recorded. 
 

6. Experimental 
6.1 Optimization of Tandem process for different 

materials and joints 
 
6.1.1 Method of approach 
 
Process stability is the key for obtaining a weld with the desired quality and properties. 
Knowing what might be a good setup comes from experience, calculations and welding 
trials. Setting up parameters for a new application with well known welding process and 
material is fairly easy with previously tested data. When it comes to Tandem MIG/MAG 
this becomes slightly harder since there are more parameters to evaluate and there is far 
less written and documented. Therefore more testing is required and experiments have to 
be conducted in order to evaluate how the process works with different adjustments. The 
ability to influence the weld geometry and its properties have disadvantages when decision 
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on the setup of the equipment is to be made (many options). Calculating the coefficient of 
joint filling is a valuable tool also for the tandem application. The calculation is based on 
the joint geometry and how much filler material that is added. Three standard joint 
preparations and their theoretical welding speed are presented in Table 11.  
 

Joints and joint filling 
         
Parameters Case 1 Case 2 Case 3 
Diameter wire 1 1,2 mm 1,2 mm 1,2 mm 
Diameter wire 2 1,2 mm 1,2 mm 1,2 mm 
Wire feeding speed 1 13,0 m/min 14,0 m/min 14,0 m/min 
Wire feeding speed 2 11,0 m/min 10,0 m/min 10,0 m/min 
Advancing speed 100,0 cm/min 250,0 Cm/min 45,0 cm/min 
Joint fill ing 1,0   1,0   1,0   
Metal recovery 1,0   1,0   1,0   

Sectional area of filler 27,1 mm2 10,9 mm2 60,3 mm2 
Deposition rate 12,7 kg/h 12,7 kg/h 12,7 kg/h 
              
              
Angle 30,0 Degrees 12,0 degrees 60,0 degrees 
thickness of plate 10,0 mm 10,0 mm 10,0 mm 
Unbevelled edge 0,0 mm 0,0 mm 0,0 mm 

Joint sectional area 26,8 mm2 10,5 mm2 57,7 mm2 
              
              
Aimed joint fil ling 101,3 % fill  in 103,3 % fill  in 104,5 % fill  in 
      
      
Root gap 3,0 mm 

Sectional area 56,8 mm2 
      
Aimed joint fil ling 47,8 % fill  in 

  
  

  
  
  
  

Theoretical speed for 
12° joint preparation 
should under given 

circumstances be 250 
cm/min if weld is to be 
completed in a single 

run. Whole edge is 
bevelled and no root 

gap. 

If the joint is widened to 
60 ° the theoretical travel 
speed is decreased to 45 
cm/min if the weld is to 

be completed in a single 
run. The whole edge is 
bevelled and no root 

gap. 

    
 
Table 11: Comparison between different joint preparations and their effect on theoretical welding 
speed 
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6.1.2 Domex 700 MC 
 
V-joint 6° + 6° with 2 mm gap and backing 
 
The test pieces were lined up and the gap was set by using two pieces of 2 mm thick plates 
like shown in Figure 12. Ceramic backing was applied on the root side and the pieces were 
tack welded with four tacks. The gap was then measured to be able to document and 
evaluate its influence. Trials were conducted with the different arc types and settings to 
evaluate the results and obtain a weld with weld class WB. Achieving a stable process in 
different areas was the first objective and then from that working towards quality. Filming 
the process made it easier to determine if the process was stable or not and also gave the 
opportunity to study the material transfer. Test pieces were continuously removed and 
examined in order to secure full penetration and fusion without defects. 
 

 
Figure 12: V joint 6° + 6° with 2 mm gap and backing 

 
V-joint 15° + 15° with no gap and backing 
 
The setup for this trial is shown in Figure 13. Runs with different parameters and arc types 
were initially performed to obtain a general picture of the processes. Optimization was 
continued aiming for a class WB weld with a stable process. Test pieces were welded for 
destructive testing in order to evaluate the results. During these tests we exchanged the gas 
lens in favour of a new. 
 

 
Figure 13: V-joint 15° + 15° with backing 

 
6.1.3 Aluminium 
 
V-joint 6° + 6° with 2 to 6 mm gap and aluminium strip as backing 
 
Welding 10 mm aluminium with tandem MIG/MAG is not common in the industry. Today 
it is probably used only in laboratory environment and in tests. For the aluminium welding, 
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the same joint preparation was used as for steel and the goal was to achieve welding class 
WB. For aluminium a thin aluminium strip was used which in full production would be a 
part of the extruded aluminium profile. Ceramic and no backing at all were also tested but 
the majority of the trials were made with aluminium strip. Tests are started with obtaining 
a stable process with pulsed or non pulsed arcs and then working towards optimal process 
for both stability and weld quality. 
 
V-joint 15° + 15° with 0 to 6 mm gap and different backing 
 
Trials with the narrower joint preparation were conducted first and the information and 
knowledge obtained was tried on the wider joint later. Working with the aluminium strip as 
backing, the zero gap setup was not performed as a regular trial. Instead the trials were 
starting with a slight gap and then increasing it in search of a case with complete fusion in 
the root area. 
 
V-joint joint 30° + 30° with 2 to 6 mm gap and different backing 
 
Due to initial problems with achieving fusion in the root area, eight pieces of aluminium 
were milled to larger joint preparation than intended. Parameters were changed to obtain 
fusion with out leaving the stable process area. Trials were conducted with the same 
procedure, starting with bead on plate and zero gap. Adjustments of the process and the 
setup could be made when stable process was obtained. 
 
6.1.4 Stainless steel  
 
Stainless steel trials were conducted on pipes with inside diameter of 193 mm and a 
thickness of 13 mm. Test specimens were tack welded standing and then placed in a 
rotating welding positioner. The travelling speed was then set with the rotation speed of the 
postioner. The welding positioner and setup can be seen in Figure 14.  
 

 
Figure 14: Welding positioner for trials with pipes 
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V-joint 6°+6° with 3 mm gap and standard backing 
 
Trials started with a narrow 12° joint preparation trying to achieve a stable process and 
welding class WB. When results had been achieved for the actual configuration, the wider 
joint preparation was tried and compared with the narrow. New aligning and positioning 
methods were used for pipes compared to sheets. Spacers with thickness of the wanted root 
gap were placed on the standing pipe and another pipe was placed upon and tack welded. 
Spacers could then be taken out and both pipes were placed horizontally in the welding 
positioner. Standard backing for butt joints on plain steel sheets was replaced with a 
special backing for pipes. 
 
V-joint 20° + 20° with zero to 2 mm  gap and backing 
  
Obtained parameters and configurations from the narrow joint were guide lines for start 
values on the wider. Trials started with no gap and one single run. Different approaches 
were tried to obtain a quality root, single MAG and dividing the weld in two runs. Other 
changes tried were alternating the width of the root gap, and in the second run while 
concentrating on the root properties. 
 

6.2 Optimization of laser-MAG for different materials 
 
Laser-MAG trials for cases in this project were not performed due to time limits in the 
thesis and main project schedule. Two other applications not bound to this project were 
observed and optimized giving understanding and a general knowledge to the process.  
 
The two studied cases were: 
Overlap joint with different material combinations up to 2,5 mm in thickness were welded 
with solid wire. 
And a butt joint in 6 mm thick carbon steel with joint preparation 3,5° + 3,5° degrees were 
welded with different types of flux cored wires. Trials were not performed to optimize the 
joint preparation, but to maximize speed for different material combinations and to test out 
flux cored wires.  
 
