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with the VINNOVA project ROBUHYB (no. 2011-01782) and with the EU FP7-
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you can find when you arrive at Sweden the first time. Md. Minhaj Alam, thanks for 
the Cyberlab, your work and your interest in my work. Armando Yañez, our Spanish 
bursar. Cote Tobar, you broke the ice and opened the way. Alberto Ramil, friend, my 
eternal mentor, you showed me how to build software. Carlos Alvarez, friend, associate 
and a real engineer, you showed me how to build hardware. Ferruform people, you 
show me your valuable problems, without you this work could not be possible, I hope 
to have your solutions! 
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Enoch, for their unconditional love and the time that they gifted me to write these 
lines, thank you very very much.  
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Abstract
The thesis is about the analysis of experimental results on the laser arc hybrid welding 
(LAHW) process as well as about the methodology and tools behind. Due to the high 
potential on weld penetration and welding speed, the industrial importance of LAHW 
techniques has been increasing in the recent years. However the massive use of them is 
constrained because of high investment costs, complexity and novelty. These obstacles 
provoke a lack of experienced operators and they desire a base of knowledge related to 
optimal parameters to obtain good quality welds. In this scenario, understanding of the 
physical LAHW phenomena has been proven useful for better control of the process, 
particularly to predict and avoid groups of parameters that can originate defects. For this 
reason, it is valuable to carry out experiments and to systematize the analysis methods. 

The presented work is focused on the impact of geometrical joint fit-up properties on 
the weld surface quality. The papers included here are organized as a comprehensive 
study of the effects and impact of various geometrical aspects of the laser-arc-workpiece 
arrangement on the surface quality of the welds, i.e. tracking from joint fit-up 
tolerances like gap width to critical weld shape aspects like undercuts via observation of 
fluid flow at the weld pool surface. Three frequent and critical geometrical aspects were 
identified from industrial edge preparation, namely gap width variations, vertical edge 
mismatch and vertical plate position to the laser-arc tool. These aspects can cause 
defects when the surface is bended or when the LAHW tool is automatically moved. 
Although in production they arise all simultaneously, to understand the respective 
contribution, systematic experiments were designed. These experiments were carried 
out to measure and surpass the stability threshold related to each aspect, to observe the 
flow behaviour and to evaluate the physical phenomena related to weld bead formation. 

The three Papers I, II, III describe a systematic methodology based on High Speed 
Imaging, HSI, on quantitative weld surface measurement obtained from a laser 
triangulation scanner and on statistical analysis of different experimental results. This 
methodology is based on the observation, measurement, automatic location and 
calculation of fundamental bead variables (top and root undercuts, reinforcement, melt 
pool length, pool width and flow speed, or mass balance) related to the melt flow.  

In Paper I, using a pulsed arc mode, the effects of increasing the standoff between the 
LAHW tool and the workpiece are described and a mechanism is identified to explain 
the flow behaviour and its consequences on the resulting weld pool shape. In Paper II, 
again using pulsed arc mode in LAHW, the effects of the vertical edge mismatch and of 
the gap width on the weld pool shape are described, again followed by a theoretical 
description. Paper III compares the pulsed arc mode with the CMT mode in LAHW, 
again for the effect of the gap width on the weld surface shape, in particular the top 
bridging phenomenon that was identified. Also these results are theoretically described, 
explaining the mechanisms via HSI. 

Altogether, the three papers comprise a theoretical description of the LAHW weld 
shape behaviour and weld quality depending on the fit-up tolerances, based on 
experimental evidence and analysis. From this chain of evidence and associated 
understanding, conclusions were drawn and practical guidelines were derived. 
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Introduction
 
1. Organisation of the thesis 
 

My Licentiate thesis is composed of an Introduction and three scientific Papers, I-III, 
organized as follows; 

 

Organisation of the Introduction:  

The most relevant information related to the structure and contents of this work is 
described in the Introduction. In particular, the paramount context and red wire 
between the three papers is briefly explained. The Introduction is divided into the 
following Chapters; 

Chapter 1: Organisation of the thesis; Structure of the thesis, motivation of the Chapters, 
context between the papers and a list of further publications. 

Chapter 2: Subject description; An introduction to the laser arc hybrid welding (LAHW) 
technique studied, particularly for non-experts in the subject, including the main 
aspects under investigation in the Papers. This comprises in particular (Section 2.1) a 
glance on the State-of-the-Art and industrial importance of LAHW, its geometrical 
context between joint fit-up, melt flow and final weld quality (imperfections in the 
weld topology) and (Section 2.2) the analysis methods applied in the research. 

Chapter 3: Motivation for the research; The paramount motivation of the research that has 
led to the three Papers. 

Chapter 4: Methodological approach; The paramount view and red wire of the 
Methodology between the three Papers. 

Chapter 5: Summary of the Papers; The key material, namely title, abstract and 
conclusions, collected straightforward from the three Papers, serving as a brief survey. 

Chapter 6: General conclusions; Paramount conclusions in the common context between 
the three Papers. 

Chapter 7: Future outlook; Suggestions for future research as a continuation of the thesis, 
according to the needs and possibilities. 

Chapter 8: References of the Introduction 

I carried out all the experiments of Paper I-II by myself, supported by the colleagues at 
LTU. The experiments of Paper III were carried out according my guidelines and I am 
responsible for most of the analysis and experimental results, as well as for the 
customized software codes programmed for the analysis. I wrote most of the original 
content of the papers and made all the figures, but got a priceless support by my 
supervisors in structuring them and improving the language. I am not the first author of 
Paper I because it was not possible to me attend to the conference where it was 
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presented and because Prof. John Powell significantly contributed to improve the 
structure and quality of the manuscript. 

Papers: 

Paper I: The sensitivity of hybrid laser welding to variations in workpiece position  

Paper II: The effect of fit-up geometry on melt flow and weld quality in laser hybrid welding  

Paper III: Gap bridging for two modes of laser arc hybrid welding  

 

Context between the Papers: 

The respective thematic focus of the three Papers I-III is shown in Fig. 1, which 
particularly outlines the LAHW mode, the geometrical aspects and the analysis methods 
applied. 

                       
Laser arc hybrid welding – pulsed mode    
Laser arc hybrid welding – CMT mode    
Geometrical aspect: Vertical tool stand-off    
Geometrical aspect: Vertical edge mismatch    
Geometrical aspect: Gap width    
Laser scanner surface measurement    
High speed imaging evaluation    
Streak photography    
Mass balance calculation    
Statistical analysis    
Illustrative theoretical description    

 

Fig. 1: Different profile and thematic focus (marked ) of the three papers composing the thesis  

All three papers are closely linked to each other. They complement each other 
particularly by the geometrical joint fit-up aspect and arc mode studied, as a whole 
providing a comprehensive survey on the impact of fit-up aspects on the final weld 
bead and root shape. Corresponding quality and stability thresholds and limits, i.e. 
process windows were identified and explained. 

In Paper I, for LAHW in the pulsed arc mode variations of the stand-off distance 
between the tool centre point (TCP) and the workpiece surface are studied to 
understand the impact of plate bending (e.g. by thermal distortion) on the melt flow 
and to identify a stable process window. The top and root weld surfaces were studied 
by a scanner and by high speed imaging. The findings were quantitatively analysed and 
qualitatively condensed in a theory. 

Paper Paper   Paper   
     I  II       III       
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Similarly, Paper II studies the impact of variations of the gap width and vertical edge 
mismatch on the melt flow and on the resulting weld shape. In addition to the above 
methods, a streak technique was applied that enabled to measure the velocity of the 
drop transfer and of the melt flow. A mass balance provided additional information. 

In Paper III again the impact of the gap width on the resulting weld was investigated, 
particularly the bridge phenomenon, however by comparing LAHW in the pulsed arc 
mode with the CMT arc mode. In addition to the methods in Paper I, statistical 
methods were applied to evaluate the final quality and to discover trends of defects 
when dividing the process into different gap width regimes. 

All three papers are closely related to industrial processes from a practical point of view 
and could in principle be applied to identify and optimize LAHW in an industrial 
environment. 

 

Further complementary publications  

 
Observation of the mechanisms causing two kinds of undercuts during laser 

hybrid arc welding 
 J. Karlsson, P. Norman, A.F.H. Kaplan, P. Rubin, J. Lamas and A. Yañez  
 Applied Surface Science, v 257, n 17, pp 7501-7506 (2011). 
 
Scanner analysis of the topology of laser hybrid welds depending on the joint 

edge tolerances 
A. F. H. Kaplan, J. Lamas, J. Karlsson, P. Norman and A. Yañez 
Paper published and presented at the 12th NOLAMP conference, June 27th-29th, 2011, 
Trondheim, Norway, Ed. E. Halmoy (2011). 

 
A proposed method to study geometrical tolerance limits on hybrid laser 
welding 
 J. Lamas 
 VIII Workshop on Processing Materials with Laser Technology, November 17th, 2011 

Vigo, Spain, AIMEN (2011). 
 
Comparison of CMT with other arc modes for laser-arc hybrid welding of 

steel 
 J. Frostevarg, A.F.H. Kaplan and J. Lamas 
 Welding in the World, v 58, n 5, pp 649-660 (2014). 
 

  also published and presented at the Annual Assembly joint session C-IV and C-XII of 
the International Institute of Welding (IIW). 11th to 17th September, 2013, Essen, 
Germany (2013). 
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2. Subject description  
The thesis comprises research on the laser arc hybrid welding technique, LAHW, 
particularly with respect to surface geometry aspects, by applying various mainly 
experimental analysis methods. A brief introduction to LAHW, to the surface aspects 
and to the analysis methods is given in the following. 

2.1 Introduction to laser arc hybrid welding 
Laser arc hybrid welding is a joining process that is perceived as a desirable alternative 
to substitute the traditional welding techniques like gas metal arc welding, GMAW, in 
the manufacturing industry. By combining laser welding with GMA welding, LAHW 
obtains the benefits and lessens the drawbacks typically associated to each welding 
technique. For optimum process parameters, LAHW combines the laser benefits of 
high speed and narrow, deep welds with the capabilities of GMAW to bridge gaps and 
of more efficient energy usage [1-3], surpassing the maximum limits of the original 
techniques and keeping a moderately robust behaviour [4]. Figure 2 shows a typical 
LAHW process that corresponds to the setup used in the experiments described in this 
work. Here a leading electric arc continuously melts the wire electrode that transfers 
drops to the workpiece, particularly when operated in the pulsed mode, usually filling a 
joint gap. The trailing laser beam drills a keyhole through metal boiling that enables the 
beam to deliver its energy into deep regions in the material, while keeping the weld 
narrow. The two tools are followed by a melt pool that is usually quite long at the 
surface, then resolidifying to form the weld. Optionally the arc can be arranged in 
trailing position, but in the present study a leading arc showed favourable behaviour.   
 

 
 

Fig. 2: Sketch [21] of the laser arc hybrid welding process, here for arc leading 
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Figure 3 shows typical cross sections (bead-on-plate) of an arc weld (GMA; shallow, 
broad), of a laser weld (deep, narrow), and of the combined laser arc hybrid weld. 
 

