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Abstract

Milling and laser welding are manufacturing technologies often used in industry. While 
milling is widely established in all industrial sectors, laser welding as a technique with high 
potential but high investment costs has a much lower but strongly growing amount of 
applications  Both techniques are often essential for the productivity and product quality. 
Defects during fabrication of a part can implicate large costs for the manufacturer. However, 
the above processes are based on complex mechanisms, thus the avoidance of defects is often 
not obvious.

Different kinds of diagnostics methods can support both (i) in-process monitoring and control 
of defects during production and (ii) the characterisation and off-line the analysis of the 
process behaviour and the cause for a defect in order to detect and avoid it. During the here 
presented research both aspects were studied for milling and laser welding, respectively.  

It was demonstrated that manifold experimental but also theoretical diagnostics techniques 
can be applied to deeply study the nature of each of the two processes and their defects. 
Essential is that the information provided by the methods is often complementary to each 
other. One step further is industrial in-process monitoring of defects, which was again 
demonstrated to be possible by different types of sensors, but the information from the 
acquired signal is often indirect and requires interpretation. The monitoring systems are 
mainly based on setting an empirical signal tolerance band for detecting a defect.

Two platforms for diagnostics and for monitoring and control of defects were developed and 
partially applied, for milling and for laser welding, respectively. The platforms were studied 
and discussed in order to improve the knowledge on the processes and to explore the potential 
and limits of on-line monitoring and controlling the occurrence of defects.  

The milling process has been simulated with the crucial points laid on vibration and force 
sensors for the work piece and tool delivering information on the process state and on defect 
events. The vibrations were studied by accelerometers and by Laser Doppler Vibrometry as 
well as by FE-analysis. These sensors can be applied in a flexible manner, but the 
interpretation of the information requires deeper analysis. 

From the observation of laser welding by high speed imaging essential information on the 
process can be achieved, thus the method is proposed as integral part of a new theoretical 
description of laser welding by a bifurcation flow chart. The interpretation of on-line 
monitoring signals by photodiodes as the most common technique was studied by the aid of 
imaging along with modelling of the radiation towards the sensor.

By comparing the two manufacturing processes and their most suitable diagnostics methods 
with each other, conclusions can be drawn. Although a thermal process strongly differs in its 
nature from a mechanical one, and in turn the potential and limitations of defect diagnostics, 
both processes share several similarities – and have large potential for process improvement.  
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INTRODUCTION

1 Organisation of the Thesis 

The present Doctoral thesis is composed of an introduction and six publication manuscripts: 

Introduction
In the introduction the links (“red wire”) between the six publications are explained 
through their common as well as complimentary research aspects in terms of: 

o Organisation of the thesis [Section 1] 
o Motivation of the research [Section 2] 
o Methodological approach  [Section 3] 
o General conclusions of the thesis  [Section 10] 
o Future outlook  [Section 11] 

The three main subjects of the thesis (i.e. the two manufacturing techniques milling 
and laser welding, as well as process monitoring) are briefly described, including the 
state-of-the-art  [Section 4, 5, 6] 
The six papers and their research concepts and results are summarised  [Section 7,8,9] 
A discussion comparing the findings of the two different processes is given (Note: this 
is the only part of the introduction with substantial new knowledge not included in the 
six papers) [Section 9.3, 9.4]

Annex Part A: Diagnostics of machining
Paper I:  A sophisticated platform for characterization, monitoring and control of 

machining 

Paper II: Integrated tool for prediction of stability limits in machining 

Paper III:  Study of a sensor platform for monitoring machining of aluminium and steel 

Annex Part B: Diagnostics of laser welding
Paper IV:  State-of-the-art of monitoring and imaging of laser welding defects 
Paper V: The role of uncertainty in the theoretical description of laser welding

Paper VI: Correlation between photodiode monitoring and high speed imaging of the 
dynamics causing laser welding defects  

Summarizing, the sequence of the papers (thus of the thesis), see Fig. 1, reflects (first for 
milling, then for laser welding) a development where starting from a state-of-the-art-survey 
the research focus moves from the finding of suitable diagnostics methods to the process 
experimental set-up and onwards to modelling of the process and validation. It can also be 
regarded as a sequence from comprehensive concept development to selective implementation 
and testing, followed by highly selective verification, application and analysis. 
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Milling     
Laser welding     
System   
Process   
Product           
Diagnostics concept    
Off-line diagnostics 
In-process monitoring     
Numerical simulation       
Theory            

Figure 1: Differences in the thematic focus of the six papers composing the core of the thesis 
( : core subject, : partially involved) 

Beside the six papers appended in the thesis, the candidate has published the below list of 
additional publications related to the work. The research work was strongly cooperative with 
other colleagues and research groups, mainly at Luleå TU, thus part of the work was 
accomplished by the candidate, part by other researchers. A clear line can only to some extent 
be drawn. Mainly the respective first author created the largest substance of a paper. For the 
six papers of the thesis should be particularly highlighted that the milling diagnostics platform 
was developed together with K. Tatar and M. Rantatalo and originally with M. Bäckström, the 
milling product FEA was conducted by A. Svoboda, the high speed imaging was set up 
together with P. Gren and the theory and modelling was developed together with the 
supervisor A. Kaplan. The candidate was involved in all aspects of research published, at 
different levels of contribution. 

          Paper        Paper        Paper        Paper       Paper        Paper        Paper        
             I                 I                II               III             IV              V              VI        
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2 Motivation of the Research 

Industrial manufacturing techniques often have in common the capability for high 
productivity and high resulting product quality, provided no defects occur. Defects can affect 
the production and can generate unacceptable product quality. In particular, welding defects, 
often difficult to detect, can even lead to catastrophic product failure. Control over defects is 
desired, which can be achieved either by choosing robust process parameters/conditions or by 
detecting the defects. To reduce or avoid (often manual and thus expensive) post-inspection, 
on-line process monitoring (and control) is desired, but difficult to operate in a reliable 
manner.  

Without a high level of information and understanding about a process its controllability is 
difficult, as being limited to empirical findings. 

The main objective of the present thesis is to develop and demonstrate advanced diagnostics
by combining different experimental and theoretical methods. This approach aims at 
improving the knowledge on two different selected processes, on their generation and 
suppression of defects and on the monitoring of the defects by sensors. 

Two manufacturing techniques were selected for deeper investigation, namely milling and 
laser welding. Milling is a massively applied technique in industry, but its potential is not 
fully released. It is often operated with careful process parameters to avoid defects and tool 
failure. Automated in-process monitoring is rarely applied. Moreover, improved matching of 
the process to the product geometry is desired. Laser welding is a high potential/high risk 
technology as it enables high speed and high quality but requires high investment costs and is 
difficult to control. Despite a growing number of applications, its wide-ranging potential in 
production and product development is by far not released. Process monitoring systems are 
commercially available but hardly applied.

Milling and laser welding strongly differ from each other, being a removal versus a joining 
technique, moreover a mechanical versus a thermal process. One motivation of the thesis to 
study two different techniques was to compare (and to learn from each) other how the 
potential and limits for process diagnostics and monitoring methods depend on the nature of 
the process. 

For each of the two selected processes, the thesis aims (i) to survey the state of the art of 
diagnostics methods, particularly on-line monitoring sensors, (ii) to develop and partially 
implement a complex advanced diagnostics concept by combining different methods, (iii) to 
demonstrate and discuss the potential and limits of selected advanced diagnostics methods for 
selected application cases.  

From the findings an increasing use and development of diagnostics techniques for 
manufacturing is expected in order to improve the knowledge and in turn the control over the 
process quality and its monitoring. 
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3 Methodological Approach 

The fundamental approach of the present research study is to combine different diagnostics 
methods in a complementary manner (e.g. system characterisation, product FE-analysis, in-
process measurements, high speed imaging, process modelling, theoretical concepts, etc.). As 
the corresponding research hypothesis we expect to achieve enhanced knowledge on the 
process and in turn better controllability of the quality, e.g. by improved process monitoring. 