Overlap joint with different material combinations 
  
The goal of the trials was to obtain stable processes with approved quality and maximised 
speed.  The process was first optimized for a lower speed and then, robustness and stability 
was tested. When those parameters had been evaluated speed was increased until it 
effected quality or stability. Trials were performed at the ESAB AB Process Centre in 
Gothenburg using a Trumpf lamp pumped 4.0 kW Nd:YAG ”HL 4006D”, together with an 
ESAB ”Aristo MIG 500”  and a manipulator robot from Motoman  ”ES165NS”. 
 
V-joint 3,5° + 3,5° in 6 mm carbon steel 
  
These trials were conducted to evaluate different types of flux cored wire for the process. 
All flux cored wires were first welded to find one setting that was suitable for all wires. 
The wires were then tried with this obtained setting to evaluate differences in their 
behaviour. Trials were performed at the ESAB AB Process Centre in Gothenburg using a 
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Trumpf lamp pumped 4.0 kW Nd:YAG ”HL 4006D”, together with an ESAB ”Aristo MIG 
500 ” and a manipulator robot from Motoman  ”ES165NS”. 
 

7. Results 
7.1 Welding experiments with Tandem MIG/MAG 
 
7.1.1 Domex 700 MC 
 
V-joint 6° + 6° with 2 mm gap and backing 
 
Setting up and jigging test pieces in place were time consuming and the results of the gap 
not always one hundred percent accurate after tack welding. Gap and alignment had a great 
impact on the penetration and the lack of fusion in the root area. Root gap distances 
between 1.7 - 2 mm seemed to work best, over 2 mm problems with only partial melting 
on one side occurred. Under 1.7 mm the process had problems to achieve full penetration. 
Reaching full penetration with stable process was hard to achieve. Other problems that 
occurred were spatter, instability and undercut. Achieving clean processes with different 
arc types were not easy because of the effect the arcs had on each other. In different setups 
the arcs were influencing each other and creating spatter. The spatter had four distinct 
sources: from the electrode tip when the molten material was released, from the impact 
with the base material or the molten pool or when the trailing electrode got to close to the 
melt wave. When pulsing both wires, stability appeared to be easier to achieve and 
maintain in the narrow gap. Test pieces were cut out and grinded for micro and macro 
studies. Test specimen D2 in Figure 14 shows that fusion is achieved in the root area when 
two runs are performed with the narrow joint preparation. Hardness was measured in 6 by 
21 points covering the weld and HAZ with the centre 10 points from the left, see Figure 
19. Cooling times from 800°C to 500°C were calculated and measured for some of the 
trials where acceptable welds had been achieved. For processes measured, cooling times 
varied between 10 -17 seconds. Calculations of the cooling time was also done and showed 
that some of the measured values were probably incorrect. Recommended cooling time for 
Domex 700MC is between 10 to 12 seconds (optimal joint properties).  
Pictures on one of the first experiments D2 including hardness measurement are presented 
in Figure 15 toFigure 19. Pictures of experiment C12 are presented in Figure 20 toFigure 
22. The specimen has also been tensile tested and the graphs are presented in Diagram 1. 
Pictures of experiment C including X-ray examination are seen in Figure 23 toFigure 26 
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Figure 15: Top side experiment D2  

Figure 16: Root side experiment D2 

Figure 17: Macro view experiment D2 

 
Figure 18: 3-d view experiment D2 

 
Figure 19: Hardness measurement of sample D2 with centre at 10 mm on the x-axis 
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Figure 20: Macro view experiment C12 
 

 
Figure 21: 3-d view top experiment C12 
 

 
Figure 22: 3-d view root experiment C12 
 

  

 
 

 
Figure 23: Macro view experiment C28 
 

 
Figure 24: 3-d view top experiment C28 

 
Figure 25: 3-d view root experiment C28 

 
Figure 26: X-ray picture of experiment C28 
 

 
V-joint 15° + 15° with backing 
 
With 15° joint preparation the possibilities of performing the weld without gap were 
considered. Preparations for welding a joint without gap was less time consuming than 
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with a gap. The plates remained in the same position during the tack welding and no big 
heat deformations were visible. Finding parameters which resulted in a spatter free and 
stable process was easier with this wider joint geometry. It was found that stability with 
several arc types could be obtained. Fusion and penetration were achievable and therefore 
no tests with gap were tried with this joint preparation. With this wider joint more process 
configurations resulted in acceptable quality and the process window was bigger. This is 
preferable if you need to sustain other variations without loosing stability. Experiment C7 
with full penetration is shown in Figure 27 to Figure 31. Measurements of cooling time 
from 800°C to 500°C were performed. Cooling times down to 7,4 seconds were measured, 
but did not correspond to calculated values. On successful welds cooling times down to 11 
seconds were calculated. Recommended cooling time for Domex 700MC is between 10 to 
12 seconds. The possibility to change parameters and still obtain a weld within weld 
quality WB is displayed. In trial C10 the heat input was increased which resulted in an 
improved weld geometry. This was made without influencing process stability. Pictures 
from this trial are presented in Figure 32 to Figure 36. 
Another trial C-15 with good results was tensile tested, the graphs are seen in Diagram 1. 
Macro pictures from welding specimen are presented in Figure 37 toFigure 39. 
 

 
Figure 27: Top side experiment C7 

 
Figure 28: Root side experiment C7 

 
Figure 29: Macro view experiment C7 

 
Figure 30: 3-d view top experiment C7 

 
Figure 31: Hardness measurement of sample C7 with centre at 10 mm on x-axis 
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Figure 32: Top side experiment C10 

 
Figure 33 : Root side experiment C10 

 
Figure 34 : Macro view experiment C10 

 
Figure 35: 3-d view top experiment C10 

 
Figure 36 : Hardness measurement of sample C10 with centre at 10 mm on x-axis 
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Figure 37: Macro view experiment C15 

 
Figure 38: 3-d view top experiment C15 
 

 
Figure 39: 3-d view root experiment C15 
 

 

 

 
Diagram 1: Graphs from tensile tests of weld specimens and base material (Domex 700MC) 

 
7.1.2 Aluminium SAPA 6082 
 
V-joint 6° + 6° with 2 – 6 mm root gap and aluminium strip as backing 
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The experiments started with the same large distance between the electrodes as for steel id 
est 20 mm. This was not a successful setup for this narrow joint, the process was unstable 
and the weld quality was insufficient because of bad fusion. A few experiments were 
conducted with this large distance between the electrodes, all with unacceptable result. 
This was not totally unexpected because of aluminium’s excellent thermal conductivity. 
Two weld pools were created with a partly solidifying front in between. The thick plates 
and the root strip were quickly absorbing heat and leading it away from the welding spot. 
To achieve a hotter welding in a smaller area of the seam the electrode tips were changed 
to a 6 degree leading and a 12 degree trailing. Depending on the stick out this gives 
different distances between the electrodes and in many cases different process windows. 
Stability for the process was achievable and a good quality of the top side as well. But 
these process parameters were not totally satisfying the needs of process stability. Another 
setup was tried with 0° leading and 6° trailing and stability increased to an approved level.  
However with a stable process and with gaps up to 5 mm the root was not sufficient. 
Several trials were made but all showed the same discontinuities in the root area. For this 
trial aluminium strip was used as backing, which after the trial was bent away to be able to 
examine the root area. 
 
V - joint 15° + 15° with 2 - 6 mm root gap and backing. 
 