 
 

Fig. 3: Cross section (bead-on-plate) of a gas metal arc weld (GMA; shallow, broad), of a laser 
weld (deep, narrow) and of the combined laser arc hybrid weld. 
 
GMA welding in the pulsed arc mode, where one drop per arc pulse is transferred 
towards the melt pool in a semi-controlled flight [5, 6], is the most commonly used 
electric arc welding technique in LAHW processes. A relatively new pulsed arc mode 
technique called Cold Metal Transfer (CMT) [7], based on controlled wire feeding, 
reversing its direction periodically, and according drop transfer by tipping the wire into 
the pool, has been developed recently and used successfully in GMAW. It became 
tested even in LAHW processes, however solely for (0.75-2 mm) thin sheets [8, 9, 10]. 
Owing to promising aspects of the CMT-mode, particularly a calm drop transfer and a 
narrower weld, we here studied for the first time [11] LAHW in the CMT mode even 
for thicker plates, of 7-15 mm. The drop transfer is smoothly delivered instead of flying 
into the pool. Less electrical power is needed to melt the filler material because the wire 
is pulled back and forth instead of using a constant wire feed. The main drawback of 
this technique is the minor wire deposition rate in comparison with its counterparts. 
The CMT-mode generates a narrower arc and gouge than the pulsed mode. When the 
part of the gap area to fill related to the joint is not dominant (e.g. for high quality butt 
joints), this drawback becomes irrelevant. 
 
The first experiments related to LAHW were carried out in 1979 by Steen and Eboo 
using a setup based in a 2 kW CO2 laser combined with a TIG arc in welding processes 
[12, 13]. The basic physics of laser hybrid welding is still not fully understood today and 
has been proven as a challenging subject to study. Multiple setup possibilities combined 
with different heat and mass transfer processes interact simultaneously. This presents 
such complexity that necessitates the usage of a wide range of tools like different 
simulation methods [14, 15] or melt flow analysis based on images obtained from a high 
speed camera using different approaches [16, 17]. In addition, the surface is measured 
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after the LAHW process, making macrographs, or by microscopy analysis of different 
cuts, or by alternative non-destructive methods that enable the measurement before and 
during the LAHW process, too, like the usage of a laser scanner [18].  
 
Nowadays, a few successful industrial cases from different areas like shipbuilding, 
automotive industry or semi-finished metal-making [2, 19], show the true potential of 
the technique. So far more than hundred hybrid welding systems are installed in 
industry worldwide. As soon as more mechanisms of the process are better understood 
and cumulative experience based in experimental data can be suitably integrated in the 
productive processes, the foreseeable impact of LAHW in the industrial world will be 
significantly superior due to the associated improvements in productivity, efficiency and 
quality.  
 
A comprehensive survey on LAHW, particularly on the start-of-the-art can be found in 
[1,15] and very recently in [21], particularly for the here studied phenomena. 
 

2.2 Geometrical aspects and analysis methods 

Studied geometrical aspects of the joint edges and of the weld  
This thesis is focused on one aspect of the process, the impact of geometrical joint 
fit-up properties on the weld surface shape. The technique chosen for the edge 
preparation of a weld is of high economic importance [20]. While plasma cutting or 
autogeneous flame cutting are cheap and often manual techniques, laser cutting and 
milling provide high quality edges and correspondingly satisfy narrower geometrical 
tolerance windows. The former processes cause larger ripples (roughness), edge 
inclinations (optimum: parallel) and thermal distortion. In addition, clamping of the 
workpieces and distortion during welding alter the effective edge conditions, as locally 
experienced during the welding process. Despite their importance, the geometrical 
edge conditions have been rarely measured or studied. It is of high interest to identify 
and to better understand the impact of workpiece edge tolerances on the resulting weld 
shape in LAHW. For a typical joint case like the butt joint, the complex edge geometry 
can be reduced to three key properties: gap width, vertical surface position and vertical 
edge mismatch, which is the main focus of the present thesis. Any edge geometry can 
be described by these three properties.  
 
It is assumed that isolated study of each of the three properties provides comprehensive 
understanding, also for their combination. As was mentioned, the study is based on 
geometry, i.e. the edge geometry changes the melt flow of the weld and in turn the 
resolidified weld shape, particularly at the top. Mass redistribution by the melt flow is 
the responsible mechanism studied. Figure 4 shows the measured edge tolerance 
properties along an industrially prepared gas-cut component (a beam) and its photo. 
The difference between the two vertical plate positions is the edge mismatch. The gap 
width of the butt joint is plotted before and during welding, isolating the impact from 
thermal distortion. 
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Fig. 4: (a) Industrially prepared butt joint of a steel beam (steel thickness: 7 mm), by gas cutting, 
(b) measured variation of the geometrical aspects of the butt joint fit-up (vertical plate position 
deviation z0, gap width wg). 
 
To extract data from the experiments and to carry out the analysis, an optical scanner 
was used to measure the sample edge geometry (the three above mentioned properties) 
before and during welding and the resulting weld profile. This part is a black box I/O-
situation: From the experiments correlations were studied on how the resulting weld 
shape (top or root surface profile) changes when a certain edge property changes. 
However, to try to understand the correlations and trends, welding was accompanied 
by high speed imaging, HSI, also to observe the melt flow at the top surface. High 
speed imaging is a very powerful tool when surface flow phenomena are essential, as 
here is the case. From the high speed imaging records, an interpretation of the trends 
was tried, resulting in illustrative theoretical explanations on how the flow changes 
when one of the three edge properties is varied, followed by guidelines for the process. 
In particular, post-processing both of the scanned data and of high speed imaging has 
led to additional information, as is described below. 

Surface topology scanning  
A scanner was applied to measure the joint edge geometry before and during welding 
and to capture the resulting weld topology, at the top and occasionally at the root. 
Figure 5 shows a laser scanner measuring the welded bead surface. The curves at the 
weld bead surface represent the different theoretically measured profiles, corresponding 
to a weld cross section shape. The laser scan projects a laser line over the surface of the 
piece to weld and its integrated camera grabs one profile formed by a group of pixels, 
that makes possible to measure the surface relative height and bright. Moving the laser 
scan over the top and, if the setup makes it possible, over the root surface, with 
constant speed, it is possible to obtain a sequence of profiles, or a point cloud, to build a 
three-dimensional map. This movement is carried out before, during (running a few 
centimeter ahead of the weld) and after the LAHW to evaluate the initial conditions of 
the surface and starting values of the geometrical aspects as well as the changes caused 
by the welding (in fact, although it is out of the scope of this work, it is possible to 
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measure the total and instantaneous thermomechanical effects originated due to the 
welding process and connect them with flow changes and final quality).  

 
Fig. 5: Principle of scanning the weld bead surface topology 
 
In a typical LAHW weld case, the top and root beads have a characteristic continuous 
shape with smooth transitions and with a local maximum point near the welding 
direction (here: y-axis) centre, called excess weld metal or reinforcement. To both 
sides, the transition to the unmelted base metal can achieve a topology below the plate 
surface, called undercut. Undercuts are a critical quality criterion. They have to be 
avoided or at least minimized below a standardized value, for an acceptable weld. 
Undercuts are likely to take place in LAHW and their phenomenological explanations 
as well as measures for their suppression were studied comprehensively in a parallel 
PhD-thesis [21], i.e. containing complementary results. Another complementary PhD-
thesis [15] elaborated the stress raiser effect from surface imperfections like undercuts, 
via Finite Element Analysis, FEA. 
 
For scanning of the weld topology, to remove the noise of the measurement, an 
algorithm of smoothing and interpolation, using splines, was applied to the data. Due to 
the shadows and reflects that the laser beam of the scanner experiences, sometimes it is 
necessary to interpolate invalid or missing points of the curve, too. The combination by 
curves makes possible to evaluate any point of each profile and, using a scanning speed 
slow enough, the x-axis interpolation error between successive measurements is 
negligible.  
 
Figure 6(a) shows a profile obtained from an acceptable LAHW bead. Figure 6(b) 
shows for a LAHW with severe melt sagging (underfill) the blank areas that are 
estimated, as described above. 
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(a)  

(b)  
 

Fig. 6: Scanned profile across the weld bead and scanned topology (greyscale visualization) along 
the weld bead; (a) acceptable weld bead, (b) sagging of the weld 
 
Using the bright data of every pixel, a greyscale image that resembles the real surface is 
created and can be projected over the three-dimensional map, see Fig. 7. This enables a 
realistic view that used to overlap the Y-axis value of the points of interest (local 
maximum and local minima at each side, plus the point that correspond to the slope of 
each plate). The consecutive overlaps can be attached to generate a video that shows 
the evolution of the bead during the process. Finally, the combination of top and root 
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profiles in every step provides the envelope of the cut macrography in these points. 
Scanning obviously contains less information because the HAZ and the inner weld bead 
metallurgy and inner defects cannot be studied, but it is a non-destructive technique 
and can be used in industrial production of real pieces. Figure 7 shows a three-
dimensional view on an interpolated weld bead scanning result, here starting with 
excess weld metal (reinforcement, left bottom) and later transferring to sagging 
(underfill).  
 

 
Fig. 7: 3D-visualization of the scanned and interpolated weld bead topology 

High speed imaging  
High speed imaging was applied to observe the melt pool and arc phenomena during 
welding. Figure 8 shows a typical set-up for high speed imaging of LAHW from the 
top. The high speed camera is moved together with the LAHW tool to record during 
the process the evolution of the electric arc, including the wire drop transfer, of the 
melt flow and keyhole and of the solidification front along the weld bead. An 
illumination laser is usually applied. The camera records only a filtered narrow band 
around the illumination laser wavelength (here a diode laser, 808 nm wavelength) while 
the filter blocks the high power laser reflections (here a fibre laser, 1070 nm 
wavelength) and in particular all other strong process emissions from the electric arc and 
from the hot weld pool region. Except some remaining radiations, mainly the 
reflections and emissions from the irradiated surface region are recorded, providing 
clear images. The camera is operated at high frame rate of several thousand frames per 
second (fps), according to dynamics of the respective fast phenomena to observe.  
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Fig. 8: Employment of a high speed camera along with an illumination laser to record the 
LAHW-process above the workpiece. 
 
High speed imaging provides very detailed information on any process phenomena that 
take place at and above the surface, which enables to understand and explain the main 
mechanisms of a certain effect, e.g. the formation of undercuts depending on edge 
mismatch. Beside the qualitative interpretation of high speed images, properties can be 
measured, like the actual melt pool length and width or the size of the transferred drop 
and its instant travel distance. Figure 9 shows an image grabbed from a high speed 
camera for LAHW. Positioning of the laser and camera and choice of the frame rate 
and shutter time provide a certain freedom in observation possibilities. 
 