For each of the two manufacturing processes chosen, namely milling and laser welding, the 
basic method applied is as follows: 

(i) Identification of the practice and needs of industrial manufacturing, moreover mapping of 
which process monitoring systems are commercially available and what they offer 

(ii) Review of the state-of-the-art of research in process monitoring as well as in process 
diagnostics, including beside experiments also simulation 

(iii) Development of a comprehensive diagnostics concept where various kinds of established 
but also here developed sensors and methods can be combined in an advanced manner, for 
investigation of, both, the process mechanisms off-line and defect monitoring on-line; Note 
that this task was essential for creating new ideas on how different methods can cooperate 
with each other. Most of the later successful methods and results were determined at this stage 

(iv) Selection of several methods (to be combined) from the developed concept, based on a 
judgement on what is realistic to implement, how good the different methods can combine 
their information in a complementary manner and how high their potential and applicability is 

(v) Experimental, respectively theoretical preparation and development of the selected 
methods and of their interaction with each other (e.g. data exchange); selection of products
(materials, geometries, requirements) as demonstrator applications 

(vi) Combined application of the selected methods to the selected applications for studying
the potential and limits of the diagnostics/monitoring methods; evaluation, analysis and 
discussion, including a comparative discussion between the two manufacturing processes; 
conclusions on the potential of combined advanced diagnostics and future outlook 

It can be summarised that the essential objective of the thesis is to demonstrate and thus 
strengthen the hypothesis that a combined use of manifold, complementary diagnostics 
methods can significantly improve the knowledge on a process and its monitoring systems. 

It is worthwhile to mention that for milling the (vibration) diagnostics was not only applied to 
the process but also to the milling system (spindle) and to the product, as all together form 
one vibration system. For laser welding it is interesting to note that a commercially available 
(photodiode) monitoring system was studied, thus the research findings are immediately 
applicable in practice. The attempt made (both for milling and for laser welding) to combine 
simulation with experimental diagnostics, the former starting from evidence by the latter, is 
new and promising. 
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4 Milling 

4.1 Introduction to milling 
Many types of machining processes are used in industry. They all deal with material removal 
from a work piece. These processes can be divided into the following three main groups: 

Cutting, using a drilling tool, milling tool or lathe tool. 
Abrasive processes; the most known is grinding, besides honing, lapping and 
polishing.
Special processes, using different chemical compounds or electricity to remove 
material. 

In the thesis material removal through cutting with a milling tool in a metal is used when 
performing tests, further referred to as milling. 

To further describe milling, it is to cut away material from a work piece by feeding it past a 
rotating tool with one or several teeth. By using tools with several cutting edges (teeth), see 
Figure 2, the process of machining is fast. Milling is also the most versatile machining process 
as it creates flat, sloped or freeform surfaces or any of their combinations. The tool 
performing the work of removing the material from the work piece is attached to a machine 
called milling machine, see Figure 3. 

Figure 2: Cutting tool with two inserts 
(Courtesy of AB Sandvik Coromant) 

Figure 3: Milling machine 

Milling has a large number of machine type varieties, tools and ways of moving the work 
piece but they are all fundamentally reliant to the following process parameters: 

Cutting speed, the speed that the tool moves through the work piece 
Feed rate, how much the tool moves, relative to the work piece, during a full rotation 
of the tool 
Axial depth of cut, distance from the work piece surface to the tool tip, i.e. the 
thickness of the layer removed in one cut. 
Radial depth of cut, amount of tool diameter that is engaged, i.e. width of one track of 
removed material 

These parameters can be set to certain values depending on the type of material that is being 
machined, tool type and which type of machine is used. 
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Machine types
Several types of machines are used today where the “knee” type, see Figure 4, is the simplest. 
It is good for prototyping and when producing simple pieces as it usually is operated fully 
manual. But there are also partly and fully computer numerically controlled (CNC) machines. 
This is accomplished by using a reading device on each of the three axes that gives 
information of the work piece positions to a computer, communicating with the drives via 
software. This reading device can be placed either on the guides for the saddle, table and knee 
(linear encoder), or on the motors driving the saddle, table and knee (angular encoder). 

Figure 4. “Knee” type milling machine (Courtesy of Bridgeport)  

The knee holds the rotating spindle that has the cutting tool clamped. The knee can be tilted to 
facilitate the milling of angular objects. The saddle moves up/down and in/out, while the table 
moves sideward. The work piece is clamped on top of the table through bolts or other types of 
clamps. Another type of milling machine is the “bed” type that has a table that only can move 
sideward, while the other movements are done by the spindle. If really big parts are to be 
machined the portal machine, see Figure 5, has no competition as the table is the floor of the 
machine shop, which therefore has no loading capacity problems. 

Figure 5. Portal milling machine (Courtesy of Zimmermann) 

However, the most common type for CNC machines is the fixed bed vertical milling machine, 
see Figure 3. This is a type where only the spindle can change elevation but it can in some 

Saddle

Cutting
tool

Spindle

Knee

Workpiece
Table
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cases rotate in either the X-, Y- or Z-axis depending on the number of degrees of freedom it 
has. Other special machines are the hexapod and other multi axis, multi spindle machines as 
described by Tlusty et al [2, 3] 

Milling methods
Milling offers several techniques of producing a part depending on the geometry wanted, as 
shown in Figure 6(a)-(d). 

Each of these methods can be performed with a variety of different tools, as shown in Figure 
6. The choice of the tool depends on the combination of the material and geometry of the 
work piece and the machine itself.  

Figure 6(a) Face milling Figure 6(b) Shoulder milling 

Figure 6(c) Profile milling Figure 6(d) Slot milling 
(Courtesy of AB Sandvik Coromant) 

It is also possible to control the chip forming process and the manner of engagement of the 
tool on the work piece material. This is achieved by choosing to rotate the tool either opposite 
to or along the feed direction of the table, as illustrated in Figure 7. 
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Figure 7 (a) Up-milling  [4] Figure 7 (b) Down-milling [4] 

If the tool rotates against the table feeding direction it is called up- or conventional-milling, 
the opposite is called down- or climb-milling. As the milling machines have become more 
rigid, industry tends to change towards down-milling because of a number of factors: The tool 
life can increase with up to 50% because the chips fall out behind the cutting tool. The cutting 
motion gives a force that is pointed downwards into the table instead of trying to lift the work 
piece, permitting simpler fixtures.  

It is also possible to use a higher rake angle (sharper cutting edge) thus decreasing the power 
consumption. A more explanatory model is shown in Figure 8. Dc is the diameter of the tool, 
ae is the working engagement or radial depth of cut, fz is the feed per tooth, hex is the 
maximum chip thickness, Kr is the major cutting edge angle and hm the average chip 
thickness.

Figure 8: Variables describing the machining process (Courtesy of AB Sandvik Coromant) 

These variables together with known data as the cutting speed Vc, cutting depth or axial depth 
of cut ap and the number of teeth zn is used to calculate the spindle rpm n or the table feed Vf.
These are the main variables used to program a milling machine. To calculate those values the 
following formulas are used [5]: 

Vf = fz × n ×zn     (1) 

n = (Vc × 1000)/(  ×Dc)     (2) 

Kr = 90º 

hex

fz

ae

Dc
hm
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It is also possible to calculate the average force Fc or the net power Pc required to machine the 
part in question. This is done by using tabulated values of a variable called specific cutting 
force coefficient kc. It depends on the work piece material, tool insert geometry and chip 
thickness. kc is around 2000 N/mm2 for a medium carbon steel and 800 N/mm2 for aluminium. 
fn is the feed per revolution 

Pc=(Fc*Vc)/60000     (3) 

Fc=kc*Ad      (4) 

Ad=fn*ap*sin Kr     (5) 

These formulas can then be used to verify measurements done with sensors, although they are 
only giving an approximate value.  

4.2 State-of-the-art of the milling process 

The machining process consists of several steps to manufacture a part from a work piece. The 
process starts with the modelling of the part that is desired. For this a PC or workstation is 
used together with an appropriate Computer Aided Design (CAD) software. The research 
within this area is mainly concentrated around the collaboration between the design 
department and the construction department, i.e. the design department loose-fit models and 
the construction department use models with 1/1000 mm accuracy to correctly define the 
model. Also the problem of correctly and without manual interaction transfer the model to the 
Computer Aided Manufacturing (CAM) system is a serious problem. These questions have 
been addressed by several researchers [6,7]. To program the milling machine, CAM software 
[8] is used to create from the 3D solid model a code that the machine understands. In addition 
much research and engineering aims at developing the software to create a code that lets the 
machine operate at its limit, or just below. There is also software that optimises the NC code 
before sending it to the machine. These programs use settings like constant chip thickness to 
let the machine work as smooth as possible or they can transform the program so that it 
maximises the feed rate [9,10,11]. More and more of the machines in industry today are of 
5-axis type, several of them even use all axes simultaneously. This puts much higher demands 
on the CAM software as the programming of a three axis machine can in many parts be done 
with really simple programming methods and in some cases even by hand. 5-axis 
programming on the other hand is difficult depending on that the tool can both tilt and lean, 
giving very complex relations between the rotational axes and the linear axes, which often is 
solved by coordinate transformation. Research in these areas was carried out since the mid 
seventies [12] but still problems remain due to the complexity of the movement, as shown by 
Kikkawa et al [13] who estimated the machining error with simple geometric properties, 
neglecting the dynamics of the process. The development of the machines from being 
standalone, either manually programmed or with a punched cards to being integrated into the 
network using standard PCs to control them, has also started research [14] in making the 
machine control system (MCS) as open as possible to facilitate the adaptation of the machine 
to different hardware and software. When the program is loaded into the machine the cutting 
tool can start to mill away material. 