By increasing the angles of the joint to 15° + 15° there was hope to achieve fusion on both 
root sides. Previous trials had given information concerning the electrode spacing and 
angle. First the V joint of total 30 degrees showed the same problems as the 12 degrees id 
est not completing an acceptable root. The root was still too cold and the energy applied by 
the process was insufficient for melting both root sides. Using ceramic backing was a 
solution suggested and with trials with the ceramic backing it was possible to conclude that 
an aluminium strip in the bottom created a great problem by diverging the heat. Ceramic 
backing gave the possibility of achieving full penetration but the quality of the root did not 
meet the standards. It is worth mentioning that the gap in the root for these welds have 
been mainly 3 mm which is larger than for steel with 6 degrees joint preparation. This 
shows how much influence aluminium’s thermal conductivity has on the possibilities for 
welding. In Figure 42 a cross-section from a weld made in a single run 15° + 15° joint 
preparation is shown. The lack of fusion is clearly visible in the right root area of the weld 
and is stretching over 2 mm up on the right side of the base material. The weld quality on 
the top side is acceptable and displayed in Figure 43. By making faster runs it was believed 
that the heat convection would be less and that fusion in the root area would appear. Two 
runs were tried to fill the joint instead and is shown from two different views in Figure 44 
and Figure 45. Also here problems with fusion and penetration were observed. A gap can 
easily be seen between the filler and the base material stretching from the root and 4 mm 
up the right side. Ceramic backing was also applied to study the effect that the aluminium 
strip had on the bottom of the weld. Trials were conducted with a 30 degree joint 
preparation and short stick-out. This setup made it possible to achieve penetration but did 
not give a perfect shape of the root. Figure 40 and Figure 41 illustrates this. 
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Figure 40: macro view B3 single run ceramic 
backing 

 
Figure 41: 3-d view top experiment B3 

 

 
Figure 42: macro view experiment A4 single run 

 
Figure 43: 3-d view top experiment A4 

 

 
Figure 44: Macro view experiment A5 + A6 two 
runs 

 
Figure 45: 3-d view top experiment A5 + A6  

 
V-joint 30° + 30° with 2 – 6 mm gap and backing 
 
To solve the problems with fusion, it was decided to increase the joint preparation even 
further. Several of the 6 degree plates were milled to greater angles to be able to conduct 
further trials. After trials with different approaches, all with aluminium strip as backing, it 
was concluded that penetration would not be possible. The conclusion was that the 
aluminium strip in the bottom was a so good heat convector that some sort of air gap or 
ceramic backing must be used in these thicknesses. A conversion in shape of the backing 
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was considered and performed with an angle grinder. An approximately one millimetre 
deep and 5 millimetre wide groove was grinded in the aluminium strip. Tests with this new 
type of backing showed that the ability to penetrate increased and the problems with fusion 
in the root area appeared less. The new type of backing gave good fusion on both sides of 
the base material but did not melt together with the aluminium strip pictures seen in Figure 
46 to Figure 48. 
Tensile and hardness tests were performed and the results are presented in Diagram 2 and 
in Table 12. 
 

 
Figure 46 : Macro view experiment C7 
  

Figure 47: 3-d view top experiment C7 

 
Figure 48: 3-d view root experiment C7 

 
Figure 49: X-ray picture of experiment C7 

 
Hardness tests  Aluminium 6082 

             Centre            
 x→ 2 5 6 9 10 12 13 14 15 16 17 18 19 20 21 23 24 25 26 27 30 31 32 33 34 
 y↓                          

C7-3 5 103 101 86 81 73 68 72 71 69 68 72 91 103 93 100 115 93 103 109 79 72 82 87 77 72 
                           

C7-9 5      66 65 69 68 79 93 99 104 107 127 73 79 74 71 70 71 69 73 71 73 
C7-9 5 105 102  85  64   73   70   68  72   65 79   95  

Table 12: Measurements of hardness for aluminium experiment C7 
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Diagram 2: Graphs on tensile testing for weld specimens in Aluminium 6082 

 
7.1.3 Stainless steel 
 
V-joint 6° + 6° with 3 mm root gap and backing 
 
Welding pipes required other setup and welding technique. The pipe segments were placed 
vertically and tack welded with spacers to achieve sufficient root gap and aligning. The 
pipes were then placed in the positioner placed beneath the welding equipment and 
aligned. Trials showed that a single run procedure was not possible with this thick material 
in 12° groove. Adding enough weld material to fill up the groove caused melt through and 
deformation of the backing. Welds with two runs resulted in lack of fusion in the root area. 
The process window was very narrow, alternations in single volts or tenths of mm in gap 
resulted in melt through or lack of fusion.To fill up the groove on an already existing weld 
was easier and it was possible to maintain a stable process.  
 
V-joint 20° + 20° with 0 to 1 mm root gap and for some cases backing 
 
The procedure of aligning the pipes and tack welding was the same as for the narrower 
case. The process window was a bit bigger when the groove was opened. It was still not 
possible to weld it in a single pass. To get a good root single MAG was tried and resulted 
in a more controllable process. The values and results from that trial were taken and 
applied to a tandem root pass. It was possible to weld a quality root with tandem setup, but 
the process was less robust for the tandem case. Small alternations in gap or alignment 
resulted in incomplete result. Filling up an existing root did not present problems. More 
material has to be added than for the narrower groove so undercut was a risk. Stability and 
robustness was better on an existing root. Pictures from one test piece are seen below in 
Figure 50 to Figure 52. 
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Figure 50: Macro view experiment S9 + S10 
 

 
Figure 51: 3-d view top experiment S9 + S10 
 

 
Figure 52: 3-d view root experiment S9 + S10 
 

 

 

7.2 Welding experiments with Laser hybrid welding 
 
Experiments with laser hybrid on the materials and thicknesses for this project were not 
possible to include in this report. Experiments with the process was performed but with 
other premises and goals. 
 
Results from trials: 
 
Setting up and performing the weld was easier when both applications were placed on a 5 
axis robot. Precision in adjusting the process increased and pinpointing the bottom of the 
groove became easier. Stability and precision of the robot was good which enabled the 
process to work easy without distraction. It was time saving to test robustness, the robot 
with a working point at the process centre point could be rotated and twisted during the 
weld. If trials were conducted with different beam and process angles it could be 
programmed to test a range of travel angles in the same run. 
 
The processes and their co-operation seemed stable and effective. The laser welding 
process was a more stable process than the MAG and with fewer parameters. Combining 
the two allowed the laser to stabilize the MAG process. Molten filler material flowed to the 
keyhole of the leading laser stabilizing the metal transfer. This made the process stable and 
allowed increased speed with maintained quality. If trailing laser was used the stabilizing 
effect was less obvious. The MAG process became more like a single process building the 
weld and the trailing laser achieving penetration through the molten material. This was a 
less effective use of the laser-hybrid process. 
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Evaluating what the speed and penetration ability the process would have on a joint from 
this project, a test weld was done on a Domex 700 MC with 6° + 6° joint preparation. The 
trial was conducted with maximum laser effect (4 kW) and the same 35 degree travel angle 
on the MAG welding gun. With short time and limited test specimens, penetration and 
reasonable process stability were achieved.  More trials have to be done to evaluate the 
process window and to determine possible speeds. With results and conclusions observed 
from these trials, laser hybrid is a more suitable process for narrow joint configurations. 

7.3 Economical studies 
 
It was suitable to categorise costs in different groups. If all costs were included, the sum 
would result in the total cost for the process and how it was categorised would not effect. 
Some plausible groupings were: Machine costs, labour, process cost, joint preparation and 
supplementary work. Calculations of total weld cost do exist today but only for ordinary 
processes and they seldom include joint preparation and supplementary work. In this study 
the total weld cost was calculated as the sum of costs for joint preparation (Cjp), welding 
(Cw) and supplementary work (Csw). 
 