 
 

Fig. 9: High speed image of the weld pool during LAHW (inclined view from the side; welding 
direction to the right; the gap and the wire of the leading arc can be seen; the bright spot originates 
from the illumination laser) 
 
To obtain more quantitative information from the HSI, different approaches and 
techniques were tested. A powerful approach is the streak technique [17,21], which 
enables to visualize a selected array as a function of time and according tracing of the 
time evolution of selected locations (contrasts, e.g. floating particles at the pool surface). 
From the streak technique, for example, the melt flow velocity and its acceleration or 
the velocity and frequency of the transferred wire drop can be quantitatively derived. 
Figure 10 shows an image obtained after combine three streak images extracted from 
previous selected regions of interest in different heights. One challenge in the 
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interpretation of streak images is to distinguish between phase flow (often straight lines) 
and mass flow (curved lines). The welding speed corresponds to very flat lines at the 
bottom while the pulsed arc is visible at the top of the shown image.  
 

 
 

Fig. 10: Streak image extracted from high speed imaging by extracting the centreline pixel array 
and plotting it over a sequence of time steps (top: electric arc location, bottom: solidified weld) 

Analysis of statistical values  
Although processes like LAHW are continuous quasi steady-state techniques, detailed 
observation of important phenomena shows significant oscillations over time. Since 
these variations are important, particularly in industrial environments, accompanying 
statistical analysis is desirable, although seldom done yet. In the here presented research, 
in Paper III histograms of scanned and derived data (e.g. undercut depth) were applied, 
that enable deeper analysis of the phenomena, e.g. by comparing different regimes. 
Moreover, mean values and standard deviations were calculated, for additional 
information and to discover the range of expected results associated to an initial 
parameters group. 
 
The distribution of data will be typically close to Gaussian distributions if the process is 
stable. The results that show more exotic distributions or multiple local maximums 
(peaks) in the histogram can be related to different regimes, defects arising, unstable 
thresholds or a flow behaviour caused by any physical phenomena that deserves deeper 
analysis. Besides the detection of that kind of cases, statistical analysis is used to validate 
some qualitative assumptions based in the direct survey of scan and HSI data and to add 
quantitative values, to support the hypothesis proposed in the previous steps. 
 
However, maybe the most interesting use of this technique is related to repetitive 
industrial processes that search standard quality results using the same (or just slightly 
different) parameters all the time. Statistical data can be used as quality control tool, to 
detect anomalies or to evaluate the improvement caused by small changes. 
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3. Motivation for the research 
Laser arc hybrid welding, LAHW, is a technique very attractive to industrial usage 
because it enables to obtain faster and deeper high quality welds than solely with 
electric arc welding or laser welding. It mainly combines their advantages, with the 
drawback of increased complexity. However, lack of extensive basic knowledge and of 
technical experts in the field provokes a slow and hesitant adoption of this rather new 
technology. In addition, the limited demand due to a small number of adopters 
prevents economies of scale benefits and results in a new barrier, the high initial 
investment to introduce LAHW equipment in a factory. To mitigate these kinds of 
problems, development of the technique became driven by industrial cases, with 
according case-specific rather than generally applicable results. 

The here presented work is part of this sustained effort and is linked to three research 
projects (see Preface) with industrial participation that aimed at high quality LAHW of 
specific parts, particularly for vehicles. The projects resulted even in welding of full-
scale demonstrators, for subsequent analysis and fatigue testing. 

Two main issues were addressed that are closely connected to each other: The parts 
studied experience fatigue load in service and any geometrical imperfections of the 
weld bead and root can therefore be critical to significantly lower fatigue life. 
Simultaneously, LAHW requires rather precise edge preparation (cutting and forming 
operations). Unacceptable imperfections like undercuts, sagging or root drop-through 
can easily result from too large joint edge variations.  

Therefore the research in the present thesis was dedicated to quantitatively capture the 
impact of joint fit-up variations on the resulting weld bead shape by the aid of a scanner 
and to qualitatively explain the responsible mechanisms by the aid of advanced methods 
like high speed imaging. It should be emphasized that this methodological approach 
enables full tracking back from weld imperfections to joint fit-up variations through the 
melt flow mechanisms in the weld pool, because the major phenomena take place at 
the surface and are therefore observable.  

In particular, the approach is directly applicable and was accordingly benchmarked for 
industrial production conditions by isolating the respective contributions from the joint 
edge preparation. As a result of the projects, finally an industrial procedure for the 
geometry tracking methodology was formulated. Generalization of the results and 
comparison for two different LAHW arc modes was an additional motivation to aim at 
sustainable, widely applicable results. Although leading to high level research results, 
parts of the applied methodological approach are directly suitable for capturing real 
conditions in an industrial production environment in order to accordingly optimize 
LAHW and to guarantee imperfection-free welds with long fatigue life.  
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4. Methodological approach
The paramount goal of the research was to quantitatively capture relations between 
weld surface imperfections of laser arc hybrid welds and joint fit-up variations. Since 
the resulting weld topology and the joint edges as the origins are on the surface, they 
can be measured by a scanner. In addition, the redistribution of melt (from the 
transferred arc wire and from the melted plate edges) as the responsible mechanism that 
links the edge geometry with the resulting weld shape can be observed at the surface, 
by high speed imaging. Linking the scan prior to welding with the high speed imaging 
and with the scan of the resulting weld topology provides a full chain of information 
that enables to track imperfections back to their origin, quantitatively and qualitatively.  

To reduce the number of experiments, edge variations for a butt joint were divided 
into three components, namely gap width, edge mismatch and vertical plate position(s) 
that were studied in an isolated manner, assuming that the combination of the separate 
findings remains valid for the combined action in real welding. Moreover, each of the 
three properties was linearly varied along the weld, providing in a single weld run the 
whole variety of dependencies, assuming that the changes are sufficiently close to quasi-
steady state conditions. This procedure, which was finally formulated for industrial use, 
too, was applied in all three papers, accompanied by additional evaluation methods. 
The three papers are closely linked and complementary to each other, as a whole 
providing a comprehensive survey and theory. In Paper III, beside the varied 
properties, two arc modes were compared.  

From the findings, quantitative process windows were identified and the mechanisms 
for their limits were explained. In particular, generalized theoretical descriptions of the 
physical mechanisms were derived, formulated and illustrated. 
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5. Summary of the Papers 
 
Paper I: The sensitivity of hybrid laser welding to variations in workpiece 

position 

Abstract:

High speed imaging has been used to analyze the sensitivity of the Hybrid laser welding 
process to variations in the laser-arc- workpiece geometry along the axis of the laser 
beam. The welding process was found to be stable within a certain range of workpiece 
positions. Outside of this range the process became unstable. If the workpiece was too 
close to the laser/arc combination, the two energy sources did not supplement each 
other sufficiently. If the workpiece was too far away the droplets from the arc interfered 
with the laser-keyhole interaction. 

Conclusions:  

(i) Although the Hybrid laser welding process is moderately robust from a practical 
engineering point of view it is important that the workpiece-laser/arc stand-off 
be constrained within certain limits. 

(ii) At greater stand-off distances the laser-material interaction is interrupted by 
droplets from the arc travelling through the laser beam and/or into the keyhole. 

(iii) At lesser stand-off distances the arc tends to short circuit in the melt pool. Both 
problems give similar symptoms – intermittent lack of penetration and an 
uneven weld top surface. 

(iv) In the setup used for this experiment, high quality welding was possible over a 
range of stand-off distances of 3.7mm. 
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Paper II: The effect of fit-up geometry on melt flow and weld quality in laser 

hybrid welding  

Abstract:

Hybrid laser-arc welding has a good tolerance to poor fit up as compared to simple laser 
welding. For a butt joint, the joint fit-up variations can be reduced to two local 
properties: the gap width and the vertical edge mismatch. The impact of these two 
properties on the resulting weld quality has been studied systematically in this paper. 
The original edges as well as the resulting weld surface topography have been scanned 
in three dimensions in order to study trends. During hybrid welding, the melt flow and 
the electric arc were observed at the top surface by high speed imaging to analyse the 
complex fluid flow phenomena. 

Conclusions:  

(i) For a butt joint, geometrical uncertainties from industrial edge preparation and 
fixturing can be reduced to two properties: local gap width and edge mismatch. 

(ii) The influence of these edge uncertainties on a resulting laser-arc hybrid weld 
surface shape is determined by mass redistribution through the melt flow. 

(iii) For an optimum high quality weld (negligible edge variations), a basic complex 
flow mechanism has been identified. 

(iv) The melt pool geometry induced by the leading arc and the acceleration of the 
electrode drops incorporating into the melt pool are essential phenomena; they 
determine the central weld peak and undercuts as well as possible instabilities. 

(v) A wider gap linearly lowers the liquid and weld surface level, until penetration 
fails 

(vi) Vertical edge mismatch inclines the weld pool; it lowers the peak and laterally 
drifts it towards the lower plate; the upper plate undercut becomes more 
pronounced, and the lower plate undercut vanishes. 

(vii) A relatively large stable process window was identified; it is explained by the 
fluid flow phenomena that take place and change only after exceeding critical 
tolerances of the fit-up conditions. 
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Paper III: Gap bridging for two modes of laser arc hybrid welding 

Abstract:

The impact of the gap width on the resulting weld shape from laser-arc hybrid welding 
was studied for two arc modes, pulsed arc and cold metal transfer. The weld bead and 
root topology was scanned. Although high speed imaging shows very different drop 
transfer and weld pool formation for the two arc modes, for both the bridging 
behaviour shows the same trend. For wider gaps top reinforcement turns into underfill. 
Beyond a gap width of here 0.8 mm, excess weld metal forms again the top surface. 
This phenomenon is explained by a sudden drop from full to partial penetration. The 
weld metal forms a bridge at the top of the workpiece. Even wider gap repeats the 
trend of decreasing reinforcement, then for partial penetration. These different regimes 
are analysed and discussed for both modes, including hypotheses why the top bridge 
forms instead of flow of the melt into deeper regions. 

Conclusions:  

(i) Gap bridging of a butt joint in laser arc hybrid welding can for wide gaps 
bifurcate to deposition of the insufficient drop volume to the lower region or as 
a bridge to the top 

(ii) While the former is visually inspected as an obvious underfill, from the top the 
latter can appear like an acceptable weld 

(iii) The pulsed arc mode melts the upper sheet edges by generating a wide gouge 
and depositing an adhering drop with stronger impact on the melt 

(iv) Although the pulsed arc mode and the CMT-arc mode rely on very different 
processes and melt flow mechanisms, also the latter causes in its narrower gouge 
a very similar drop redistribution, and bridge formation 

(v) For wide gap, in both modes the laser does not hit the medium region of the 
edges any more for heating and melting them sufficiently, to promote deeper 
wetting and incorporation of the penetrating drop 

(vi) Histograms of the weld topologies enable deeper analysis of the statistical trends 
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6. General conclusions 

 To promote the integration of laser arc hybrid welding, LAHW, in industry, 
powerful tools easy to use are needed, to ensure and widen the process 
robustness. This was addressed by the here presented research. 

 Basically any aspects and mechanisms at the surface (including the root, if 
accessible) can be systematically captured, understood and optimized. This is 
particularly important for products under fatigue load where imperfections like 
undercuts and lack-of-penetration need to be minimized or avoided. 

 This enables to derive minimum measurable joint fit-up tolerances to avoid the 
predicted weld imperfections, based on the values obtained from measurement 
of the joint edge preparation and fixturing. 