The cutting tool is the part of the machining system that generates the surface on the work 
piece. It is a difficult task to model and design a tool that can cut chips efficiently, creating a 
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correct surface roughness, being able to handle material properties variation, and still having 
enough life-time to be economical. 

A cutting tool can be designed in many ways, as shown in Figure 6. The tool geometry 
determines how the cutting forces are directed during cutting. It also controls the chip-flow. 
Researchers try to design the tool to guide the chip flow for preventing its disturbing 
interaction with the process, moreover for conducting the heat away from the cutting zone. By 
designing the tool in certain ways it is possible to keep the forces at a minimum towards the 
weakest section of the work piece. This can also be partially achieved by using the right 
cutting strategy when planning the program for the machine tool [15, 16]. To be able to 
design a tool, advanced FEM programs are used to model the chip-tool contact [17]. Much 
research is also done to effectively cool the cutting zone. One method is the use of minimum 
quantities of liquid (MQL) [18, 19]. This machining technique sprays a small amount of 
cooling liquid directly into the cutting zone and therefore eliminates the need of flood cooling. 
Another way of cooling is using a high pressure jet that forces liquid into the zone, as shown 
by Vosough et al. [20, 21]. This method mainly focuses at turning operations because of the 
highly interrupted cutting during milling that makes it harder to maintain a constant flow of 
liquid into the cutting zone. 

The advances in machine tool stability and the ability of the cutting tool have significantly 
extended the possibilities for milling. Nowadays milling can be used as a complete finishing 
operation in contrast to what earlier was done in several stages.

For example, when manufacturing a part that should be hardened for the car industry for 
stamping of side panels, the usual stages are to machine the part almost finished, then harden 
it and then machine or grind it again. Now it is possible to harden the part and then mill it 
completely finished in one setup. 
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5 Laser Welding 

5.1 Introduction to laser welding 

Laser welding [22] is a manufacturing technique with the typical attributes of high 
performance, high quality and narrow welds but requiring high investment costs and being 
difficult to control. Although the main focus in the laser part of the thesis is on welding there 
are many manufacturing methods possible when using a laser beam as an (optical) energy 
source, as shown in Fig. 9.

Figure 9: Systematic tree of different manufacturing methods possible with a laser as energy 
source, including different kinds of laser welding 

The main applications areas of the laser is engraving/marking (micro-processing) and cutting 
if one look at the number of annual units installed in industry [23], as in figure 10(a), however 
if the focus is on high power lasers (macro-processing) the weight shifts over to cutting and 
welding. Especially welding is emerging as an application to count with within several 
segments in the industry where they now use resistance spot welding, friction welding or 
MIG/MAG-arc welding. In particular, the choice of welding technique often has a strong 
impact on the possibilities and limits of the production chain and the product development. 
Laser welding can be highly valuable as an enabler technology e.g. for eliminating 
manufacturing steps or for enabling the use of advanced materials or advanced joint 
geometries. Thus the value of using laser welding is often not only connected to its 
performance/speed. However, a main drawback is the high investment costs for high power 
lasers. Another disadvantage is that the process is often difficult to control, which is the main 
objective of this thesis. 
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Figure 10. (a) Number of laser units sold, divided into their different laser applications [23], 
(b) sales of different laser types year 2006-2008 [23], (c) different types of lasers 

For each of the different laser methods one might have to use different types of lasers, shown 
in Figure 10(c). The unit sales figures for the three most important high power lasers are 
shown in Fig. 10(b). As eventually the focused laser beam is the tool, these lasers differ 
beside practical and economical aspects in their wavelength, beam quality and maximum 
power. For laser welding it is also possible to use different laser types depending on the type 
of weld and what type of material used. This is because of the fact that the materials have 
different absorbtivity to different wavelengths. This makes it possible to in some cases use 
less power to weld the same material with a different laser type. Moreover, the beam quality 
and in turn the focused “tool” determines how deep and narrow can be welded and whether 
the threshold power density for evaporation and thus keyhole welding is exceeded. 

Essential for laser welding is the laser beam as the “tool”. The idea of a frequency stabile, 
directed and intensive electromagnetic wave source, figure 11(a), of radiation originated from 
the theory about stimulated emission by Einstein.[24] In his paper he says that an incident 
photon (of suitable wavelength, energy) can release an excited atom to return to a lower state 
of energy by emitting one more photon (light) identical in wavelength, direction, phase and 
polarisation, figure 11(b). This theory is what laser relies on (plus the addition of an optical 
resonator), as an avalanche of identical photons can be created, a directed beam of a single 
colour that can be used as the “tool” transporting energy and information. But it took the 
scientists until 1960 when Theodore Maiman built the first working laser in his lab at Hughes 
Aircraft Company. 
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(a)
(b)

Figure 11. (a) Electromagnetic wave, (b) lamp vs. laser light 

A laser beam is a beam of light with some very special characteristics. First of all it is 
monochromatic, that means that it has only one colour. The beam is also coherent giving it a 
very strong phase correlation, and it is also parallel. These unique characteristics in contrast to 
all light created and experienced in nature (and e.g. lamps) are illustrated in figure 11(b). 
These features of a laser beam make it possible to focus it to a very narrow beam that will 
have high enough energy/power density to melt and evaporate metals. 

The main types of high power lasers that are the “work horses” in industry are the solid state 
Nd:YAG and CO2 gas lasers and recently emerging the fibre laser, see Fig. 10(b) for the 
tabulated the number of units sold 2006 and 2007 and projected sales for 2008.

Gas lasers use for excitation leading to stimulated emission (in the CO2-gas) a method of 
electrical discharge in a gas mixture, see figure 12(a), whereas solid state lasers illuminate a 
crystal with (diode laser or lamp) light, figure 12(b), exciting Nd:ions that release the laser 
light. These two types of laser have its limitations in the power. The Nd:YAG has a maximum 
power of about 4 kW (commercially; in the lab up to 12 kW) before heat in the optics cannot 
be cooled away anymore. The CO2 laser is commercially available up to about 20kW (in 
principle higher power is possible, e.g. up to 45 kW was in industrial use). Due to its larger 
wavelength (10.6 μm) the CO2-laser is limited by the fact that it cannot be delivered through a 
fibre as with the Nd:YAG (1.064 μm), thus the CO2-laser beam needs mirrors for beam 
guiding, which is a disadvantage e.g. for robotic applications. 

Beside these traditional lasers the diode (semiconductor) laser (that already led to a revolution 
in telecommunication in the 90’s), became available at high power for a decade. Despite its 
large potential and the rapidly growing improvements, its beam quality and thus focusing is 
still not satisfactory for welding and cutting. However, this dramatic development of the diode 
laser (including relatively low costs and very high overall efficiency, thus less cooling) has 
due to its capability to pump (excite) other lasers, see figure 12 (b),(c), has recently led to the 
development of new laser types that rocked the market.  