SWWJPT CCCC ++=      [1] 
 
Joint preparation costs can be calculated for different materials and different cutting 
operations. Different operations for joint preparation can be cutting, water jet, laser cutting, 
gas cutting.   
 
Welding costs for different processes were obtained by summing up costs for consumables 
and adding the costs for labour and investment related costs. The same calculation method 
can be used for different welding processes if the incoming parameters and consumables 
are exchanged to match the process. 
 
Cost for repair work was hard to calculate and predict. The same welding process could 
give many different results and therefore, repair and after-work costs were uncertain for 
unknown cases. 
 
Economical studies were performed on estimated cases in this report. The cases include 
calculations for Tandem MIG/MAG welding. Two different joint preparation methods 
have been evaluated. Cost for after-work was not included for the actual cases but could 
easily be included if known for the actual case. Calculations have been made with current 
methods and with recommendations from manufacturers. Results for some cases are 
presented in Table 11. Tables and calculations have been made adjustable to be refitted for 
different incoming parameters or processes. Incoming parameters for achieved results are 
shown in Appendix 1.     
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Table 11: Total cost cases for welding operations  
 
Calculating total costs for different joint preparations performed with either milling or with 
water jet. The number of variables that were uncertain was increasing for new aspects of 
the problem (machine types, depreciation, etc). Certain numerical values for variables were 
not found and therefore assumptions were made. Examples of cost distribution for practical 
cases are seen in Appendix A. They give guidance to the total cost of an operation. 
Documents constructed to calculate these values were made adaptable so other cases could 
be calculated. Accordingly with these calculations on middle size semi-automatic 
processing, costs were lower for water jet when minor series were made. For larger series 
the speed of milling is more cost effective. The labour costs were for both processes one of 
the single largest costs, guide lines concerning the time needed for manual operations were 
not found. Time needed for certain operations are therefore assumed.  
 
Comparing different angles on the joint preparation gave that for a 10 mm thick plate the 
winnings in decreasing amount of removed material are very small. For a milling operation 
there should be no need at all to decrease travelling speed and therefore the cost for the 

Case overview 

Material 

Thickness 
[m

m
] 

joint 
preparation 

[deg] 

P
roduction 

[pcs] 

Length 
[m

/pcs] 

G
ap [m

m
] 

M
illing cost 
[kr/m

] 

W
aterjet 

cutting [kr/m
] 

W
elding    

cost [kr/m
] 

repair            
w

ork [kr/m
] 

Total w
eld 

cost w
ith 

m
illing [kr/m

] 

Total w
eld 

cost w
ith 

w
aterjet 
[kr/m

] 

DOMEX 
700 MC 

10 
mm 12° 1 1 2 1149,1 99,5 62,2 0,0 1211,3 161,7 

 
10 

mm 30° 1 1 0 1149,1 105,4 38,1 0,0 1187,2 143,4 

 
10 

mm 60° 1 1 0 1149,1 111,9 53,1 0,0 1202,2 165,0 

 
10 

mm 12° 100 1 2 83,2 99,5 24,2 0,0 107,5 123,7 

 
10 

mm 30° 100 1 0 83,2 105,4 19,1 0,0 102,3 124,4 
            

Stainless 
2205 

10 
mm 12° 1 1 2 1154,7 94,3 62,2 0,0 1216,9 156,5 

 
10 

mm 30° 1 1 0 1154,7 99,5 38,1 0,0 1192,7 137,6 

 
10 

mm 60° 1 1 0 1154,7 115,5 26,9 0,0 1181,6 142,4 

 
10 

mm 12° 100 1 2 88,8 94,3 24,2 0,0 113,0 118,5 

 
10 

mm 30° 100 1 0 88,8 99,5 19,1 0,0 107,9 118,6 
            

Al SAPA 
6082 

10 
mm 30° 1 1 2 1158,4 33,8 61,0 0,0 1219,3 94,7 

 
10 

mm 60° 1 1 0 1158,4 37,3 45,9 0,0 1204,3 83,2 

 
10 

mm 60° 1 1 2 1158,4 37,3 80,4 0,0 1238,8 117,7 

 
10 

mm 30° 100 1 2 79,6 33,8 22,9 0,0 102,5 56,7 

 
10 

mm 60° 100 1 0 79,6 37,3 26,9 0,0 106,5 64,2 
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operation was more or less constant. For water jet the cutting times were depending on the 
thickness of the cut. For increasing angles the depth of the cut were increasing relatively 
slow. That made cost winnings small. An index comparison can be made for different 
welding and joint preparation cases shown in Table 13. Index comparisons have been made 
in relation to a typical single MAG application with 30° + 30° joint preparation in low 
carbon steel. This single wire MAG application has not been subjected to joint 
optimization in the same manner as for the tandem wire case. 
 

Method 
joint 
preparation pieces length 

joint 
preparation 
method 

preparation 
cost 

Weld 
runs 

Weld 
cost 

total 
cost 

index 
weld 
cost 

total 
index 

Single MIG/MAG 60 1 1 milling 1149 6 95 1244 100 100 
Single MIG/MAG 60 1 1 water jet 100 6 95 195 100 16 
                      
Tandem MIG/MAG 60 1 1 milling 1149 2 62 1211 65 97 
Tandem MIG/MAG 30 1 1 milling 1149 1 38 1187 40 95 
Tandem MIG/MAG 12 1 1 milling 1149 1 53 1202 56 97 
Tandem MIG/MAG 60 1 1 water jet 100 2 62 162 65 13 
Tandem MIG/MAG 30 1 1 water jet 105 1 38 144 40 12 
Tandem MIG/MAG 12 1 1 water jet 112 1 53 165 56 13 
             
Single MIG/MAG 30 100 1 milling 8320 3 4070 12390 100 100 
Single MIG/MAG 30 100 1 water jet 9950 3 4070 14020 100 113 
                      
Tandem MIG/MAG 30 100 1 milling 8320 1 2420 10740 59 87 
Tandem MIG/MAG 12 100 1 milling 8320 1 1910 10230 47 83 
Tandem MIG/MAG 30 100 1 water jet 9950 1 2420 12370 59 100 
Tandem MIG/MAG 12 100 1 water jet 10540 1 1910 12450 47 100 

Table 13: Welding cost indexes and total cost indexes 
 

8. Discussion 
The discussion is concentrated to three areas. These are the areas that need more 
explanation. 
 

8.1 Milling calculations 
 
Calculations of milling costs have been presented in the results. What can be considered is 
that milling operations is not always performed in a high productive milling machine with 
optimal jigging. Differences in how much material that can be removed in a single milling 
run will decrease with instability and non-optimal conditions. If considered that the 
material would be removed with a manual grinder it would be a large difference between 
removing to a 6° angle and a 30°. If large series of special geometries are to be milled it 
might be of interest to put a lot of time in the construction of a jigg. The machine operator 
often set the milling speed from knowledge and changes it depending on the sound of the 
operation. This makes the milling speed hard to predict because every case is unique. 
 
Water jet cutting has shown usefulness in many areas. The possibility to cut almost any 
material with the same operation is useful. Water jet will not thermally affect the material 
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as a gas cutter or a milling operation would. Cutting tables range from small tables in work 
shops to fully automated industrial. This advantage is that they are easier to operate and 
have less exchangeable parts. The calculations were easier when the product can be bought 
“plug-and-play”. The manufacturers can present a price per meter for almost any case. 
 

8.2 Arc stability  
 
Achieving a stable and controlled arc is crucial for weld quality. An unstable arc creates 
problems in recreating the process and it is not suitable for applications where all welds 
have to meet the same quality. 
 