 A group of stable process windows related to different geometrical weld and 
joint edge aspects can be derived from the experimental data, including 
generalization. 

 From the qualitative information of high speed imaging of the weld pool and 
drop transfer, all in combination with the surface measurements, explanations on 
the limiting mechanisms can be identified. 

 Certain phenomena can be unexpected, like the bridge effect for wide gaps that 
can appear like an acceptable top shape of the weld. In such case, additional 
measurements at the root side would be essential. 

 The applied systematic optimization tools are suitable for a robust, flexible and 
cheap setup that can be used in different harsh industrial environments. 
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7. Future outlook
LAHW processes are powerful and promising for our industrial partners but the 
complexity and lack of knowledge of the technique avoids a gradual fast spread. The 
presented work aimed to facilitate implementation and creation of tools and 
methodologies to reduce introduction times and to improve the final quality of the 
manufactured parts. However, it is desirable to study further typical industrial cases, to 
describe and test new potential working techniques, to further analyse the results and to 
provide solutions for avoiding quality issues. This will lead to higher welding speed and 
to less thermomechanical problems. 

Possible future research tasks to reach these objectives are: 

 Study different welding positions (like PB, PC) related to the gravity effects in 
the melt flow, to identify the limits and to enable LAHW in all positions and 
directions in space. 

 Study the geometrical influence of the positioning angle of the LAHW tool 
relative to the workpiece. 

 Study the thermomechanical effects from double-sided simultaneous LAHW. 

 Convert the current software tool into a limited expert system, using the 
previously obtained knowledge, or into a quality control module. 

 Test new image analysis techniques to extract more information from HSI, even 
for industry without an expert background. 

 Use a dual high speed camera setup, to obtain stereo images of the instantaneous 
melt flow in order to build a 3D point cloud in depth and to achieve a more 
quantitative approach. 

 Use a forward filtered laser scanner setup, then design and test a closed-loop 
controller based on the prior detection of geometrical aspects out of the 
threshold values linked to the current process parameters.  

 A reliable, non-destructive and automatic quality control system can be 
implemented using a laser scanner to measure the surface before, during and 
after the welding. The potential benefits of a control, or at least a measurement 
system include the detection of latent defects and the possibility of avoiding 
them. 

 Integrate the aforementioned quality control module, forward filtered laser 
scanner setup and close-loop control to obtain a reliable, non-destructive and 
automatic quality control system based in the measurement of the surface before, 
during and after the welding. The potential benefits of its usage include the 
detection of latent defects and the possibility of avoiding them 



20 Introduction Lamas 
 

8. References 
[1] C. Bagger and F. O. Olsen: Review of laser hybrid welding, Journal of Laser 
Applications, v 17, n 2 (2005)  

[2] F. O. Olsen: Hybrid laser-arc welding, Woodhead Publishing Ltd. (2009).  

[3] B. Ribic, T. A. Palmer, and T. DebRoy: Problems and issues in laser-arc hybrid 
welding”, International Materials Reviews, v 54, pp 223-244 (1999).  

[4] Y. Yao, M. Wouters, J. Powell, K. Nilsson and A. F. H. Kaplan: The influence of 
joint geometry and fit-up gaps on hybrid laser-MIG welding, Journal of Laser 
Applications, v 18, n 4, pp 283-288 (2006).  

[5] A. Scotti, V. Ponomarev, and W. Lucas: A scientific application oriented 
classification for metal transfer modes in GMA welding, J. Mater. Process. Technol., 
v 212, pp 1406-1413 (2012) 

[6] G. Campana, A. Fortunato, A. Ascari, G. Tani, and L. Tomesani: The influence of 
arc transfer mode in hybrid laser-MIG welding, J. Mater. Process. Technol. v 191, pp 
111-113 (2007). 

[7] C. G. Pickin and K. Young: Evaluation of cold metal transfer (CMT) process for 
welding aluminium alloy, Science and Technology of Welding and Joining, v 11, pp 
583-585 (2006). 

[8] C. Zhang, M. Gao, and X. Zeng: A comprehensive study of laser, CMT, laser-pulse 
MIG hybrid and laser-CMT hybrid welded aluminium alloy, Proceedings 31st 
ICALEO conference, September 23-27, 2012, Anaheim, California, USA (2012).  

[9] I. Michalec, J. Barta, J. Jancar, K. Bartova, and M. Maronek: Metallurgical joining 
of steel sheets treated by nitrooxidation by a hybrid CMT-laser process, Proc. 20th 
Conference on Metallurgy and Materials, May 18-20, Brno, CZ, Ostrava (2011). 

[10] G. Li, M. Gao, C. Zhang, and X. Zeng: Laser-arc hybrid welding of thick-section 
mild steel plates: Microstructure and performances of the beads, Proceedings 31st 
ICALEO conference, September 23-27, 2012, Anaheim, California, USA (2012).  

[11] J. Frostevarg, A. F. H. Kaplan, and J. Lamas: Comparison of CMT with other arc 
modes for laser-arc hybrid welding of steel, Welding in the World, v 58, n 5, pp 649-
660 (2014). 

[12] W. M. Steen and M. Eboo: Arc-augmented laser welding, Metal Construction, 
v 11, n 7, pp 332-335 (1979).  

[13] W. M. Steen: Arc-augmented laser processing of materials, Journal of Applied 
Physics, v 51, n 11, pp 5636-5641 (1979).  

[14] J. H. Cho and S. J. Na: Three-dimensional analysis of molten pool in GMA-Laser 
hybrid welding, Welding Journal, v 88, n 2, pp 35s-43s (2009).  

[15] Md. M. Alam, Laser Welding and Cladding: The effects of defects on fatigue 
behaviour, PhD thesis, Luleå University of Technology, Sweden (2012). 

[16] E. Le Guen, R. Fabbro, M. Carin, F. Coste, and Ph. Le Masson: Analysis of 
hybrid Nd:YAG laser-MAG arc welding processes, Optics and Laser Technology, v 43, 
pp 1155-1166 (2011). 



Lamas Introduction 21 
 
[17] I. Eriksson, High speed imaging analysis of laser welding, PhD thesis, Luleå 
University of Technology, Sweden (2013).  

[18] W. Huang and R. Kovacevic: A laser-based vision system for weld quality 
inspection, Sensors, v 11, pp 506-521 (2011). 

[19] A. Fellman, and A. Salminen, Study of the Phenomena of Fiber Laser-MAG 
Hybrid Welding, Proc 26th ICALEO conference, USA, LIA, pp 871-880 (2007).  

[20] H. Haferkamp, O. Meier, B. Boese, and G. Kuscher: Economic edge preparation 
for laser-MAG hybrid welding of high strength steel, Proc. PICALO 2006 - 2nd Pacific 
International Conference on Applications of Laser and Optics, pp 157-162 (2006). 

[21] J. Frostevarg, The morphology of laser arc hybrid welds, PhD-thesis, Luleå 
University of Technology, Sweden (2014).  

 
 



22 Introduction Lamas 
 



Lamas Paper I: Sensitivity to workpiece position 23 
 
 

Paper I 
 
 
 
 
 
 
 
 
 
 
 

The sensitivity
of hybrid laser welding

to variations in workpiece position 



24 Paper I: Sensitivity to workpiece position Lamas 
 



Lamas Paper I: Sensitivity to workpiece position 25 
 

The Sensitivity of Hybrid Laser Welding to Variations in 
Workpiece Position 

J. Powell1 , J. Lamas1,2, J. Karlsson1, P. Norman1, A.F.H. Kaplan1, A. Yañez3 

1Luleå University of Technology, Dept. TFM, SE-971 87 Luleå, Sweden 
www.ltu.se/tfm/produktion 

2Centro Tecnolóxico do Naval Galego, Ferrol 15590 (A Coruña) Spain 
(email: jlamas@udc.es) 

3Centro de Investigacións Tecnolóxicas, Universidade da Coruña, Ferrol 15403 
(A Coruña) Spain (email: ayanez@udc.es) 

Abstract

High speed imaging has been used to analyse the sensitivity of the hybrid laser 
welding process to variations in the laser-arc-workpiece geometry along the axis of the 
laser beam. The welding process was found to be stable within a certain range of 
workpiece positions. Outside of this range the process became unstable. If the 
workpiece was too close to the laser/arc combination, the two energy sources did not 
supplement each other sufficiently. If the workpiece was too far away the droplets 
from the arc interfered with the laser-keyhole interaction. 
 
 
Keywords: Hybrid laser welding; arc position; laser position; weld quality: process 
sensitivity 

Motivation / State of the Art 

Laser hybrid welding, combining a laser beam with an electric arc (MIG/MAG), is a 
rapidly growing technology combining the advantages but also the complexity of both 
techniques [1-4]. Hybrid welding combines the laser advantages of high speed and 
narrow, deep welds with the arcs’ ability to bridge gaps. Despite its commercial 
uptake, the basic physics of laser hybrid welding is still not fully understood. High 
speed imaging has enabled the study of drop transfer and the keyhole conditions for 
steel [5-7] and aluminium [8]. Different situations have been classified [8] dependent 
on the presence of a gap, the torch arrangement and the corresponding drop flight and 
heat and mass transfer. There have been recent successes in clarifying some aspects of 
drop transfer and melt pool flow [3,9], but analysis of many of the phenomena 
involved is limited.  

 
This paper is part of an extensive survey of the effects of various geometrical 

aspects of the laser-arc-workpiece arrangement on the quality of the welds produced. 
In this case we present the results of an experimental program looking into the effects 
of increasing the standoff between the laser-arc combination and the workpiece. 
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Experimental

The laser-MAG-hybrid welding experiment was carried out using an IPG 15kW 
Yb:fibre laser (Beam Parameter Product 10.4 mm·mrad, fibre diameter 200 m, 
wavelength 1070 nm) together with conventional welding equipment consisting of a 
welding rectifier model ESAB Aristo LUD450W. This was combined with a MAG 
wire feed unit ESAB A10 MEK 44C. The laser axis was tilted to an angle of 7°, 
trailing with respect to the normal of the sample surface to avoid back reflections. The 
arc welding torch was inclined at an angle of 52°leading, (ie 59°with respect to the 
optical path). The process parameters are listed in Table 1. The 2:1 optics focused the 
laser beam to a spot diameter of 400 m (Rayleigh length: ±3.5 mm).  

 

  
 

Initially a reference weld was produced in 10mm thick DOMEX 400 high strength 
steel to establish a high quality weld datum with an optimum vertical workpiece 
position of z0= 0.0 mm. In the subsequent experiment the workpiece was raised at one 
end and lowered at the other, to ensure a linear variation of z from z= -5 mm when x=0 
mm to z==+5 mm when x=200 mm along a 200mm long sample. (‘z= -5 mm’ 
indicates that the workpiece was 5mm closer to the laser/electrode combination than 
optimum, ‘z=+5 mm’ indicates that the workpiece was 5mm too distant). 