For welding (and cutting) of metals the laser type that is emerging strongly since the year 
2002 is the fiber laser, as seen in figure 12(c).[23] Also the disc laser with a different principle 
but similarly strong beam features should be mentioned. The fibre laser is new in the sense 
that it doesn’t use mirrors in the cavity as with other types of laser, it uses a Bragg grating that 
gives different refraction indexes to part of the fiber, making it like a mirror for certain 
wavelengths. The fiber is pumped with laser diodes at both ends of the fiber, one of the fibers 
are coupled to the output fiber. 
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1. Laser beam              2. Tangential blower 
3. Gas flow direction  4. Heat exchanger 
5. Rear mirror with real time power monitor 
6. Folding mirror         7. HF-electrodes 
8. Output mirror          9. Output window  

(a)

1. Nd:YAG rod 2. Laser beam 
3. Output coupler mirror 4. Diode arrays 
5. Collimating optic  
6. High-refelective mirror 
7. Cooling   
8. Electrical power supply 

(b)

(c)
Figure 12: Schematics of the three most important high power laser types: (a) CO2-laser (here: 
transverse flow), (b) Nd:YAG-laser (here: diode pumped), (c) fiber laser (here: single mode) 

This setup can then be scaled up to several tenths of kilowatts to achieve a laser beam with 
high output efficiency, high beam quality and high focus ability. These three properties make 
this laser highly desirable to use as a high speed, thick sheet welding laser. However, it also 
has its disadvantages. It has problems with focus shifts in the focusing optics due to the high 
power outputs and it is highly sensitive to dust particles in the fiber-optic coupling and other 
optics components. But by having control over these factors the fiber laser is a strong 
competitor on the high power laser market.  

Returning back to the laser welding process itself, different types of laser welding can be 
distinguished. Disregarding laser brazing and laser soldering as different joining methods, 
most important is to divide into (i) conduction mode laser welding, where the laser beam is 
absorbed at the work piece surface, through its heat forming a semi-circular weld cross 
section and (ii) keyhole (or deep penetration) laser welding where the power density of the 
laser beam is sufficiently high (typically 106 W/cm2) to cause evaporation, thus forming a 
vapour capillary that enables the beam to penetrate into deeper regions where the beam power 
is equally distributed, forming a narrow, deep weld. The latter technique is a typical 
advantage compared to most welding methods that cannot reach such high power density 
(except the electron beam). Another division that can be made is into continuous wave (cw), 
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pulsed wave (pw) and single pulse laser welding (each of them again possible in the 
conduction or keyhole mode). Laser welding is a complex process due to its interaction 
between a lot of complex physical mechanisms. For single pulse welding these mechanisms 
are indicated in figure 13 (a), sequentially starting from conduction mode welding and as an 
option if the power density is high enough initiating keyhole welding.

(a)               (b) 
Figure 13: Physical mechanisms of laser welding: (a) sequence in time of pw laser welding; 
here conduction welding with keyhole formation (broken line domain) as an option, (b) quasi 
steady-state keyhole mode cw laser welding 

In contrast, cw keyhole laser welding as the most common application is illustrated in figure 
13(b) with the keyhole and melt pool and the physical mechanisms involved. Essential is that 
the laser beam continuously evaporates a small amount of material over the depth that 
maintains a pressure to keep the keyhole open. The melt recombines behind the keyhole and 
then resoldifies to form the weld in a continuous manner. During the resolidification most 
welding defects are created. 

16 Introduction Peter Norman



Another variant that became recently important is laser hybrid welding where a laser beam is 
combined with an electric arc (usually MIG or MAG), making use of both the advantages of 
the high precision and penetration depth with a laser and of the wire addition (bridging gaps) 
and cheap additional heat input from the arc technique. While figure 14(a) shows joint types 
(weld with sheet cross sections) that are typical for (autonomous) laser welding, the variations 
can be increased and gaps can be bridged to a certain extent for hybrid welding, see the joint 
examples in figure 14(b). 

(a)                           (b) 
Figure 14: Typical joint types (a) for laser welding, (b) for hybrid laser-MAG welding, 
tolerating gaps due to filler wire (sheet thickness 6-8 mm, except the lower right joint: 2 mm) 

5.2 State-of-the-art of the laser welding process

A comprehensive survey on the state-of-the-art of several important aspects of laser welding 
can be found in Paper IV [25] of the thesis, while here only a few important trends and 
findings will be highlighted.

Two examples for typical applications of laser welding are shown in Fig. 15. Laser welding of 
pacemakers, figure 15(a), requires high precision, quality and reliability. Tailored blank laser 
welding, as for a car door in figure 15(b), enables to combine sheets and thus materials of 
different thickness or strength in a single product, individually tailored to the load and 
properties locally needed, thus e.g. reducing the weight of the door. 
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(a)          (b) 
Figure 15: Examples of applications of laser welding: (a) laser welding of a pacemaker 
(source: HAAS-Laser GmbH), (d) tailored blank laser welded car door, detail (source: 
Trumpf GmbH) 

While in most companies laser welding is a high tech niche technology for certain 
applications, particularly Germany as the distinct world leader in research, in manufacturing 
of laser sources and in applications of laser processing has examples where laser welding is 
massively applied, e.g. about 500 Nd:YAG lasers for car production of the VW Golf, welding 
up to 75% of the body in white by lasers, or Meyer shipyard, welding up to 50% of the 
passenger ships by hybrid laser welding. Beside the economical aspects as a hinder, the 
quality of the weld, including proper (often zero gap) joint preparation is still a hinder for 
implementations in industry, while the advantages in quality and performance often are 
obvious without doubts. Therefore the present thesis is motivated in order to control the weld 
quality in a better way. 

The weld quality depends on the process that, according to its complexity, ref. figure 13, is 
difficult to understand and in turn to control. Empirically achieved results where simply 
trends of the resulting weld quality are correlated to parameter changes are often difficult to 
interpret and to generalise to other applications. Moreover, the full identification of all 
parameters (for reproducible experiments) is often difficult and unsatisfactory, e.g. the 
identification of the joint gap tolerances, the shielding gas arrangement or the exact 
characteristics of the focused laser beam.  

Mathematical modelling [26-30] and numerical simulation of the process is a powerful 
supporting tool for improved understanding that often succeeded in studying a certain sub 
mechanism (e.g. heat conduction, distortion, pore formation). However, the process is too 
complex to be simulated as a whole. These days at least the computing power became 
sufficient to make significant breakthroughs in simulating the complex melt pool flow in a 
self-consistent manner [31,32], which enables to study several essential flow phenomena. 
However, beside complete simulation a complete identification of all boundary conditions and 
material properties is required, including complex boundary interaction phenomena like the 
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beam absorption or the interaction between the metal vapour or the shielding gas with the 
melt surface. The limited information on these conditions makes the powerful simulations 
limited, too.   

Experimentally, high speed imaging [33] is an important tool to obtain additional information 
on the process at least in a qualitative manner. However, imaging is difficult, as the 
phenomena are fast, the interaction zone is little and the bright process emissions disturb the 
observation. By illumination with a laser the process light can be filtered off to obtain images 
of the weld pool motion. By X-ray transmission imaging Osaka University [34] succeeded 
also to get information on the keyhole shape and volumetric melt pool motion. A survey and 
examples of results are given in Paper IV. High speed imaging is also part of the present 
research study, see Papers V and VI. 

Moreover, despite many results on different laser welding cases studied, achieved and 
(partially) published, a systematic handling of these results is missing that could lead to a 
combined clearer picture of the whole process behaviour. Therefore a method has been 
developed in the present study to progress in combined theoretical explanations from different 
results achieved, see Paper V. 

It should be mentioned that the improved understanding of certain sub-mechanisms has 
enabled promising innovative techniques of laser welding, e.g. hybrid welding, the role of He 
for suppressing plasma shielding, the twin-spot focus, or the calming of the weld by a certain 
nozzle (blowing at the keyhole rear side), oscillation of the beam, etc. 

It can be concluded that despite many discoveries in laser welding, the process is still far from 
understood. As the controllability of the process by suppressing defects suffers from this lack 
of knowledge, there is a strong need for additional theoretical and experimental work, in 
particular towards a more generalised rather than case-study based manner. The laser welding 
part of the present thesis aims to contribute by the development of advanced methods towards 
this goal. 