Depending on the setup, it varied how hard it was to find a stable process. Some 
conclusions can be drawn. When self regulation is the power sources were minimal, 
stability could be found (adjusted) for most cases. But if irregularities did occur these 
effected the result for a longer period of time. When the V-joint preparation angle was 
decreasing towards vertical, id est, I-joint, the stability often decreased. A narrow groove 
was more sensitive to electrode misalignments. And if the gap was increased the risk of 
arc-out increased. It was seen that steeper sides of the groove could absorb less of the heat 
emitted from the arc which created problems for the root area.  
 
Using two arcs in the same weld pool created a new dimension of stability.  Getting such a 
process to be stable implied that both processes and their co-operation had to be stable. 
Using two setups that were individually good and stable did not guarantee a stable tandem 
process if used together. The synergy mode in the powers sources was not perfected for 
tandem welding and did not guarantee a stable process. 
 
Things that needed to be considered for the setup were the extra heat the second wire was 
exposed to. Electromagnetic forces could also affect the process and stability. The weld 
pool wave that was created had to be under control if the process was to work stable. The 
wave itself could affect the process stability in terms of spatter and forces. The wave can 
be situated before, in-between or after the arcs depending on setup and welding speed. A 
controlled wave in-between the arcs could easily be dropped if the wave got too big or 
irregularities occurred. This happened a few times during welding trials. High speed 
filming gave a great knowledge about the process and what actually was happening. But 
there were more phenomena’s visualised than understood and categorised. 
 

8.3 Arc types 
 
Arc types for tandem cases were very similar to the single MAG process. The same arc 
types were available and wires could be set individually to different processes. 
If one arc was unstable it will most certainly affect the other creating new problems. This 
gave the process a number of tuning opportunities. Parameters suitable for single processes 
do not need to be suitable for tandem cases. If the lead wire dropped to much molten 
material it could make the trailing wire short circuit or loose the melt wave, causing the 
trailing arc to burn up into the contact tip or jam. Studies have shown that setting both 
wires in pulse would give more stability to the process. If single processes were compared 
to tandem it could be said that the single application show a cleaner process, arcs were 



 

  37 

more distinguished in their behaviour. Below the three main arc types are seen for tandem. 
Pictures extracted from high speed filming and the total time is presented in the caption. 
 

  

  
Figure 53: Pictures of tandem double spray arc process, total time of 6 milliseconds 
 

  

  

  
Figure 54: Pictures of tandem double short arc, total time of 16 milliseconds 
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Figure 55: Pictures of tandem double pulse process, total time of 10,5 milliseconds 
 

9. Conclusions 
The goal was to optimize the joint for different materials and different joint preparations 
and observe economical aspects. Calculating costs for a joint preparation in general could 
be misleading. A vast number of more or less uncertain parameters gave great impact on 
the total cost. Assumptions had to be made if not a specific case with all parameters known 
was studied. 
The following general conclusions are, however, drawn: 

• Milling was a more cost effective joint preparation method for thinner materials up 
to 10 mm when large series were produced.  

• When thicker material was considered, water jet could be a preferable method. 
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• The actual joint preparation influenced the welding process and the result. The 
influence of joint geometry was not equal for all materials. A narrow groove was 
more difficult to manage with aluminium than the other materials. 

• When the joint preparation angle was decreased towards 15 ° joint preparation cost 
and total weld cost were decreasing. If the preparation was decreased to much the 
cost was increased due to increased time spent on jigging and aligning. The process 
window was narrowed with decreased joint preparation.  

• Depending on the case tandem MIG/MAG could be a more productive alternative 
than a single application. 

• When evaluating cases or processes joint geometry should be considered. 
Improvements can be found and productivity can be raised with changes in joint 
geometry. 

• Welding cases have only been made on milled samples but the qualities of water jet 
cut material are assumed to be comparable. 

• The welding process was highly affected by small dissimilarities and distortions 
and was therefore sensitive to changes in joint geometry 

 
Comments on the materials: 
 
Domex 700 MC 
It was possible to meet the requirements in weld quality and stability for all evaluated joint 
configurations. The 12° joint was achieved with approximately 2 mm gap and 80 cm/min 
welding speed. 30° joint was found reliable without gap and 85 cm/min welding speed. 
The process window was bigger on the 30° joint and the robustness better. Setting up the 
trial was less time consuming for 30° when no gap had to be arranged and measured. If 
only the welding is considered the 30° groove is an easier case with better geometry for 
welding. 
 
Aluminium 6082  
It was harder to meet the goals of quality. The aluminium strip which was planned for the 
project was not an alternative as backing. With  aluminium strip it was not possible to 
achieve weld quality in neither 12°, 30° or 60° groove, due to lack of fusion in the root 
area. Standard ceramic backing confirmed that the problem was the thermal conductivity 
of the aluminium strip in the root. With ceramic backing it was possible to achieve welds 
with satisfying quality. It was also possible to achieve quality with modified aluminium 
strip as backing (introducing an air gap). A conclusion that can be drawn is that a plain 
thick aluminium strip is not recommended as backing. Some alternations have to be made 
so that not to much heat is carried away. 
 
Stainless 2205  
Weld quality was achieved for 20° joint preparation with single MAG for root weld and 
tandem for top. 13 mm thick stainless steel was not possible to weld in a single run. 
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Appendices 
 
Appendix A: Economical analysis 
Tables for calcul ating weld cost, milling cost, milling speeds, machine cost and water jet cutting cost. 
 
Appendix B: Not included, classified information. 
 
Appendix C: Not included, classified information. 
 
Appendix D: Not included, classified information. 
 
Appendix E: Data from hardness and tensile testing 
Containing graphs on tensile tests and values from hardness measurements 
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Appendix F: Macro and micro pictures of weld specimens with Domex 700 MC 
Pictures on polished and etched test samples. 
 
Appendix G Macro and micro pictures of weld specimens with Aluminium 6082 
Pictures on polished and etched test samples. 
 
Appendix H Pictures on tensile-tested specimens with Domex 700 MC 
 
Appendix I: Pictures on tensile-tested specimens with Aluminium 6082 
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Appendix A- Economical analysis 
 

Milling cases 
               

Material 
Thickness 

[mm] 

Joint 
prepar ation 

[deg] 
Amount    

[pcs] 

Milling   
length 

[m] 

Total 
length 

[m] 

Number of 
wor kpi ece   
changes 

[pcs] 

Starts/   
restarts 

[pcs] 

Insert   
changes 

[pcs] 
Milling 
cost [kr] 

Insert 
cost [kr] 

Costs for 
insert 

changes 
[kr] 

Start 
cost [kr] 

Cost for 
exchaging 
wor kpi ece 

[kr] 
Cost/m 
[kr/m] 

DOMEX 700 MC 10mm 0° - 30° 1 1 1 0 1 0 5,8 543,6 0,0 599,7 0,0 1149,1 
 10mm 0° - 30° 10 1 10 9 1 0 58,1 543,6 0,0 599,7 539,7 174,1 
 10mm 0° - 30° 100 1 100 99 1 1 581,2 1087,2 119,9 599,7 5936,9 83,2 
 20mm 6° 1 1 1 0 1 0 7,0 543,6 0,0 599,7 0,0 1150,3 
 20mm 30° 1 1 1 0 1 0 7,0 543,6 0,0 599,7 0,0 1150,3 
               

Stainless  2205 10mm 0° - 30° 1 1 1 0 1 0 11,4 543,6 0,0 599,7 0,0 1154,7 
 10mm 0° - 30° 10 1 10 9 1 0 113,7 543,6 0,0 599,7 539,7 179,7 
 10mm 0° - 30° 100 1 100 99 1 1 1137,1 1087,2 119,9 599,7 5936,9 88,8 
 20mm 6° 1 1 1 0 1 0 17,3 543,6 0,0 599,7 0,0 1160,6 
 20mm 30° 1 1 1 0 1 0 17,3 543,6 0,0 599,7 0,0 1160,6 
               