 
The process was recorded using high speed imaging with a Redlake HS-X3 camera 

at 3000 frames per second, filtered for the illumination laser wavelength (808 nm). 
The camera was inclined 45 degrees from the surface, viewing from the side. The 
processing zone was illuminated, from the same side as the camera, by a diode laser 
beam (Cavitar) with (500W peak power) pulses of 0.5 s pulse length at the same 
frequency as the camera.  
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Results and Discussion 

Images taken from the high speed photography for cases where the laser/electrode-
workpiece stand-off is; a. too small, b. optimum, and c. too large, are shown in Fig.1.  

 

 
Figure 1: High speed image of the front region of the weld pool for (a) z = +3 mm, (b) 
z0 = 0 mm (optimum), (c) z = -3.4 mm. 
 

The photographs in Figure 1 tell a very straight-forward story which is the central 
result of this paper;  
 

 When the geometric arrangement of the electrode, laser and workpiece are 
optimized then the process produces a high quality weld. Droplets of melt from 
the electrode arrive in the melt zone just in front of the laser generated keyhole 
– then flow around the keyhole to join the solidifying melt just behind it.  

 
 If the workpiece is too close to the laser/electrode combination (Figure 1a), then 

the weld pool on the top surface of the workpiece becomes narrower and is also 
extended in the direction of travel. This means that the distance from the 
keyhole to the leading edge of the melt is increased. The flight path of the 
droplets from the electrode is very short in this case and the two energy sources 
(laser and arc) act more like independent entities rather than a team. 

 
 If the workpiece is too distant from the laser/electrode combination (Figure 1c), 

the weld pool on the workpiece surface becomes broader and the distance from 
the keyhole to the front edge of the melt becomes smaller. In this case the 
trajectory of the droplets leaving the electrode often takes them to the melt zone 
behind the keyhole – which means they have to travel through the laser beam, 
interrupting the supply of laser energy to the keyhole itself. 
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These principles are explained graphically in Figures 2 and 3. The change in the 
diameter of the laser on the workpiece surface (larger, dark circle), and the average 
position of droplet impact with the melt, are shown on the right hand side of the 
illustration in each case. 

 
 
 
 
 
 
 
a 
 
 
 
b 
 
 
 
c 
 
Fig. 2: Illustration of the changes in weld pool shape and droplet trajectory with 
increasing workpiece standoff. a. (top image) Too close, b. Optimized, c. Too distant.  
 
 

 

(a)   (b)  
 

Fig. 3: Illustration of the mass redistribution flow changes when the vertical position 
of the plate becomes (a) too close to, and (b) to distant from, the energy sources. 
 

The process remains stable within a certain tolerance range, which in this case was z 
= -2.2...+1.5 mm. At small stand-off distances Figures 2a and 3a, the horizontal laser-
arc distance increases and the temperature field induced by the laser cannot properly 
support the arc. The electric parameters of the arc are optimized for close interaction 
with the laser beam where the laser-induced temperature field supports the 
development of a stable, strong arc. Without this support the arc is now too weak for 
this high welding speed and the result is a short arc and drop transfer below the 
surface, where a cavity is formed during the high voltage part of the pulse cycle. The 
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welding process does not collapse, despite the unusual geometry, but is subject to 
occasional short circuits – which disrupt the weld quality.  

 
If the workpiece is too distant from the energy sources (Figures 2c and 3b), this also 

causes unstable welding, but by a different mechanism. When the wire is too far away 
from the surface, z > +2.4 mm, the drops occasionally enter the keyhole or pass 
through the laser beam, disturbing the laser-material interaction and causing violent 
evaporation and weld disruption.  

 
For varying vertical surface positions (e.g. a bent or distorted workpiece) it can be 

concluded that too strong variation in either direction leads to an unstable weld. This 

view is supported by the overall picture of the weld results are given in Figure 4.  
 
Figure 4. Photographs and surface profiles of the top and bottom of the weld made 
with the workpiece too close (towards the left and too far away (towards the right). 
 

In Figure 4 we can see the central region of stable welding from plate length 
measurements from approximately 60mm to 130mm (equivalent to  z = -2.2 to z=+1.5 
mm.). To the left of this region (z= -2.2 to -5.0mm) the short circuits of the arc have 
led to intermittent lack of penetration and an uneven top surface. To the right of the 
stable zone (z=+1.5 to +5.0mm) the interruption of the keyhole by has led to the same 
symptoms of lack of penetration and uneven top surface. 
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Conclusions

Although the Hybrid laser welding process is moderately robust from a practical 
engineering point of view it is important that the workpiece-laser/arc stand-off be 
constrained within certain limits. At greater stand-off distances the laser-material 
interaction is interrupted by droplets from the arc travelling through the laser beam 
and/or into the keyhole. At lesser stand-off distances the arc tends to short circuit in 
the melt pool. Both problems give similar symptoms – intermittent lack of penetration 
and an uneven weld top surface. In the setup used for this experiment, high quality 
welding was possible over a range of stand-off distances of 3.7mm. 
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ABSTRACT
Hybrid laser-arc welding has a good tolerance to poor fit up as compared to simple 
laser welding. For a butt joint the joint fit up variations can be reduced to two local 
properties; the gap width and the vertical edge mismatch. The impact of these two 
properties on the resulting weld quality has been studied systematically in this paper. 
The original edges as well as the resulting weld surface topography have been scanned 
in three dimensions in order to study trends. During hybrid welding the melt flow and 
the electric arc were observed at the top surface by high speed imaging to analyse the 
complex fluid flow phenomena.  
 
KEYWORDS: laser hybrid welding, geometry, tolerances, melt flow, imaging 
 
 
I. INTRODUCTION 
The quality and strength of a weld is significantly determined by the weld geometry 
[1,2] that results from the resolidification of a complex fluid flow [3-6]. Laser hybrid 
welding, combining a laser beam with an electric arc, usually Metal Inert or Active 
Gas (MIG/MAG), is an emerging technique combining the advantages but also the 
complexity of both techniques. The specific benefits of the combination of arc and 
laser are high speed and a deep weld due to the laser, as well as the bridging of joint 
gaps by the melting electrode wire. While laser welding requires edges prepared with a 
narrow gap, hybrid welding is more tolerant to poor fit up. Although the gap width 
limits have been established [1, 7-9], and are typically 1-1.5 mm (for parallel sides), 
the understanding of the basic physics of laser hybrid welding is still poor, particularly 
with respect to the joint edges. 
 
This paper presents the results of an investigation into the effects of poor fit up (gaps 
and vertical misalignment) on the fluid flow within the weld zone, and the resulting 
weld quality.  
 
From X-ray imaging it has been observed that the melt pool is substantially elongated 
in the direction of travel. High speed imaging has enabled the study of drop transfer 
and the keyhole conditions for steel [10,11] and aluminium [12,13]. It has been 
established that the recoil pressure from keyhole evaporation can drive the melt into 
the gap [10]. Different situations have been classified [13] dependent on the presence 
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of a gap, the torch arrangement and the corresponding drop flight and heat and mass 
transfer. Recently, Computational Fluid Dynamics (CFD) of the whole drop transfer 
and melt pool flow has been achieved by some research groups, despite the heavy 
computation efforts required [3, 14], but analysis of the many phenomena involved is 
still very selective and limited. Gaps have occasionally been introduced into the weld 
fit up [4], but the number of uncertainties remains high. Most studies deal with other 
phenomena than edge tolerances, e.g. weld shape, wire alloy distribution, pore 
formation, spatter or humping. 
 
The technique chosen for the edge preparation of a weld is of high economic 
importance [15]. While plasma cutting or autogeneous flame cutting are cheap, manual 
techniques, laser cutting and mechanical milling provide high quality edges and 
correspondingly narrower geometrical fit up problems. In addition, clamping of the 
workpieces and distortion during welding can affect the local edge conditions 
experienced during the welding process. Seam tracking based on triangulation with a 
laser line projection is often applied to adjust the beam/torch alignment and 
occasionally to compensate parameters like wire feeding for variations in gap width 
etc [16]. Despite their importance, the effect of geometrical edge fit up conditions have 
been rarely measured or studied.  
 
Objective of the present paper is to describe a method that enables to quantitatively 
measure (from surface scanning) the robustness of laser arc hybrid welding with 
respect to varying fit-up geometry (namely vertical edge mismatch and gap width) and 
to qualitatively explain (from high speed imaging) the limits of such operating 
window. While robustness needs to be quantitatively described in industrial 
production, the phenomena determining this robustness and its possible improvement 
require a qualitative description of trends. 
 
 
II. EXPERIMENTAL WORK 
Figure 1 demonstrates the fit up variables investigated during the course of this work. 
The gap width wg, was gradually increased on one sample and the vertical offset ze 
was gradually increased on another. The use of gradual increase on individual samples 
guaranteed the stability of all the other process variables, whilst isolating the fit up 
feature under consideration. 

 
 
 
 
 
 
 
 
 
 

FIG. 1. (Color online) Top edge geometry of the butt joint: The fit up gap (wg) and 
vertical misalignment ( ze) under investigation. The welding proceeds in positive 
x-direction. 
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Laser-MAG-hybrid welding experiment was carried out using a 15 kW Yb:fibre-laser 
IPG (Beam Parameter Product 10.4 mm�mrad, fibre diameter 200 μm, wavelength 
1070 nm) together with conventional welding equipment consisting of a welding 
rectifier model ESAB Aristo LUD450W. This was provided with a MAG wire feed 
unit (ESAB A10 MEK 44C). The laser axis was tilted to an angle of 7 , trailing (i.e. 
opposite to the welding direction, see Fig. 1) with respect to the normal of the sample 
surface, to avoid back reflections. The arc welding torch was arranged leading, see 
Fig. 1, and was inclined at an angle of 52  to the surface normal, or 59 to the optical 
axis. The process parameters are listed in Table 1. The laser was operated at a power of 
8 kW. The 2:1-optics focus the laser beam to a spot diameter of 400 μm (Rayleigh 
length: 3.5 mm). The shielding gas, called Mison8, was composed of 91.97% Ar, 8% 
CO2 and 0.03% NO. 
 
TABLE 1. Good quality weld parameters 
 
Property [unit] Value 
Laser power [kW] 8.0 
Welding speed [mm/s] 35.0 
Focal plane position [mm] -5.0 
Focal length [mm] 300 
Laser angle (arranged trailing) [º] -7 
Shielding gas and root gas type Mison8  
Shielding gas flow rate [l/min] 25 
Torch angle (arranged leading) [º] 52 
Arc voltage (pulse high) [V] 36 
Arc current (pulse high) [A] 440 
Pulse arc frequency [Hz] 210 
Arc pulse duration [ms] 2.5 
Wire feeding rate [m/min] 12 
Wire diameter [mm] 1.2 
Offset laser-wire [mm] 3 
 
High strength steel DOMEX 400 plates of 10 mm thickness and 200 mm length were 
used throughout this work. The square butt joint edges were laser-cut to ensure 
controlled conditions.  
 