6 Process Diagnostics and Monitoring 

6.1 Introduction to process diagnostics and monitoring 

Terminology
The thesis presents studies on process monitoring and analysis of milling and of laser 
welding, resulting from sophisticated sensor and analysis platforms that have been developed. 
Due to the importance of the differences, the corresponding key terminology applied in the 
thesis will be briefly explained: 

Machining system: The machining equipment and tool with which the machining of 
material is carried out 
Machining process: The complex physical mechanism between the tool and the 
material/work piece where machining takes place through removal of material 
(according to removal rate and surface quality it can be distinguished between 
roughing and finishing) 
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Machined product: The product with its geometry and properties resulting from 
machining of material (note: the product geometry and in turn the machining 
mechanism changes during the process until the final geometry is achieved) 
Sensors: Devices converting physical properties (e.g. force, acceleration, temperature 
but also combined properties) into electrical signals, as a function of time 
Monitoring, measurement and analysis platform: A sophisticated system where 
cooperation between different methods and elements takes place (e.g. cooperation 
between the machining systems and sensors leading to process control, or the 
cooperation between an experimental measurement method and a theoretical 
simulation method) 
Process parameters: All variable system values that determine the process (e.g. feed 
rate, spindle speed, cutting tool geometry, depth of cut)  
Process and product properties: The variables and features characterising the process 
or product, respectively (e.g. vibration main frequency; or surface roughness)  
On-line: Monitoring or measurement simultaneously during the machining process 
Process diagnostics: Any advanced method providing information on the process (like 
sensors, evaluation or post-processing of sensor signals, image analysis, analysis of 
the processed result, modelling and simulation, theoretical description, etc.) 
Process monitoring: On-line acquisition of data through sensors, leading to 
correlations between a detected signal and some process or resulting product property 
(e.g. the surface quality, or announcement of a tool failure) and in turn leading to on-
line information during the manufacturing process (in production) 
Process control: Closed loop control of the machining process for regulating some 
property (e.g. good surface quality, or avoidance of tool failure), usually by 
monitoring a property, followed by control of a certain processing parameter 
Process window/robust process: Range of process parameters in which the process 
can fade/vary but still remains acceptable quality or avoids failure; a robust process 
corresponds to a large process window
Measurement: Quantitative identification of a certain property through a sensor and 
the evaluation of its signal (e.g. LDV [Laser Doppler Velocimetry] for measuring the 
spindle oscillations) 
Simulation: Numerical calculation of a process or product behaviour (e.g. FEA [Finite 
Element Analysis] of the stress formation or of the temperature during the cutting 
process, or of the vibration behaviour of the machined product) 
Modelling: Analytical or semi-numerical calculation of a process or product/system 
behaviour by a mathematical model (e.g. modelling of the dynamic spindle transfer 
function, or modelling of the removal process)  
Analysis: Study and derived conclusions of a certain phenomena based on the 
information provided by experimental or theoretical methods (e.g. signal analysis, or 
cooperative analysis of FEA and LDV of a machined product) 
Theory: Postulation (and perhaps, but not necessarily verification) of a possible 
explanation of a certain mechanism or context (e.g. of the context between a sensor 
signal and the process, product and system), e.g. in an illustrative manner 

General method
The application of sensors can be twofold, either for measurement or for process monitoring 
of a property. Note that process monitoring can be based on the quantitative measurement of a 
property, but does not necessarily need to do so. While measurement has the aim of 
quantitatively identifying a certain property, process monitoring is often based on defining a 
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threshold or an operating range determining whether some condition is acceptable or not. The 
present research study has two particular aims of process monitoring, namely monitoring of 
the resulting product quality (particularly the surface roughness and appearance) and 
monitoring of the announcement of (expensive) tool failure/defects in order to avoid it. 

For process monitoring it is often sufficient to apply simple, cheap but fast sensors (like 
accelerometers or photodiodes) for acquiring some kind of signal being in context with the 
characteristic process behaviour. Although desirable, the physical context between the signal 
and the process does not necessarily need to be known or understood. The signal can even be 
composed of several mechanisms leading to a time series value difficult to explain physically 
– and impossible to reduce to the original physical values behind. This corresponds to an 
increase in entropy of information, i.e. to losing information, as sensor detection often has an 
integrative mechanism, detecting only the mixed interaction between different process and 
system elements, nevertheless ending up in a single signal value as a function of time – thus 
losing information. 

However, for successful process monitoring a reliable correlation between a signal 
characteristics and some process or product property is sufficient, even if achieved in an 
empirical manner. [35] 

As a subsequent step process monitoring is an essential base for realising a closed loop 
control. [36] Monitoring provides on-line (i.e. with a certain sampling rate) the information on 
the status of the process or product property that can be followed by a certain control strategy 
for readjusting some process parameters in order to keep the property within the tolerance 
window.

The goal of in-line process monitoring is (automated) on-line detection of production defects 
to reduce or ideally eliminate expensive (labour-intensive) post process testing and analysis 
(like mechanical, visual, ultrasound testing, etc.). 

In particular, by process monitoring we attempt to develop more complex approaches for 
achieving a more comprehensive description of a process compared to a single sensor. Such 
diagnostics concept can involve the combination of different sensors and measurement 
methods, signal analysis or simulation. The development of sophisticated, advanced 
diagnostic concepts providing more comprehensive information is a particular goal of the 
present study [37, 38]. 

Table 1 lists sensors typically applied for thermal and mechanical processes, respectively. The 
measurement of vibrations is typical for mechanical techniques, while the detection of 
electromagnetic emissions is highly suitable for thermal processes. Nevertheless, of course the 
same sensors can sometimes be used, as e.g. is the case for acoustic emissions. 
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Table 1.  Typical sensor types for thermal and mechanical processes. 

Example: monitoring of laser cutting
An example is a process monitoring system developed for laser cutting [39, 40] illustrated in 
Figure 16(a),(b). The photodiode signal has lead to a high signal value when burning defects 
appeared at the cut surface, while the signal value was low for good cut quality. Defining a 
threshold value, good correlation between the signal detection alert and the temporary 
occurrence of burning damage at the cut surface was achieved; see Figure 16(c). 

Figure 16: Example of (a) a process monitoring system for laser cutting and (b) its sensor and 
(c) its detection of temporary burning damage at the cut surface through correlation with high 

signal value 
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In practice a main difficulty restraining the implementation of both process monitoring and 
control in production is lack of generalization. Any successful feasibility study merely 
guarantees applicability for the process window studied, but the system can fail for other 
parameters. Verification of process monitoring or control in a wide range of parameters is a 
huge testing process. Optionally a profound process theory and model can permit 
generalization, which however again often is a very challenging task. 

In addition, suitable signal analysis has led to good qualitative and even quantitative 
correlation between the derived signal value and the cut surface roughness over a range of 
parameters. 

For the above example of laser cutting the detection of burning damage has led to a control 
strategy for reducing the cutting speed when burning damage appears in order to avoid it. This 
closed loop control was successfully tested in an industrial environment (visualised by 
installing a “traffic light” for the quality), leading to a minimization of burning damage but 
still to the highest possible cutting speed, thus keeping the optimum balance between 
productivity and quality. However, daily use has not yet been achieved yet due to the lack of 
generalization towards verifying a large range of parameters, materials and sheet thicknesses. 

6.2 State-of-the-art of diagnostics of milling
Although the above illustrative example concerns monitoring and control of the quite 
different process of laser cutting, much of the basic method is valid and similar for machining. 
An essential difference is the type of sensors used. As being a thermal process, laser materials 
processing usually applies optical (thermal radiation) or thermal sensors. In contrast 
machining is a mechanical process, thus accelerometers and force sensors are more suitable as 
the vibrations of the work piece and system contain information on the process state.  

Although the identification of empirical correlations can already be sufficient for successful 
process monitoring and even control, improved understanding of the physics and dynamics of 
the combination system-process-product is desirable in order to develop methods in a more 
controlled, systematic manner. Note that not only the machining process itself but the 
combined interaction system-process-product is essential for the process behaviour and for its 
monitoring, being a complex task. Therefore a comprehensive sensor and analysis platform 
concept has been developed and partially implemented, leading to profound process 
understanding at a broad level.

Machining or milling is a mechanical process where the rotating tool periodically shears off 
chips. Typical defects of the surface quality after machining,[38] to be suppressed or 
minimized in a controlled manner, are shown in Table 2. 
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Table 2. Typical defects during milling [38]. 

During machining the mechanical force of the rotating tool acts in a periodical manner on the 
work piece, creating chips and shearing them off. Due to the rigid coupling the forces act 
through the whole system (i.e. spindle-tool-interaction zone-chip-work piece) resulting in 
complex vibrations. The forces themselves and the vibrations are suitable for measurement at 
various locations. Also, imaging of the chip formation and identification of local heating is 
possible. Several researchers have looked into this matter of finding different sensors for 
specific processes [41-45], a survey on the most common sensors is given in Table 3 [44]. In 
particular, accelerometers and force sensors are highly suitable. Common in industrial 
systems is the measurement of the electrical current in the motor, as this is easily accessible 
and is related to the force acting on the rotating tool. A camera enables the qualitative 
observation of the chip removal mechanism. However, it is difficult to keep the optics 
pollution-free in the rugged machining environment. 