Al SAPA 6082 10mm 0° - 30° 1 1 1 0 1 0 1,9 556,8 0,0 599,7 0,0 1158,4 
 10mm 0° - 30° 10 1 10 9 1 0 19,0 556,8 0,0 599,7 539,7 171,5 
 10mm 0° - 30° 100 1 100 99 1 1 189,5 1113,6 119,9 599,7 5936,9 79,6 
 20mm 6° 1 1 1 0 1 0 2,2 556,8 0,0 599,7 0,0 1158,7 
 20mm 30° 1 1 1 0 1 0 2,2 556,8 0,0 599,7 0,0 1158,7 

Table 1: Time and cost for milling operations 
 

Preparation cost Ratio of Production Capacit y 
         

 
Changing 

inserts 
Startup    

time 
Changing      
work piece  Number of work days per annum 260 pcs 

     Number of work shifts  per day 1 pcs 
Salar y 224,0 224,0 224,0 kr/h Hours per work shift 8 pcs 

Machine cost 375,7 375,7 375,7 kr/h Equipment availability 70% % 
Cost/hour 599,7 599,7 599,7 kr/h Available equipment ti me per year 1456 h/year 

     Man power level 1 pcs 
Time allocated 0,2 1,0 0,1 h Salar y cos t  160 kr/h 

     Tax on salar y cost 40% % 
Cost for operation 119,9 599,7 60,0 kr Total salary cost 100% man power 224 kr/h 

     Total salary cost actual man power 224,00 kr/h 
Table 2: Cost for certain operations and RPC for milling case 

 
 
 



II 

Machine costs 
Equipment direct cost (inves tments)  2500000 kr 
Fixtures  and surrounding equipment  30000 kr 

Installation costs  20000 kr 
Run-in costs    

Pay-back-ti me  10 year 
Depreciation  255000 kr/year 
Interes t rate  10% % 
Capital cost  255000 kr/year 

Machine cost  510000 kr/year 
    

Wor king space cost  1000 kr/m²/year 
Maintenance cos t  7000 kr/year 

Wor king space needed  30 m² 
Total cos t wor king space  30000 kr/year 

Maintenance and space cost  37000 kr/year 
    

Total cost  547000 kr/year 
    

cost/hour  375,687 kr/h 
Table 3: Investment related costs for milling machine 

W elding cases 

 
Thickness 

[mm] 

Joint    
prepar ation  

[deg] 
Gap 
[mm] 

Welds 
[pcs] 

Tack 
welds  
[pcs] 

Weld 
length [m] 

Total 
weld 

length   
[m] 

Weld 
speed 
[m/min] 

Deposit 
[kg/h] 

Effect 
[kW] 

Gas flow  
[l/min] 

Jigg 
time 
[min] 

Cost 
[kr/m] 

DOMEX 700 MC 700 10 12 2 1 4 1 1 0,8 11 9,3 30 6 62,2 
 10 30 0 1 3 1 1 0,85 10,5 9,65 30 3 38,1 
 10 60 0 2 3 1 2 0,85 10,5 9,65 30 3 53,1 
 20 30 0 3 3 1 3 0,85 10,5 9,65 30 3 68,1 
 10 12 2 1 4 100 100 0,8 11 9,3 30 106 24,2 
 10 30 0 1 3 100 100 0,85 10,5 9,65 30 53 19,1 
              

Stainless  2205 10 12 2 1 4 1 1 0,8 11 9,3 30 6 62,2 
 10 30 0 1 3 1 1 0,85 10,5 9,65 30 3 38,1 
 10 60 0 2 3 1 2 0,85 10,5 9,65 30 3 53,1 
 20 30 0 3 3 1 3 0,85 10,5 9,65 30 3 68,1 
 10 12 2 1 4 100 100 0,8 11 9,3 30 106 24,2 
 10 30 0 1 3 100 100 0,85 10,5 9,65 30 53 19,1 
              

Al SAPA 6082 10 30 2 1 4 1 1 0,875 11,4 9,3 30 6 61,0 
 10 60 0 1 3 1 1 0,6 14,8 11 30 3 45,9 
 10 60 2 2 4 1 2 0,8 14,8 11 30 6 80,4 
 20 60 2 5 4 1 5 0,6 14,8 11 30 6 160,3 
 10 30 2 1 4 100 100 0,875 11,4 9,3 30 106 22,9 
 10 60 0 1 3 100 100 0,6 14,8 11 30 53 26,9 

Table 4: Welding costs for Tandem MIG/MAG cases 
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W elding costs specified for given p arameters 
       

Process time and parameters Machine costs 
       

Welding speed 55 m/h Welding robot  700000 kr 
Efficiency/s tability 70% % Welding system  600000 kr 

Welding length 0,5 m Jig and fi xtures  300000 kr 
Actual welding time 0,55 min Installation costs  200000 kr 

Jigging time 1,00 min Total installation costs 1800000 kr 
Startup ti me 5,00 min     
Tack welding 1,00 min Run-in costs    
Construct jigs 0,00 min Pay-back-ti me  10 year 

   Depreciation  180000 kr/year 
Total welding time/m 7,38 min/m Interes t rate  8% % 

Consumables and electricit y Capital cost  144000 kr/year 
   Machine cost  324000 kr/year 

Electricity cost 0,5 kr/kwh     
Electricity for pr ocess 20 kW Wor king space cost  1000 kr/m²/year 

Electricity tandem MAG 0,4 kWh/m Maintenance cos t  7000 kr/year 
Electricit y cost per meter 0,18 kr/m Wor king space needed 15 m² 

   Total cos t wor king space 15000 kr/year 
Shielding gas (MISON 8) 90 kr/m3 Maintenance and space cost 22000 kr/year 

Shiedi ng gas usage 0,18 m3/h     
Shielding gas cost per  meter 0,29 kr/m Total cost  346000 kr/year 

       
Filler cost 13 kr/kg cost/hour  237,6373626 kr/h 

Filler deposits 11 kg/h     
Filler cost per  meter 2,6 kr/m     

Ratio of production capacit y    
       

Number of work days per annum 260 pcs    
Number of work shifts  per day 1 pcs    

Hours per work shift  8 pcs    
Equipment availability  70% %    

Available equipment ti me per year 1456 h/year    
Man power level  1 pcs    

Salar y cos t  160 Kr/h    
Tax on salar y cost  40% %    

Total salary cost 100% man power 224 Kr/h    
Total salary cost actual man power 224,00 Kr/h    

Table 5: Parameters, Consumables, Investment cost for Tandem welding 
 
 
 
 
 
 
 



IV 

W aterjet cutting  
        

Material (choice for calculati on) 
Thickness 

[mm] 

joint 
prepar ation 

[deg] a [mm] cutting speed [mm/min] 
Efficiency 

[%] 
cost 
[kr/m]  

        
Domex 700 MC (carbon steel A36HR) 10 6 10,1 180 60% 99,5  
Domex 700 MC (carbon steel A36HR) 10 15 10,4 170 60% 105,4  
Domex 700 MC (carbon steel A36HR) 10 30 11,5 160 60% 111,9  
Domex 700 MC (carbon steel A36HR) 20 6 20,1 80 60% 223,9  
Domex 700 MC (carbon steel A36HR) 20 30 23,1 70 60% 255,9  