Initially, a reference weld was produced, with nominal values wg=0 mm and ze=0 
mm. For the gap width test the plates were arranged with ze=0 mm, but the gap width 
wg was changed linearly from 0 mm at x=0 mm to 1.3mm at x=200 mm. For the 
vertical misalignment test the gap was arranged to be nominally zero whilst the value 
of ze varied from -0.19mm to +2.1mm over the 200mm length of the sample.  These 
ranges were purposefully chosen to be far beyond the previously estimated stability 
limits of the process in order to study the origin and evolution of any lack of stability 
and to establish the real quantitative limits for this process. The vertical stand-off of 
the material (z0) relative to the tool centre point and focus was also studied and 
published in a separate paper [17]. 
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For an improved understanding of the link between the welding process and the 
influence of the edge tolerances, all experiments were accompanied by high speed 
imaging with a Redlake HS-X3 camera at 3000 frames per second, filtered for the 
illumination laser wavelength (808 nm). The camera was inclined 45 degrees from the 
surface, viewed from the side. The processing zone was illuminated from the same 
side as the camera by a pulsed diode laser (Cavitar). The laser had a peak power of 500 
W during the 500 ns long pulses, operated at 3kHz. 
 
As well as a qualitative study of the melt flow phenomena, the high speed images were 
used to estimate the velocity of the MAG droplets just before they entered the weld 
pool. The flow of the melt is difficult to identify as the melt surface is smooth and thus 
has only very few radiating particles which can be tracked. A streak technique was 
applied using only the centreline of the images arranged as a function of time, 
allowing the visualisation of melt flow. Droplet trajectories of floating surface particles 
provided information about the surface motion. While high speed imaging provides 
mainly qualitative information at the surface, for additional quantitative information 
particularly in the volume of the melt, numerical simulation by computational fluid 
dynamics was carried out.[18] 
 
For measuring the sample top surface edge positions before and during the welding 
process, and the resulting weld surface topology afterwards, an optical laser scan 
ServoRobot Smart-20 was used. It had 20 mm depth-of-field, 10 mm field-of-view, an 
average depth resolution of 23 μm, 480 points/profile and a speed of 30 
profiles/second (1 profile/mm). 
 
 
III. RESULTS 
A. Reference weld 
The reference weld fit up involved optimum edges with ideally zero deviation of the 
gap width wg = 0, and edge mismatch ze = 0. We measured maximum deviations of 
wg = 0.2651mm and ze = 0.197 mm, which is sufficient for a high quality weld. The 
resulting weld surface has only small variations along its length. The top and root 
appearance of the reference weld is shown in Fig. 2. The weld has a width of 
approximately 5 mm, slight undercuts up to 0.5 mm deep at the sides and (due to zero 
gap but wire addition) a top peak of about 2 mm. 
 

 
FIG. 2. (Color online) Reference weld: (a) top and (b) root surface appearance 
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B. Increasing gap and increasing vertical mismatch measurements 
For the increasing gap and the increasing vertical mismatch samples, the linear 
variations aimed at (wg = 0 to 1.3 mm and ze=-0.19 to +2.1mm), and the actual (in 
process) measured dimensions are plotted in Fig. 3. The values changed during 
welding due to thermal stress-induced distortion. The on-line edge measurements 
demonstrated that the distortion remained within an acceptable range.  
 

 
FIG. 3. (Color online) Planned and measured alteration of the gap width wg and edge 
mismatch ze along the weld for all three welds. 
 
C. Weld topology 
Figure 4 shows the scanned three-dimensional surface topology of the welds. The 
reference weld is rather constant, with a distinct top reinforcement but also slight 
undercut, as can be well seen in the cross section profiles shown in Fig. 5.  

 
FIG. 4. (Color online) Top weld surface profile for the reference weld, the varied gap 
width (wg ) weld and the edge mismatch ( ze) weld (units: [mm]). 
 
For increasing gap the top reinforcement level is lowered and eventually sinks below 
the sample surface. For gaps wg > 0.6 mm, the process becomes unstable as the weld 
fails to penetrate.  
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For increasing vertical edge mismatch we shall nominate one plate (the right hand side 
one in this case) as ‘level’ or ‘lower’ and the other as ‘rising’ or ‘upper’. Figure 4 
demonstrates that the weld tends to slump down onto the lower, level plate as the 
degree of mismatch is increased. 
 

 
FIG. 5. Typical cross section profiles for the three welds (increasing vertical offset ze, 
increasing gap wg and reference) at positions 30 mm from each end and at the centre 
(solid line) in each case 
 
IV. ANALYSIS AND DISCUSSION 
The previous section showed the solid weld surface geometry depending on variation 
of the fit-up conditions. In the following section, the flow of the melt as analysed by 
high speed imaging will be discussed. The flow is responsible for the above mass 
redistribution, thus for the sensitivity of the resulting weld quality on the fit-up 
tolerances. 
 
A. Melt flow during the reference welding process 
For the reference weld, i.e. for optimum conditions, a typical image of the elongated 
weld pool and the melting electrode is shown in Fig. 6(a). The arc/electrode front 
region is magnified in Fig. 6(b). Figure 6(c) shows a sequence of weld region images 
taken during one electric arc pulse period. The basic redistribution of mass by the melt 
flow is illustrated in Fig. 7. 
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FIG. 6. (Color online) High speed images of the reference weld (with optimum fit up): 
(a) melt pool, (b) magnified front region, (c) sequence of images [250 μs-steps] during 
one arc pulse period [1.5 ms] 
 

 
FIG. 7. Sketch of the basic fluidmechanics experienced during laser hybrid welding 
(leading arc) of the reference weld (optimum edges, good quality). 
 
This paper is only concerned with the arc-leading position. This means that the pulsed 
arc pre-melts the material in front of a quasi-steady-state melt pool established by the 
cw-laser beam. An important observation is that this preceding melt pool is 
continuously flushed backwards, leaving an empty, shallow bowl-like region near the 
front of the weld zone. The regular drops (one per pulse) from the melting electrode 
then add mass to this shallow bowl. The main driving forces are the confined magnetic 
field of the arc and the gas jet drag force. However, the melt is accelerated and 
redirected around the laser-created keyhole [10,12].  
 
The melt is accelerated by the arc’s magnetic field and gas shear force [19] (directly 
and via acceleration of the transferring droplet) and by the keyhole boiling recoil 
pressure. From high speed imaging, typical trajectories were estimated, see Fig. 8(a) 
(streak evaluation from original 2D-camera images) from which the initial (highest) 
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melt flow velocity in the pool can be derived (23 trajectories were evaluated). The 
strong periodical vertical lines in the upper part originate from radiation from the 
pulsed electric arc. Moreover, the electrode drop speed was evaluated (537 drop 
events). Both velocity distribution statistics are shown in Fig. 8(b). The melt pool 
surface has an initial velocity which exceeds that of the flying droplets, indicating a 
strong direct force from the electric arc. At the trailing (solidifying) edge of the pool 
the velocity slows down to match the welding speed. 
 

 
FIG. 8. (Color online) Evaluation of high speed imaging: (a) velocity plot x(t) by 
streak image evaluation of the centreline y=0, (b) statistical distribution of the melt 
flow starting velocity and electrode drop velocity  
 
 In summary the melt pool is rather elongated in the direction of welding – with an 
overall length of between 20 and 30mm. The melt is initially created in front of the 
laser keyhole and flows around it at much higher velocities than the welding speed. 
The flow around the keyhole converges behind it and the surface tension of the melt 
suppresses the vertical component of the flow. The melt flow can achieve a vertical 
component from a strongly inclined processing front or from melt flow redirection e.g. 
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by an inclined solid boundary of the liquid pool or by an opposite flow. Rayleigh-
Taylor instability is another option to be considered. 
 
The possibility that the vertical component of the flow could lead to droplet emission 
(spatter) from the melt surface is governed by the Young-Laplace equation: 

2
2

2
mu

R
                                                   (1)         

 
where  is the surface tension, R is the central surface cross section radius at the point 
of possible droplet ejection from the melt,  is the specific mass density and um is the 
melt flow speed perpendicular to the surface of the melt. For example a perpendicular 
to the surface melt speed of 0.9 m/s requires a radius of less than 0.9 mm of the surface 
curvature to stop the melt flow creating ejected droplets.  
 
B. The effect of gap width on melt flow 
From the weld with a linearly increasing gap width, Fig. 9(a) shows a high speed 
image for zero gap (reference weld), compared to a moderate gap (wg = 0.65 mm) in 
Fig. 9(b) and a wide gap (wg = 1.09 mm) in Fig.9(c). The basic impact of the gap on 
the melt flow and the resolidification dynamics is illustrated in Fig. 10. The different 
cross section areas along the weld, with its linearly increasing gap width, are shown in 
Fig. 11. We can distinguish four regimes I-IV, see also Figs. 4 and 5.  
 

 
 
FIG. 9. High speed image of the weld pool for (a) wg = 0 (reference), (b) wg = 0.65 
mm, (c) wg = 1.09 mm 
 

 
 
FIG. 10. Illustration of the essential mass redistribution flow changes (thick arrows) 
when the gap widens 
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FIG. 11. (Color online) Cross section sub-areas (mass balance) along the weld for 
linearly widening gap 
 
In Regime I (wg = 0...0.6 mm), the overall height level of the melt is linearly reduced 
(from +6 mm to -2 mm), see Fig. 9(b), as the gap widens. As the root height remains 
constant, see Fig. 11, an increasing proportion of the added material is involved in 
filling the widening gap. The mass balance is: 
 
uw

vw
(

Dw
2

4
) w g h =At +Ar Au,l Au,r                                                                              (2)     

 
Where; wire speed uw, wire diameter Dw, top peak area At (cross section), root area Ar, 
melt height h, left and right undercut area Au) and vw is the welding speed. Fig. 11 
makes it clear that, once the fill gap area, FGA, can no longer be compensated for by 
the wire feeding area, WFA, the balance becomes negative – thus the melt and weld 
level falls below the surface plane (underfill). A less stable Regime II follows for 
wider gaps (wg = 0.6...0.8 mm) where lack of penetration affects top height reduction. 
Interestingly, see Fig. 9(b), the weld pool length is shortened significantly in this 
regime (17 mm instead of 22 mm). In a Regime III (wg = 0.8...0.9 mm) partial 
penetration means that no root sagging takes place so the top surface level rises again. 
In regime IV (wg > 0.9 mm) only a 4-4.5 mm thick bridge forms for wider gaps and 
this remains fairly constant – held in place by surface tension forces. The process 
switches to a new (drop and surface tension governed) mode where the laser drills a 
keyhole through and transmits part of its power through the weld zone. For further 
increases in width, the lower level of the melt remains constant but the upper level 
lowers gradually. 
 
It can be concluded that a gap is acceptable to the welding process provided the mass 
flow remains positive (Regime I – see also equation 2), in this case for wg < 0.6 mm. 
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C. The effects of vertical edge mismatch on melt flow 
In the case of one workpiece being tilted with respect to the other, high speed images 
and an illustration of the essential redistribution of flow are shown in Fig. 12. Full 
penetration was achieved throughout this test. 
 