Although the identification of empirical correlations can be sufficient for successful process 
monitoring and even control, improved understanding of the physics and dynamics of the 
combination system-process-product is desirable in order to develop methods in a more 
controlled, systematic manner. Therefore a comprehensive sensor and analysis platform 
concept has been developed and partially implemented by the authors, leading to profound 
understanding at a broad level. [38].
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Table 3. The most common sensors and applications 
 (properties) to be measured/detected for milling [44] 

6.3 State-of-the-art of diagnostics of laser welding 
In contrast to milling as a mechanical technique, for laser welding as a thermal technique 
thermal emissions from the process are a promising source of information that can be 
detected. Paper IV of the thesis,[25] gives a more comprehensive survey on the state-of-the-
art of diagnostics of laser welding, while it will only be briefly discussed here.

Several diagnostics techniques [35, 46-49] can be applied to laser welding, as shown in 
Table 1 and surveyed in [25, 50-51]. The detection or suppression of laser welding defects is 
essential for successful welding in various kinds of applications. Most welding defects have to 
be avoided for mechanical reasons, as they cause fracture and thus (often catastrophic) failure 
of the product in service, i.e. under load conditions. A range of different welding defects [25, 
52] can be distinguished, see Table 4.
Their physical origin is often only partially understood. According to the survey presented 
here, high speed imaging and mathematical modelling are powerful diagnostic methods for 
improved understanding. Nevertheless, because of the complexity of the process, despite 
significant research efforts only part of the underlying mechanisms has been revealed so far.
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Table 4. Typical laser welding defects and possible theoretical explanations 

In-process monitoring of optical or acoustic [51, 53] emission information enables access to 
data on the process dynamics which can indicate with the generation of welding defects. 
Cameras [51] provide images of the top weld pool and keyhole geometry, while photodiode 
sensors [54] and pyrometers [55] provide more abstract, but industrially more robust 
monitoring signals. Today mainly empirical correlations between sensor signals and defects 
have led to industrial applications, while there is still a strong need for better understanding of 
the process-signal correlation and better systematic monitoring. Merely indicative 
explanations can be given, as when associating a near infra red signal, see Table 1, with the 
temperature of the melt surface due to its thermal emissions and associating a short 
wavelength band-passed signal with metal vapour or plasma, e.g. for detecting plasma 
shielding.[56]
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7 Summary of the Papers 

In this section the abstract and conclusions of the six papers of the thesis are presented, while 
the following two Sections 8 and 9 provide a glimpse of the methods, results and discussions.  

Paper I
Title: A sophisticated platform for characterization, monitoring and control of machining 
Abstract:
The potential for improving the performance of machine tools is considerable. However, for 
this to be achieved without tool failure or product damage, the process must be sufficiently 
well understood to enable real-time monitoring and control to be applied. A unique 
sophisticated measurement platform has been developed and applied to two different 
machining centres, particularly for high-speed machining up to 24 000 rpm. Characterization 
and on-line monitoring of the dynamic behaviour of the machining processes has been carried 
out using both contact-based methods (accelerometer, force sensor) and non-contact methods 
(laser Doppler vibrometry and magnetic shaker) and numerical simulation (finite element 
based modal analysis). The platform was applied both pre-process and on-line for studying an 
aluminium test piece based on a thin-walled aerospace component. Stability lobe diagrams for 
this specific machine/component combination were generated allowing selection of optimal 
process parameters giving stable cutting and metal removal rates some 8–10 times higher than 
those possible in unstable machining. Based on dynamic characterization and monitoring, a 
concept for an adaptive control with constraints based machine tool controller has been 
developed. The developed platform can be applied in manifold machining situations. It offers 
a reliable way of achieving significant process improvement. 
Conclusions:

A sophisticated platform for machining has been developed in a unique manner for 
pre-process system characterization, along with real-time monitoring and closed-loop 
control (e.g. for controlling the vibrations and forces). 
The system developed was implemented in a five-axis high-speed machining centre 
(being critical for tool failure), complemented by a three-axis test-bed machining 
centre.
An aerospace component was used as a test piece. This complex aluminium wing 
structure had thin walls which are known to cause damage during machining. The 
machining was carried out in four discrete steps. 
Pre-process characterization of the dynamics of the spindle and work piece was 
carried out using laser Doppler vibrometry (LDV), a magnetic shaker and traditional 
‘taptest’ techniques, verified by FEA-based modal analysis. The FEA results were in 
good agreement with the LDV measurements. 
For simulating the cutting force experienced by the tool/spindle, a magnetic shaker 
and load spindle were used. 
Data from the modal analysis were used to calculate the stability lobes for the 
machining process, enabling maximum cutting depth to be used. This was 8–10 times 
deeper than possible at less stable parts of the stability lobe diagram. 
On-line measurement of the cutting force and vibration behaviour was demonstrated. 
Commercial and in-house developed force platforms and ordinary accelerometers 
were used. Retro-fitting these on an existing machine tool were not found to be a 
problem.  
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Based on the system dynamics and sensor platform, a concept for an ACC controller 
was developed. 
The platform developed turns out to be applicable, offering new opportunities for 
understanding, characterizing, monitoring and controlling the machining process. 

Paper II 
Title: Integrated tool for prediction of stability limits in machining 
Abstract:
High-speed machining of thin-walled structures is widely used in the aeronautical industry. 
Higher spindle speed and machining feed rate, combined with a greater depth of cut, increases 
the removal rate and with it, productivity. The combination of higher spindle speed and depth 
of cut makes instabilities (chatter) a far more significant concern. Chatter causes reduced 
surface quality and accelerated tool wear. Since chatter is so prevalent, traditional cutting 
parameters and processes are frequently rendered ineffective and inaccurate. For the machine 
tool to reach its full utility, the chatter vibrations must be identified and avoided. In order to 
avoid chatter and implement optimum cutting parameters, the machine tool including all 
components and the work piece must be dynamically mapped to identify vibration 
characteristics.
The aim of the presented work is to develop a model for the prediction of stability limits as a 
function of process parameters. Commercial software packages used for integration into the 
model prove to accomplish demands for functionality and performance. In order to validate 
the model, the stability limits predicted by the use of numerical simulation are compared with 
the results based on the experimental work. 
Conclusions:
Chatter is a dynamic phenomenon that can appear in a machining at any spindle speed. Stable 
machining cannot be achieved without investigating the influence of chatter on the cutting 
process. A standard way to obtain reliable prediction of a stable machining process is the 
application of the methodology based on the experimental modal analysis. This approach 
requires in the case of thin-walled structures an extensive trial and error experimental work.  
In this work we present an integrated tool for prediction stability boundaries. A digital model 
for the milling process based on integration of CAD – CAM – FEM is developed. 
Commercial software packages used for integration into the model prove to accomplish 
demands for functionality and performance. Not only do the suggested approach give safer 
machining it also carries promises of an overall higher productivity. 
To avoid the usual mismatch between the frequency response of the spindle and the frequency 
behaviour at the cutting point (contact between cutter and work piece) which contributes to 
uncertainties in the machine modelling, we use dedicated experimental procedures which are 
based on LDV measurements. 
The non-contact nature of the LDV makes accurate and fast measurements possible with an 
easy setup without any mass loads. This is of crucial importance when measuring on thin-wall 
structures with low rigidity. It is shown to be very useful to validate and improve the dynamic 
FEM models, especially regarding boundary conditions. 
The LDV is also able to make measurements on the rotating spindle, spindle housing, tool, 
tool holder, work piece, clamps and machine table in one setup and give an overall picture of 
the machining.  

The performed milling tests showed good agreement with the predicted stability lobes (at 
9500 rpm). When machining just within the stable region predicted using the FE analysis 
resulted in the best surface finish.   
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Paper III 
Title: Study of a sensor platform for monitoring machining of aluminium and steel 
Abstract:
Being able to measure and monitor the forces applied and the resulting vibrations is important 
to be able to understand and control the process of milling, which is a highly interrupted 
process based on many variables. The present work concerns analysis of signals gathered 
during shoulder milling of toughened steel 2541-3 and aluminium alloy 7010. The signals 
acquired are force in three dimensions and accelerometer in the horizontal two dimensions. 
Moreover, a Laser Doppler Vibrometer is applied. The correlations of the analysed signals of 
the different sensors with the surface roughness were studied. While the signal stability and 
correlation was unsatisfactory for several sensors, the three sensors measuring along the 
feeding direction were most suitable to monitor the increase of the machined surface 
roughness with increasing feed rate. 
Conclusions
Six sensors, namely the three force components, the two horizontal accelerometer components 
at the spindle and a corresponding LDV were studied. The sensors were proven for 
monitoring the machined roughness of steel and aluminium at three different feed rates. 