        
Stainless  2025 (304 HR) 10 6 10,1 190 60% 94,3  
Stainless  2025 (304 HR) 10 15 10,4 180 60% 99,5  
Stainless  2025 (304 HR) 10 30 11,5 155 60% 115,5  
Stainless  2025 (304 HR) 20 6 20,1 85 60% 210,7  
Stainless  2025 (304 HR) 20 30 23,1 75 60% 238,8  

        
Alumini um SAPA 6082 (6061 T6) 10 6 10,1 560 60% 32,0  
Alumini um SAPA 6082 (6061 T6) 10 15 10,4 530 60% 33,8  
Alumini um SAPA 6082 (6061 T6) 10 30 11,5 480 60% 37,3  
Alumini um SAPA 6082 (6061 T6) 20 6 20,1 250 60% 71,6  
Alumini um SAPA 6082 (6061 T6) 20 30 23,1 215 60% 83,3  

Water pressure 4000 bar      
Orifice size 0,35 mm      

Focusing tube 1,1 mm      
Abrasi ve rate 700 g/min      
Cut quality medium       

Machine costs Ratio of production capacit y 
        

Equipment direct cost (inves tments)  2000000 kr Number of work days per annum 260 pcs 
Fixtures  and surrounding equipment  0 kr Number of work shifts  per day 1 pcs 

Installation costs  0 kr Hours per work shift 8 pcs 
Run-in costs  0 kr Equipment availability 70% % 

Pay-back-ti me  10 year Available equipment ti me per year 1456 h/year 
Depreciation  200000 kr/year Man power level 1 pcs 
Interes t rate  7% % Salar y cos t 160 kr/h 
Capital cost  140000 kr/year Tax on salar y cost 40% % 

Machine cost  340000 kr/year Total salary cost 100% man power 224 kr/h 
    Total salary cost actual man power 224,0 kr/h 

Wor king space cost  1000 kr/m²/year consumables and wear parts 
Wor king space needed  20 m²     

Total cos t wor king space  20000 kr/year Electricity 18,5 kr/h 
    Water consumption 25 kr/h 

Total cost  360000 kr/year Abrasi ve 85 kr/h 
    Wear parts 45 kr/h 

cost/hour  247,3 kr/h Total 173,5 kr/h 
Tabell 6: Speeds and costs for Waterjet cutting in Steel and Aluminium 
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Cutting information                
Material prop erties                 

Material  
DOMEX 
700MC 

DOMEX 
700MC 

DOMEX 
700MC 

DOMEX 
700MC 

DOMEX 
700MC 

Stainless 
2205 

Stainless 
2205 

Stainless 
2205 

Stainless 
2205 

Stainless 
2205 

AL SAPA 
6082 

AL SAPA 
6082 

AL SAPA 
6082 

AL SAPA 
6082 

AL SAPA 
6082 

Thickness mm 10,0 10 10 20 20 10 10 10 20 20 10 10 10 20 20 
Joint preparation deg 6,0 15 30 6 30 6 15 30 6 30 6 15 30 6 30 

Nose mm 0,0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Length m 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 0,5 

A mm 10,1 10,4 11,5 20,1 23,1 10,1 10,4 11,5 20,1 23,1 10,1 10,4 11,5 20,1 23,1 
C mm 1,1 2,7 5,8 2,1 11,5 1,1 2,7 5,8 2,1 11,5 1,1 2,7 5,8 2,1 11,5 

Area mm² 5,3 13,4 28,9 21,0 115,5 5,3 13,4 28,9 21,0 115,5 5,3 13,4 28,9 21,0 115,5 
Volume mm 2,6 6,7 14,4 10,5 57,7 2,6 6,7 14,4 10,5 57,7 2,6 6,7 14,4 10,5 57,7 

D mm 0,5 1,3 2,5 1,0 5,0 0,5 1,3 2,5 1,0 5,0 0,5 1,3 2,5 1,0 5,0 
HB HB 217,0 217,0 217,0 217,0 217,0 290,0 290,0 290,0 290,0 290,0 85 85 85 85 85 
HV HV           95 95 95 95 95 

Milling properties                 

Cutter  
coromill 

245 
coromill 

245 
coromill 

245 
coromill 

245 
coromill 

245 
coromill 

245 
coromill 

245 
coromill 

245 
coromill 

245 
coromill 

245 
coromill 

245 
coromill 

245 
coromill 

245 
coromill 

245 
coromill 

245 

Insert type  
Coromant   

4030 
Coromant 

4030 
Coromant 

4030 
Coromant 

4030 
Coromant 

4030 
coromant 

2030 
coromant 

2030 
coromant 

2030 
coromant 

2030 
coromant 

2030 
Coromant 

H10 
Coromant 

H10 
Coromant 

H10 
Coromant 

H10 
Coromant 

H10 
Number of teeth pcs 6 6 6 6 6 6 6 6 6 6 6 6 6 6 6 
Cutter di ameter mm 80,0 80,0 80,0 80,0 80,0 80,0 80,0 80,0 80,0 80,0 80 80 80 80 80 

Edge length mm 12,0 12,0 12,0 12,0 12,0 12,0 12,0 12,0 12,0 12,0 12 12 12 12 12 
Feed per tooth mm/tooth 0,24 0,24 0,24 0,24 0,24 0,23 0,23 0,23 0,23 0,23 0,24 0,24 0,24 0,24 0,24 

Vc m/min 300,00 300,00 300,00 250,00 250,00 160,00 160,00 160,00 105 105 920 920 920 800 800 
n=(vc*1000)/(pi*D) rpm 1194,3 1194,3 1194,3 995,2 995,2 636,9 636,9 636,9 418,0 418,0 3662,4 3662,4 3662,4 3184,7 3184,7 

vf=fz*n*zn Mm/min 1719,7 1719,7 1719,7 1433,1 1433,1 879,0 879,0 879,0 576,8 576,8 5273,9 5273,9 5273,9 4586,0 4586,0 
Vf m/h 103,2 103,2 103,2 86,0 86,0 52,7 52,7 52,7 34,6 34,6 316,4 316,4 316,4 275,2 275,2 

Milling cost                 
Salar y cos t kr/h 224,0 224,0 224,0 224,0 224,0 224,0 224,0 224,0 224,0 224,0 224,0 224,0 224,0 224,0 224,0 

Machine kr/h 375,7 375,7 375,7 375,7 375,7 375,7 375,7 375,7 375,7 375,7 375,7 375,7 375,7 375,7 375,7 
Total kr/h 599,7 599,7 599,7 599,7 599,7 599,7 599,7 599,7 599,7 599,7 599,7 599,7 599,7 599,7 599,7 

Cost/meter kr/m 5,8 5,8 5,8 7,0 7,0 11,4 11,4 11,4 17,3 17,3 1,9 1,9 1,9 2,2 2,2 
Insert cost                 
Insert life h 0,15 0,15 0,15 0,15 0,15 0,15 0,15 0,15 0,15 0,15 0,15 0,15 0,15 0,15 0,15 
Tool life h 0,9 0,9 0,9 0,9 0,9 0,9 0,9 0,9 0,9 0,9 0,9 0,9 0,9 0,9 0,9 

Milled length till 
change m 

92,9 92,9 92,9 77,4 77,4 47,5 47,5 47,5 31,1 31,1 284,8 284,8 284,8 247,6 247,6 

Insert cost kr 90,6 90,6 90,6 90,6 90,6 90,6 90,6 90,6 90,6 90,6 92,8 92,8 92,8 92,8 92,8 
Total cost kr 543,6 543,6 543,6 543,6 543,6 543,6 543,6 543,6 543,6 543,6 556,8 556,8 556,8 556,8 556,8 
cost/meter kr/m 5,9 5,9 5,9 7,0 7,0 11,5 11,5 11,5 17,5 17,5 2,0 2,0 2,0 2,2 2,2 