 
FIG. 12. High speed image for (a) ze = 0 (reference), (b) ze = 0.96 mm, (c) ze 
=1.74 mm; (d) illustration of the essential changes (thick arrows) in mass 
redistribution flow for edge mismatch 
 
Basically, increasing edge mismatch has led to a clear trend, namely a lowering of the 
weld peak level and its lateral shift towards the lower, level plate. The undercut 
became even more pronounced on the raised plate but disappeared on the lower plate 
side, see Figs. 4,5. The process remained stable. Lifting one edge inclines the weld 
pool. In this inclined melt pool the same mechanism as for the reference weld 
continues, but with an asymmetric geometry. The effects of gravity are weak on such a 
small scale. The melt is strongly accelerated, causing the central peak, accompanied by 
undercut. However, the arc-induced bowl has become asymmetric and narrower on the 
lifted plate side. Also, the mass from the raised plate is flushed into the weld in a more 
pronounced manner than the lower plate. This leads to reduced undercut on the lower 
plate. Additional phenomena observed were a smaller arc, as it was attracted by the 
closest surface, i.e. the raised sheet, and drop flights that tended to alternate between 
the higher edge and the lower plate, rather than keeping to the centreline.  
 
We can conclude that edge mismatch does not violate the weld stability within the 
limits of these experimental conditions. 
 
The here presented study does not recommend process parameters to suppress welding 
defects, which were studied and published elsewhere,[20-24] but instead enables (for 
optimized parameters) to identify the acceptable limits of joint fit up conditions, which 
is a different type of measure against defects. 
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V. CONCLUSIONS 

(i) For a butt joint, geometrical uncertainties from industrial edge preparation and 
fixturing can be reduced to two properties; local gap width and edge mismatch. 

(ii) The influence of these edge uncertainties on a resulting laser-arc hybrid weld 
surface shape is determined by mass redistribution through the melt flow. 

(iii) For an optimum high quality weld (negligible edge variations) a basic complex 
flow mechanism has been identified.  

(iv) The melt pool geometry induced by the leading arc and the acceleration of the 
electrode drops incorporating into the melt pool are essential phenomena; they 
determine the central weld peak and undercuts as well as possible instabilities. 

(v) A wider gap linearly lowers the liquid and weld surface level, until penetration 
fails 

(vi) Vertical edge mismatch inclines the weld pool; it lowers the peak and laterally 
drifts it towards the lower plate; the upper plate undercut becomes more 
pronounced, the lower plate undercut vanishes. 

(vii) A relatively large stable process window was identified; it is explained by the 
fluid flow phenomena that take place and change only after exceeding critical 
tolerances of the fit up conditions. 
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Abstract 
The impact of the gap width on the resulting weld shape from laser-arc hybrid welding 
was studied for two arc modes, pulsed arc and cold metal transfer. The weld bead and 
root topology was scanned. Although high speed imaging shows very different drop 
transfer and weld pool formation for the two arc modes, for both the bridging 
behaviour shows the same trend. For wider gaps top reinforcement turns into underfill. 
Beyond a gap width of here 0.8 mm, excess weld metal forms again the top surface. 
This phenomenon is explained by a sudden drop from full to partial penetration. The 
weld metal forms a bridge at the top of the workpiece. Even wider gap repeats the 
trend of decreasing reinforcement, then for partial penetration. These different regimes 
are analysed and discussed for both modes, including hypotheses why the top bridge 
forms instead of flow of the melt into deeper regions. 
 
Keywords: laser arc hybrid welding; fit-up tolerances; melt flow; gap bridging; 
 
1. Introduction 
Gap bridging of welds through mass redistribution of the added filler wire and of the 
melted sheet edges is an essential mechanism of the process. The gap bridging directly 
determines important standardized quality criteria of the resulting weld bead and root 
shape like undercuts, excess weld metal (reinforcement), incomplete groove filling 
(underfill), incomplete penetration or sagging (root drop-through).  
 
Nowadays in industry, laser-arc hybrid welding, LAHW, is becoming a real alternative 
to traditional welding processes like gas metal arc welding, GMAW. LAHW combines 
the advantages but also the complexity of both techniques. The specific benefits of the 
combination of arc and laser are high speed and a deep weld due to the laser, as well as 
the bridging of joint gaps by the melting electrode wire. Despite its advantages, 
LAHW is sensitive to the geometrical edge tolerances, in particular the gap width. 
Although the gap width limits have been established for butt joints by Vollertsen and 
Grünenwald (2008) and Rethmeier et al. (2009) and T-joints by Y. Yao et al. (2006) 
and are typically 1-1.5 mm (for parallel sides), the understanding of the basic physics 
of laser-arc hybrid welding is still poor, particularly with respect to the joint edges. 
Since high wire feeding is often disadvantageous for the arc behaviour, an interesting 
option to decouple the amount of wire addition from the arc settings to be matched is 
to add beside the molten electrode a second wire, without arc as Wang et al. (2013) 
demonstrated. A survey on LAHW that also considers gap-bridging is given by Kah et 
al. (2011). Most studies deal with other phenomena than edge tolerances, e.g., weld 
shape, wire alloy distribution, pore formation, spatter, or humping.  
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As was described by Haferkamp et al. (2006), the technique chosen for the edge 
preparation of a weld is of high economic importance. Plasma cutting or autogenously 
flame cutting are cheap manual techniques that cause higher roughness or inclined 
edges and often distort the workpieces. Laser cutting and mechanical milling provide 
high quality edges and correspondingly less varying geometrical fit-up tolerances. In 
addition, the pieces to join can distort thermomechanically during welding, constrained 
by the fixturing. Despite their importance, the effects of geometrical edge fit-up 
conditions have been rarely measured or studied. Gaps have occasionally been 
introduced into computational fluid dynamics simulation of the melt flow in the weld 
pool to analyse the melt redistribution, e.g in Ribic et al. (2009) and Cho and Na 
(2009) works, but, as was analyzed by Zhou and Tsai (2008), the melt flow is very 
complex and the number of uncertainties remains high. Seam tracking based on 
triangulation with a laser line projection can be applied to adjust the beam/torch 
alignment and occasionally to compensate parameters like wire feeding for variations 
in gap width, etc. as was done by Shi et al. (2005). Vollertsen and Grünenwald (2008) 
have studied the importance of the consequences to surpass the gap width too. High 
speed imaging has enabled the study of drop transfer and the keyhole conditions for 
steel, according report of Hayashi et al. (2003) and Fellman and Salminen (2006), and 
aluminium, according Wang et al. (2008) and Kim et al. (2006). It has been established 
by Hayashi et al. (2003) that the recoil pressure from keyhole evaporation can drive 
the melt into the gap. Different situations have been classified by Kim et al. (2006) 
dependent on the presence of a gap, the torch arrangement and the corresponding drop 
flight and heat and mass transfer. Based on the Design of Experiments method, a meta-
model calculation of reinforcement, underfill and sagging as a function of the gap 
width, feeding rate and welding speed was partially explained by a mass balance in the 
work of Moradi et al. (2014). 
 
According report of Lamas et al. (2013) and Powell et al. (2011), it turned out to be 
valuable to study the stability of the LAHW process with respect to varying gap width 
(from surface scanning) and to qualitatively explain (from high speed imaging) the 
limits of such operating window. The scanner from seam tracking was applied to 
systematically scan the gap width before, during and after welding for butt joint 
LAHW with pulsed arc, which enabled to identify the impact of thermal distortion on 
the gap width. By the aid of high speed imaging of the welding process, the 
redistribution of the melted edges and of the added wire by the melt pool flow to the 
resulting weld shape could be widely explained for increasing gap width, edge 
mismatch by Lamas et al. (2013) and vertical tool position by Powell et al. (2011). For 
widening gap, the reinforcement of the weld bead gradually lost height and turned to 
deepening underfill, owing to lack of material. However, for a gap wider than 0.9 mm, 
weld bead reinforcement was again achieved. While up to this gap width full 
penetration took place, for wider gaps the process suddenly changed to a 4 mm thick 
melt bridge that gathered the excess weld metal at the top. For even wider gaps the 
trend of lower reinforcement and finally underfill was repeated, now solely for the 
bridge.  
 
This bridge effect was studied by Scotti et al. (2012) and Campana et al. (2007) for 
LAHW in pulsed arc mode, see Fig. 1(b) for a typical good weld, in which one drop 
per arc pulse is transferred towards the melt pool in a semi-controlled flight. Note that 



Lamas Paper III: Gap bridging for two modes of LAHW 51 
 
the standard mode as an arc option leads to less regular spray transfer of the melt. 
Another, even more controllable short arc mode technique has been developed lately 
that utilizes controlled wire feeding and surface tension drop transfer. This technique 
is called Cold Metal Transfer, CMT, is described by Pickin and Young (2006), see Fig. 
1(a). The wire is pulled back and forth instead of using a constant wire feed rate. The 
advantages of this process, at the cost of a reduced wire deposition rate, are: the drop 
transfer is smoothly delivered instead of flying into the pool and less electrical power 
is needed by the arc to melt the wire. In GMA welding, the CMT mode is preferred for 
thin sheets, where it often enables higher welding speed, less heat input and better 
overall weld quality (e.g. less spatter and undercut) compared to other arc modes. 
Recently, CMT has been used in LAHW for welding 2mm thick aluminium, single 
pass by Zhang et al. (2012), 1 mm steel, single pass and 15 mm steel, multi pass by 
Michalec et al. (2011) and Li et al. (2012). Recently, the CMT mode was successfully 
applied for LAHW of 7-18 mm by Frostevarg et al. (2014) and Karlsson and Kaplan 
(2012), provided the gap is sufficiently narrow (since the wire feed rate is more limited 
by the arc), which has led to a more stable weld and to the suppression of undercuts 
like is discussed in work of Frostevarg and Kaplan (2014). 
 

 
Fig. 1: Typical cross sections of hybrid welds for (a) CMT arc mode, (b) pulsed arc 
mode 
 
In the present paper, for LAHW of thick sections the CMT arc mode and the pulsed 
arc mode are compared. The gap bridging behaviour is studied depending on the mass 
redistribution by the different melt flow as the responsible mechanism. Of particular 
interest is whether the very different CMT arc mode shows similar gap bridging 
behaviour as the previously studied [16] pulsed mode, in particular whether the top 
bridge phenomenon for wide gaps also occurs for the CMT-mode.  
 
2. Methodological approach 
When carrying out the LAHW experiments, an optical scanner was used to measure 
the sample edge geometry before welding and the resulting bead topology after 
welding. In addition, the melt flow at the top surface was observed by high speed 
imaging. For systematic comparisons, the samples were clamped such as to linearly 
increase the gap width during a single weld run (for each of the two arc modes), which 
enables to observe the behaviour for a gradually widening gap wg (assuming to be 
sufficiently slow for quasi-steady state). The formation of the resulting weld bead 
topology can be partially explained by high speed imaging analysis. Histograms of 
major quality criteria of the resulting weld bead topologies support the analysis. 
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2.1 Welding set-up 
A high speed image of the LAHW process that also explains the setup is shown Fig. 2. 
The process parameters are listed in Table 1. Although slightly individual settings had 
to be chosen to optimize the two cases, the basic process conditions are similar and 
comparable, except applying the two different arc modes. The laser used was a 15 kW 
Yb:fibre laser;  manufacturer IPG Laser GmbH, type YLR-15000; fibre core diameter 
200 m, beam parameter product BPP 10.3 mm•mrad, wavelength 1070 nm. The laser 
was operated in the continuous wave (cw) mode, focused at the surface by 300 mm 
focal length optics to a spot size of 400 m diameter (Rayleigh length ±4.3 mm). To 
prevent back reflections that can damage the optical fibre, a slight tilting of the laser 
was applied. The GMA torch was applied in leading position. 
 