The inhomogeneous impact of the second cutting insert can be seen at the surface 
topography and sometimes in the signals. 
The roughness monotonically increases with the feed rate for each material. 
The monitoring strategy is based on qualitatively following this trend by a signal. 
Post-processing the signals to an integrated mean value was suitable for signal 
analysis. 
A stable region of sufficiently constant signal was to be identified, limited to a defined 
deviation of ±5% and ±10%, respectively, from which a mean signal value results. 
Stating a criterion that signals with less than 25% of the measurement period provide a 
suitable constant signal, the Fz-sensor signal clearly needed to be eliminated, while 
the Fx- and Fy-force signals only succeeded for a ±10% - deviation band width, not 
for ±5%. 
The main criterion that the signal needs to monotonically increase for increasing feed 
rate (separately for each material) led to further eliminations. 
The Fz-force sensor and the ax accelerometer sensor did not follow the roughness 
trend for both materials and deviation band widths and are therefore not suitable. 
The Fx- and Fy-force sensors did not follow the roughness trend for steel, but did so 
for aluminium, thus they still could be applied with restrictions. 
From the original hypothesis four of the six promising sensor signals had to be 
eliminated in terms of mean value (low pass filter) strategy. 
Only the ay-sensor signal and the corresponding LDV signal succeeded with all 
criteria and proved the only promising cases among all six sensors tested (in terms of 
low pass filter). 
However, the above study is based on necessary criteria, while a generalizing study of 
the two remaining sensor signals will be required for a sufficient conclusion. 
Moreover, although the sensors provide absolute values with an indirect physical 
meaning, the study restricts itself to relative values and qualitative trends. 
Further empirical studies as well as a theoretical understanding of the context product 
quality-process signal are desired. 
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As only sensor/signal-analysis cases were eliminated, still for all six sensors further 
signal analysis strategies can be selected and studied. 

Paper IV 
Title: State-of-the-art of monitoring and imaging of laser welding defects 
Abstract:
Several weld defects like lack of fusion, blow-out holes, pores, cracks or undercuts can occur 
during laser welding. They can be crucial for product failure. Due to its complexity the laser 
welding process and the origin of its defects are only partially understood. Both experimental 
observation and numerical simulation is difficult. Beside generally accepted knowledge on 
welding defects, to a limited extent high speed imaging, particularly by X-ray transmission, 
and mathematical modelling have generated some understanding. However, experimental 
observation suffers from the small size of the process zone, from its high dynamics and from 
the hot environment, while the physical process is to complex for complete simulations. 

Besides avoiding welding defects through process understanding, detection is of 
importance in industrial production. It can be distinguished between pre-, in- and post-process 
inspection, and between on- and off-line. Off-line post inspection is often expensive. Today 
in-process monitoring is provided by photodiodes or cameras, but owing to the lack of 
understanding it is limited to empirical correlations between the appearance of a defect and 
signal changes. 

The present review provides a survey on laser welding defects, on their experimental 
observation, on their theoretical treatment by modelling or simulation and on their detection 
by process monitoring. Despite large research efforts the understanding and detection of laser 
welding defects is still very limited and unsatisfactory, hindering industrial implementations.  
Further research will be needed to fully control this critical welding process and in turn to 
guarantee reliable production and safe product function. 
Conclusions:
The detection or suppression of laser welding defects is essential for successful welding 
applications. A series of different welding defects can be distinguished. Their physical origin 
is often only partially understood. According to the here presented survey, high speed imaging 
and mathematical modelling are powerful methods for improved understanding. Nevertheless, 
according to the complexity of the process, only part of the underlying mechanisms could be 
revealed until know. Also mathematical modelling of the resulting fracture mechanisms has 
been conducted.
In-process monitoring of light or acoustic emissions by different sensors enables access to 
information on the process dynamics in context with the generation of welding defects. 
Cameras provide images of the top weld pool and keyhole geometry, while photodiode 
sensors and pyrometers provide more abstract, as information-integrated, but industrially 
more powerful monitoring. Today mainly empirical correlations between sensor signals and 
defects led to suitable industrial applications, while there is still a strong need for better 
understanding of the context process-signal and in turn for more systematic monitoring.  

Paper V 
Title: The role of uncertainty in the theoretical description of laser welding  
Abstract:
A new method, the Bifurcation Flow Chart (BFC) of generalising results by a standardised 
map into an overall theoretical description of defect generation in laser welding is under 
development. It is demonstrated that different levels of uncertainty need to be considered 

30 Introduction Peter Norman



when producing a BFC including; (i) chaotic phenomena, e.g. unpredictable melt flow events; 
(ii) concealed or ignored mechanisms, and (iii) phenomena which are difficult to measure or 
quantify. The point is made that, in complex interactions such as laser welding, an incomplete 
theory is acceptable provided all the essential uncertainties, which might be resolved in future 
studies, are included. The method has the potential to be applied to different processes. 
Conclusions:
It can be concluded: 

The BFC technique is a promising method for the development of a generalised 
theoretical description of laser welding and other processes. 

The consideration of different kinds of uncertainties is essential when considering 
complex processes. 

Process imaging provides evidence on uncertainties while modelling enables us to 
quantify and analyse high sensitivities 

The BFC technique enables us to generalise diverse cases that have common chart 
elements (e.g. crater defect). 

Paper VI 
Title: Correlation between photodiode monitoring and high speed imaging of the dynamics 
causing laser welding defects 
Abstract:
Today merely a few monitoring systems for in-process detection of laser welding defects are 
commercially available. Despite a trend towards cameras, industrially more robust is still a 
photodiode, measuring in an optically filtered spectral window either the thermal emissions 
from the melt and vapour or the laser beam reflections. The monitoring rule for each 
application is identified empirically through correlations between the signal dynamics and 
welding defects, as the linking mechanism is non-trivial and therefore hardly understood. 
Thus the method does not provide a systematic guideline to detect a certain welding defect. 
The here presented approach studies the context between the photodiode signal, the welding 
defects and the vapour, melt pool, keyhole and temperature dynamics. Simultaneous laser-
illuminated high speed imaging is compared to photodiode monitoring at three spectral 
windows in order to identify through simultaneous timing any linking dynamics in a 
qualitative manner. Supportive methods are emission modelling and qualitative CMOS-
camera imaging of the temperature field. Several cases of joints, materials and defects were 
studied to develop an illustrated theoretical description of the defect-signal correlations. 
Conclusions:
Analysis of the signal of photodiode based monitoring of laser welding can be highly valuable 
for judging the potential and limits of monitoring applications. 
The method developed turns out to be powerful, i.e. accompanying high speed imaging and its 
quantitative evaluation as the boundary conditions for an emission model that aims to predict 
the monitoring signal. Both, the images and the model enable deep analysis, as was 
demonstrated for a steady state case at different speeds and a time-dependent humping case 
For the cases studied it can be concluded: 

The signal is mainly governed by the liquid pool emissions, thus in turn by the 
temperature field and the pool size 
Oxidation of the weld pool surface can significantly change the emissivity and thus the 
signal
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For the steady state case, imaging along with modelling could clearly explain why the 
dominating signal trend can be broken, as here for a suddenly longer weld pool 
If part of the melt pool is outside the detectable domain, this can strongly affect the 
signal; thus the detection area is important  
For the oscillating humping case, imaging gave clear evidence on interdependencies 
between certain mechanisms, but the model at this stage could not give an explanation 

8 Developed Concept and Method 

Separately for each of the two processes a complex diagnostics sensor concept based on the 
combination of different sensor instruments/tools has been developed and partially realised 
and studied in order improve the understanding of the generation and monitoring of defects. 
As each diagnostics concept has its limitations according to its nature, a comparison between 
the different processes and concepts was of interest and is presented here. In the following 
sections the two diagnostics sensor concepts are described as well as the approach for a basic 
comparison. By presenting selected results, the potential and limitations of each concept and 
sub-method can be discussed, eventually enabling general conclusions on the nature of the 
processes and their suitable diagnostics possibilities. 