Table 7: Milling parameters for materials. 
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Appendix B – Weld data for Domex 700 MC weld trials 

AppendixC – Weld data for Aluminium SAPA 6082 weld trials 

Appendix D – Weld data for Stainless steel 2205 weld trials 
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Appendix E – Data from hardness and tensile testing 
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IX 

Hardness tests  DOMEX 700 MC 

y↓ ;  x→ 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20     
0 272 280 291 287 242 345 349 283 349 334 335 350 383 274 282 292 289 279 290 285 264     

2 296 293 297 297 293 245 291 311 328 334 332 278 268 275 314 318 301 305 306 305 300     

4 282 286 300 296 299 255 254 295 285 304 285 257 252 279 300 304 304 304 304 291 287     

6 289 298 314 311 313 293 264 265 273 283 256 252 265 319 311 313 321 312 298 304 299     
8 292 297 311 306 301 307 256 253 247 287 267 250 282 299 313 316 312 318 317 305 303     

D2 

9,3 255 278 269 274 273 277 252 238 293 288 289 254 277 281 282 280 276 279 269 255 225     

y↓ ;  x→ 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20     
0 263 269 258 243 226 222 240 244 246 239 240 237 239 239 238           

2 298 295 293 247 219 217 213 247 239 245 241 238 238 240 217 214 265 287 295 286 290     

4 284 283 285 261 223 220 222 236 241 238 236 238 248 229 231 224 290 289 282 281 292     

6 287 292 289 277 222 230 223 242 239 248 248 235 246 235 239 260 296 303 304 292 297     
8 301 295 296 279 222 234 234 224 243 238 240 229 227 226 214 295 297 290 300 293 298     

C7 

9,25 228 249 274 267 214 221 224 236 243 247 250 234 227 225 214 277 292 297 295 293 291     

y↓ ;  x→ 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20     
0 267 222 224 226 229 223 230 232 221 232 223 231 235 230 238 243 211 252 251 267 263     

2 281 282 249 224 212 218 245 228 239 238 233 238 239 241 235 221 224 239 281 283 278     

4 286 293 289 227 224 231 227 238 238 243 247 234 247 231 221 224 209 271 283 292 278     

6 291 298 301 266 248 229 224 234 229 256 244 258 235 233 228 220 262 291 293 289 286     
8 298 291 299 292 220 223 240 231 242 248 249 253 240 236 227 224 293 295 291 287 282     

C10 

9,45 280 274 283 267 221 218 231 237 247 248 250 248 239 233 212 247 277 292 269 278 272     

y↓ ;  x→ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
2 296 307 284 234 232 248 244 251 248 247 248 247 248 243 235 236 235 253 299 286 287 289 289 295 298 C12 

8 293 296 297 286 227 225 231 236 244 252 249 253 249 228 228 227 287 290 288 286 291 289 288 291 289 

y↓ ;  x→ 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24  
2 248 247 263 312 281 277 273 281 265 250 264 239 246 304 305 303 307 297 304 307 300 292 299 306  C15 

8 276 293 232 232 233 243 284 249 235 229 224 291 287 291 286 306 296 297 290 290 293 288 278 290  
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Hardness tests  Aluminium 6082 

 
x→
;y↓   1 3 4 5 6 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 32 33 34 35 37 

                                   
C7-

3 5 101 95 104 101 86 81 81 73 69 68 72 71 69 68 72 91 103 93 100 100 115 93 103 109 79 75 73 72 87 77 72 76 78 
                                   

C7-
9 5          66 65 69 68 79 93 99 104 107 127 66 73 79 74 71 70 75 73 71 73 71 73   
                                   

C7-
9 5 105   102   85   64   73   70   68   72   65   79  95    
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Appendix F: Macro and micro pictures of weld specimens with Domex 700 MC  

 

 
Figure 1: Top side experiment D2 

 
Figure 2: Root side experiment 

D2 

Figure 3: Hardness measurement 
of sample D2 with centre at 10 

mm on the x-axis 

Figure 4: Macro view experiment D2 

Figure 5: 3-d view experiment D2 Figure 6: Macro view experiment 
C12 

 

Figure 7: 3-d view top experiment 
C12 

 

 
Figure 8: 3-d view root experiment 

C12 
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Figure 9: Macro view experiment C28 
 

Figure 10: 3-d view top experiment 
C28 

Figure 11: 3-d view root 
experiment C28 

 
Figure 12: X-ray picture of 

experiment C28 
 

 
Figure 13: Top side experiment C7 

 
Figure 14: Root side experiment C7 

Figure 15: Macro view experiment 
C7 

Figure 16: 3-d view top 
experiment C7 

Figure 17: Hardness measurement of 
sample C7 with centre at 10 mm on x-

axis 

 
Figure 18: Micro view left root side 

Experiment C7 

 
Figure 19:Micro view right root 

side Experiment C7 
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Figure 20: 3-d view top experiment 

C10 
 

Figure 21 : Macro view experiment 
C10 

 
Figure 22: Top side experiment 

C10 

 
Figure 23 : Root side experiment 

C10 

 
Figure 24: Micro view left root 

side Experiment C10 

 
Figure 25: Micro view left root 

side Experiment C10 

 
Figure 26 : Hardness measurement 
of sample C10 with centre at 10 

mm on x-axis 

 

 
Figure 27: 3-d view root 

experiment C15 
  

Figure 28: Macro view experiment 
C15 

 
Figure 29: 3-d view top experiment 

C15 
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Figure 30: Macro view experiment 

D12 

 
Figure 31: Macro view of root 

experiment D12 

 
Figure 32: Macro view experiment 

D16 
 

Figure 33: Micro view of left side 
root experiment D16 

 
Figure 34: Micro view of right side 

root experiment D16 

 
Figure 35: 3-d view of top 

experiment D6 
 

Figure 36: Macro view of 
experiment D6 

 
Figure 37 :Macro view of root 

experiment D6 
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Appendix G: Macro and micro pictures of weld specimens with Aluminium 6082 

 
Figure 38: macro view B3 single 

run ceramic backing 

 
Figure 39: 3-d view top 

experiment B3 

 
Figure 40: macro view experiment 

A4 single run 

 
Figure 41: 3-d view top 

experiment A4 

 
Figure 42: Macro view experiment 

A5 + A6 two runs 

 
Figure 43: 3-d view top 

experiment A5 + A6 

 
Figure 44 : Macro view 

experiment C7 
 

 
Figure 45: 3-d view top 

experiment C7 

 
Figure 46: 3-d view root 

experiment C7 
 

Figure 47: X-ray picture of 
experiment C7 

 
Figur 48: A1 

 
Figur 49: A1 
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Appendix H: Pictures on tensile-tested specimens with Domex 700 MC 

 
Figure 50: C12-1 

 

 
Figure 51: C12-1 

 

 
Figure 52: C12-2 

 

 
Figure 53: C12-2 

 

 
Figure 54: C12-3 

 

 
Figure 55: C12-3 

 

 
Figure 56: C15-1 

 

 
Figure 57: C15-1 

 

 
Figure 58: C15-4 

 

 
Figure 59: C15-4 

 

 
Figure 60: C15-5 

 

 
Figure 61: C15-5 

 

 
Figure 62: C15 base mtrl 

 

 
Figure 63: C15 base mtrl 
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Appendix I: Pictures on tensile-tested specimens with Aluminium 6082 

 

 

 
Figure 64:C7-10 

 
Figure65:C7-10 

 
Figure 66:C7-6 

 
Figure 67:C7-6 