 
Fig. 2: High speed image of the hybrid welding process (leading arc) 
 
Table 1: Parameters for the LAHW experiments with the pulsed arc mode and CMT 
arc mode 
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The GMA welding equipment used for both modes (pulsed and CMT) was a Fronius 
MAG power source TPS4000 VMT Remote. The wire feeder is a combination of a 
continuous feeding unit VR7000 with a Robacta Drive unit (Fronius) that carries out 
the back and forth motion of the wire tip which enables the CMT-process. Most of the 
arc parameters could not be freely chosen or even extracted as they were preset by the 
system depending on the wire feed rates for a chosen synergy curve. From these 
presets, some adjustments are possible. The given current and voltage properties in 
Table 1 are the preset values for the synergy curves. A steel-based filler wire was 
applied, namely Lincoln SupraMIG Ultra (AWS A5.18). High strength steel DOMEX 
S420 MC and DOMEX 400 plates of 10 mm thickness, 200 mm length and 50 mm 
width each were used. The material composition of the steel plates and of the wire is 
listed in Table 2. The square butt joint edges were laser-cut to ensure controlled 
conditions. The mill scale was sandblasted off at both steel sides prior to cutting, 
providing improved wetting and the avoidance of oxide inclusions and of lack of 
fusion at the weld surface. The welds were carried out using an articulated robot 
(Motoman). The gap width was changed linearly from wg=0 mm at x=0 mm to wg=1.3 
mm at x=200 mm along the weld. 
 
Table 2: Chemical composition in wt.-% of the base metal (steel grades for CMT and 
for pulsed) and wire (balance: Fe) 

 
 
2.2 Analysis 
To quantitatively analyse the welding experiments, the top and root surfaces where 
scanned prior to and after welding. In addition, the top region of welding process was 
observed by high speed imaging, HSI, illuminating the hot, radiating process with a 
diode laser beam, while a narrow band filter extracts all disturbing process radiation. 
HSI enables to qualitatively study the redistribution of the melt that is responsible for 
the weld topology. Experimental details for the HSI and scanning can be found in 
[16,17,24-26]. The scanned data of the weld bead topology and of the root were 
evaluated for the following imperfections: weld bead reinforcement (excess weld 
metal), undercut, underfill (incomplete groove filling), lack of penetration (incomplete 
penetration), root reinforcement (sagging). Statistical analysis of the geometrical 
properties was carried out by using histograms, e.g. for the undercut depth, bearing in 
mind that the properties vary according to the gradually increasing gap width. Beside 
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histograms along the entire weld with its increasing gap, histograms were compared 
when dividing into three characteristic regimes of narrow (Regime I), moderate (II) 
and wide (III) gap along the weld. 
 
3. Results and discussion 
Figure 3 shows by LAHW cross sections that for widening gap the top reinforcement 
first pronounces undercuts and then gradually turns to underfill. For very wide gaps, 
two routes are possible. While the melt can flow into deeper regions in the middle of 
the material, for the two here studied cases of pulsed and CMT arc mode instead a top 
bridge has formed, along with lack of penetration. In the following, the experimental 
results of widening gaps for the two arc modes are presented, statistically analysed and 
discussed, in particular the unexpected effect of top bridging for wide gaps. The weld 
bead and root evolution that was measured by a scanner is related to the melt flow, 
observed by high speed imaging. 
 

 
Fig. 3: Cross section (corresponding weld imperfections marked) of hybrid welds for 
increasing gap width, bifurcating into two possible routes 
 
3.1 Weld topology 
Three Regimes I-III of narrow, moderate and wide gap are distinguished according to 
Fig. 5(c), as follows; I: wg 0-0.6 mm or x 0-90 mm; II: wg 0.6-0.8 mm or x 90-120 
mm; III: wg > 0.8 mm or x > 120 mm. For narrow gap, Regime I, the scanned weld 
bead and root shape displayed in Fig. 4(a) shows top and root reinforcement 
accompanied by slight undercuts, which decreases linearly for both arc modes when 
the gap width increases, see the scanned bead topology and its key properties in Fig. 5. 
As shown in Fig. 6, the root sagging has an equivalent trend and slope, see also Fig. 7 
for the normal view on the scanned root. For wider gap, top reinforcement turns into 
underfill while the root is smooth, see Regime II in Fig. 4(b). The linear decrease in 
Regimes I and II correlates well with a basic mass balance between air gap and wire 
addition. Regime III for a wide gap, see Fig. 4(c), shows that the top surface is lifted 
up again as a reinforcement on top, while suddenly (wg 0.9 mm or x 140 mm) partial 
penetration of about 4 mm takes place for the 10 mm thick workpiece (not acquired by 
the scanner for the CMT-weld, but visually inspected), forming a thick bridge at the 
top.  
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Fig. 4: Scanned top and root shape of the weld, for CMT vs. pulsed, in three regimes: 
I - moderate weld with reinforcement, II - underfill, III - bridge 
 

 
Fig. 5: Scanned topology of the weld bead for increasing gap width along x: 
(a) CMT-mode topology, (b) pulsed-mode topology, (c) reinforcement top height along 
the weld, (d) undercut depth along the weld 
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Fig. 6: Scanned topology of the root for increasing gap width along the weld x: 
(a) CMT-mode root topology, (b) pulsed mode root topology, (c) root height along the 
weld 
 

 
Fig. 7: Weld scanned root, for CMT vs. pulsed, grayscale values: (a) CMT root 
surface appearance, (b) pulsed root surface appearance 
 
3.2 Statistical topology analysis 
The mean value and standard deviation of the reinforcement height/underfill depth and 
of the undercut depth is listed in Table 3 for the two arc modes and for the three 
Regimes I-III. The corresponding histograms for top reinforcement height, undercut 
and root height are shown in Fig. 8. 
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Fig. 8: Histograms of weld properties: (a) weld bead top height CMT vs. pulsed, 
(b) top height CMT mode, three regimes, (c) top height pulsed mode, three regimes, 
(d) undercut height (left and right averaged) CMT vs. pulsed, (e) root height CMT vs. 
pulsed  
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Table 3: Comparison of reinforcement height and undercut depth (mean value and 
standard deviation) between CMT and pulsed mode, for the three regimes I-III 
 

 
 
 
3.3 Phenomenological discussion 
The high speed imaging sequences in Fig. 9 show that the CMT-mode generates a 
narrower arc and gouge than the pulsed mode. The transition from the narrow gouge to 
the similarly narrow laser-induced melt pool domain causes less undercut than for the 
pulsed mode, see Fig. 5(d). From high speed imaging it was also identified that the 
melt pool length decreases smoothly for wider gap in Regimes I and II. During the 
transition to Regime III the pool length increases dramatically which is associated with 
the drop of penetration for which also the top of the bead rises, to form the bridge. 
Finally, the melt pool length decreases smoothly again, as does the bridge height. 
Moreover, the different drop transfer and resulting surface melt flow can be well 
observed in high speed imaging, namely a more continuous and homogeneous melt 
flow for the CMT mode with its smooth drop tipping into the pool in contrast to a 
stronger arc force and drop impact on the melt for the pulsed mode with its detaching 
drop that also has a deeper landing height, as sketched in Fig. 10(a),(b). This 
difference might also cause the deeper root sagging for the pulsed mode. Despite the 
calmer melt flow for CMT, the histograms in Fig. 8(b),(c) show a more regular top 
height behaviour for the pulsed mode in Regimes II,III, see also Fig. 5(c). CMT keeps 
the undercut depth low, see Fig. 8(d) and Fig. 5(d). 
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Fig. 9: High speed image sequence (1 ms frame steps) (a) CMT mode, (b) pulsed mode 
(wire diameter 1.2 mm as scale) 
 
The top bridge effect that appears in both modes is mainly related to the gap width 
geometry, mass redistribution of the melt, laser interaction with the sheet edges and 
welding speed, as illustrated in Fig. 10. As indicated in Fig. 10(c),(d), for the moderate 
gap in Regime II the beam interaction with the side walls is big enough to melt the 
plate edges and to keep a common melt body with the melt surrounding the keyhole 
and the incorporating drops. In addition, the arc pushes the melt down and forms 
underfill but full penetration (however, reinforcement, if the gap is more narrow, 
Regime I). As is shown in Fig. 10(e),(f), in Regime III of a wide gap the distance 
between the walls is so wide that the laser beam hardly interacts with the side walls in 
the lower regions. In the upper part the interacting arc melts the edges even for wide 
gap. Due to lack of melting, poor wetting acts in the lower regions that cannot 
incorporate the drops. They therefore prefer to form a melt bridge at the top, even for 
the pulsed mode despite its stronger vertical force component on the melt. The amount 
of added material is meanwhile only a portion of the volume required to fill the wide 
gap. In addition, the high weld speed reduces the interaction time and increases the 
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energetic threshold to melt the material edges. For even wider gaps, the melt separates 
and fails at all to bridge the gap.  
 

 
Fig. 10: Sketch of the main mechanisms and trends: (a) side view of pulsed mode drop 
transfer vs. (b) CMT mode, (c) side view for narrow gap, causing underfill, (d) narrow 
gap cross section, (e) side view for wide gap, causing a bridge, (f) wide gap cross 
section 
 
Critical is the fact that the top bridge appears as an acceptable weld and additional 
measures like root inspection would be required to judge the weld quality (while the 
occasionally occurring bridge in the middle of the metal, see lower route in Fig. 3, 
would be identified by visual inspection from the top) Recommendations to ensure 
wetting and melt delivery to the deeper regions (provided sufficient wire feeding to fill 
the gap) are consequently a wider laser beam diameter at the bottom or a laterally 
oscillating laser beam.  
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4. Conclusions 
 

(i) Gap bridging of a butt joint in laser arc hybrid welding can for wide gaps 
bifurcate to deposition of the insufficient drop volume to the lower region or as 
a bridge to the top 

(ii) While the former is visually inspected as an obvious underfill, from the top the 
latter can appear like an acceptable weld 

(iii) The pulsed arc mode melts the upper sheet edges by generating a wide gouge 
and depositing an adhering drop with stronger impact on the melt   

(iv) Although the pulsed arc mode and the CMT-arc mode rely on very different 
processes and melt flow mechanisms, also the latter causes in its narrower 
gouge a very similar drop redistribution, and bridge formation  

(v) For wide gap, in both modes the laser does not hit the medium region of the 
edges any more for heating and melting them sufficiently, to promote deeper 
wetting and incorporation of the penetrating drop 

(vi) Histograms of the weld topologies enable deeper analysis of the statistical 
trends 
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