8.1 Selection of a diagnostics sensor concept for milling 
As a first step we developed a comprehensive diagnostics concept [37,38,57,58] containing 
the whole chain from CAD-drawing of the part geometry to the finished part, as shown in 
Figure 16. Secondly we demonstrated the part of this concept that directly monitors the 
milling process.  

Figure 17. Comprehensive diagnostics concept for milling applications. 
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The comprehensive diagnostics concept is described as follows [38]: manufacturing typically 
starts with a CAD model of the intended geometry (3), which is used by the Computer Aided 
Manufacturing (CAM) software (6) along with information about the chosen cutting tools and 
nominal machining parameters to create tool paths for each stage of manufacturing.  A typical 
component can have many discrete machining steps. The tool paths for all steps are then 
output and transferred to the computer numerically controlled (CNC) machine (8) where it is 
run to create the machined part.  

In order to optimise the machining process, and enable pre-process characterisation, an 
alternative methodology is proposed. [58]  The stock geometry (1), i.e. the unmachined CAD 
part is imported to the Modal/Response analysis module (4) of the CAD-software.  The output 
from this is used by MatLab (5) to calculate the Frequency Response Function (FRF) which is 
then used in the commercially available software CutPro (7) to obtain a stability lobe diagram 
which indicates stable parameter regions (spindle speed, feed rate, etc.)) within the possible 
process window. 

The data from these three software modules is then used to determine a process window 
within which the controlled machining parameters (i.e. force and vibration) must be held to 
achieve a stable process.  The next step is to develop tool paths with process parameters 
satisfying the current process window.  Each stage of machining will have its own optimal 
process parameters.  The number of iterations used is dependant on part geometry and the 
overall machining strategy. 

If more than one machining stage is used, the next step would be to ‘virtually’ mill away 
material from the stock part (1) and to make a new analysis based on the stock material 
geometry, after the first (or subsequent) machining pass (2). When these iterations are 
finished, the NC-program will have well optimized process parameters and tool paths. 

The NC-program will then be run in a machine (8) with retrofitted sensors (9) to enable real-
time monitoring of milling forces, vibration and feed rate.  In the system developed, this data 
is collected using an external PC and a decision making ACC-algorithm (10).  From this data, 
and the process window (11) obtained during pre-processing, the ACC-algorithms will make 
decisions as to how the feed rate must be adjusted to keep milling forces and vibrations within 
the preset limits. If pre-processing is done with a high degree of accuracy, the in-process 
changes will be kept to a minimum. 

8.2 Selection of a diagnostics sensor concept for laser welding 
For laser welding it was decided to study photodiode based process monitoring in detail. 
Highly promising commercial systems are available and but they have been developed on 
purely empirical grounds. There is thus a demand for improved understanding. We propose to 
combine different sensors (photodiodes, cameras) and their signal data as a first step to 
accurately study surface geometry and motion (defect cause) as the origins of resulting signal 
changes.
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              (a)                                   (b)                    (c)              (d) 
Figure 18. (a) Three observation instruments, (b) monitoring photodiode (emissions to be 
simulated by raytracing), (c) high speed imaging (qualitative), (d) triangulation-based profile 
measurement (quantitative). 

Figure 18 illustrates the combination of different methods to be applied as a highly innovative 
but challenging approach to understand the context between the defect mechanisms and the 
monitored signals. When a transient mechanism (e.g. keyhole collapse, Figure 18(a)-(d)) 
causes a defect (e.g. a pore), the monitoring system records a signal, Figure. 18(b), through 
thermal surface emissions. The surface will be qualitatively observed through high-speed 
imaging, Figure 18(c) and quantitatively by a series of triangulation sensors, Figure 18(d). 
From the measured dynamic relief, simulation (ray tracing) [49] of the emissions, Figure 
18(b), shall predict the photodiode signal, to explain the context. 

Measurement of the moving surface is a challenging new approach, as the intense process 
radiations from the hot zone make measurement access difficult. Different profile 
measurement methods will be studied and additional instruments for gathering further 
information will be studied, like thermal imaging and reconstruction of the 3D-resolidification 
interface by reconstruction from the metallurgical resolidification pattern. 

8.3 Approach for comparison between different diagnostics sensor concepts 
The two different diagnostics methods will be compared in order to identify how the nature 
and characteristics of a certain process limits the choice of sensors, the acquisition of process 
information and in turn diagnostics and monitoring of the specific process. 

We preferred to develop and apply a comparative approach based on comparing different 
aspects in a logical sequence, i.e. comparing (i) the manufacturing techniques, (ii) their 
physical process mechanisms, (iii) the quality criteria (to be controlled) of the resulting 
product, (iv) generated properties/phenomena suitable for detection, (v) corresponding 
applicable sensors, (vi) resulting direct and post-processed signals, (vii) suitable mathematical 
methods, (viii) sophisticated diagnostics concepts, (ix) the monitoring potential, (x) the 
potential for identifying a theoretical description. 

Thus for the two processes under investigation, advanced combined diagnostic concepts will 
be developed, respectively, part of it will be demonstrated for a product/process case study 
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and eventually the achieved results will be compared and discussed with respect to the above 
aspects, leading to conclusions about the different potential and limits and to generalisations. 
Mutual inspirations for improved diagnostics and monitoring are expected to result. 

The chosen experimental set-up for each of the two processes and their diagnostics is 
illustrated and described below. 

8.4 Experimental set-up for milling 
The milling experiments [37,38], Figure 19(a),(b) were carried out in a five axis High Speed 
Machining (HSM) centre (Liechti Turbomill ST1200, 24 000 rpm). The system has digital 
servos with optical couplings. The power of the spindle is 30 kW, providing a constant torque 
of 61 Nm up to 6000 rpm. Figure 19 shows the spindle (1), cutting tool (2), work piece (3), 
force platform (4) and accelerometers (5) 

(a) (b)
Figure 19. Experimental set-up of the process diagnostics for milling: (a) schematic, (b) in the 
lab.

The milling was performed in aluminium and steel: aluminium AA 7010 (Al Zn6MgCu), 
toughened steel SS2541-03 (34CrNiMo6). The experiment was setup so that neither of the X-, 
Y- or Z- axis moved during milling, only the rotational A-axis of the table, to ensure that the 
stability and vibration properties of the machine stay as constant as possible. The surface 
profile (roughness) of the machined test pieces was evaluated using a roughness gauge, 
optical microscopy and optical interferometric profilometry (Vecco) in 1D and 2D.  

The surface roughness is the essential property to be observed, moreover, system vibrations. 
The in-process sensors applied are three force sensors, two accelerometers and an LDV-
instrument (Laser Doppler Vibrometry) also for vibration measurement. Moreover, FEA for 
structural vibration analysis (LS-DYNA) and spectral machining analysis software (CutPro) 
was applied. 

To log the data from the milling experiments a Brüel&Kjaer PULSE-system have been used. 
A Kistler 9257 3-axes force platform was mounted on the table and the work piece were 
clamped to it. The force platforms have a measuring range of +/-5kN and the resolution of the 
measuring card is 24 Bit with a maximum sampling rate of 25kHz. Two Brüel&Kjaer 4507 
accelerometers measuring vibrations between 0,3-6000Hz, were placed on the lower spindle 
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bearing on the surface of the housing. For LDV-measurement, a laser with an OFV 056 2MHz 
scanning head with a PSV 300 software from Polytec GmbH was pointed on the tool and also 
on the spindle bearing a Y-accelerometer. For high speed imaging the same system as 
described below for laser welding was applied. 

8.5 Experimental set-up for laser welding 
The laser welding experiments, see Figure 20, were carried out with a Nd:YAG laser 
(wavelength 1064 nm), guided by a 600 μm fibre, and focused with a focal length of 200 mm 
to a focal spot size of 600 m. The maximum continuous wave (cw) power of the beam is 
3 kW. Figure 20 shows the schematic and laboratory setup consisting of: work piece (1), 
focusing optics (2), illumination (3), high speed camera (4) and photodiode sensors (5). 

(a)
(b)

Figure 20. Experimental set-up of the process diagnostics for laser welding: (a) schematic, (b) 
in the lab 

A variety of cases was studied, in particular overlap welding of 1 mm on 4 mm stainless steel, 
fillet joint welding of Zn-coated mild steel, overlap welding of 0.6 mm Ti-alloy sheets or fillet 
welding of thin Zr-alloys. Variations mainly concerned the speed and gap tolerances. In the 
following only selected results will be shown while the comprehensive results will be 
published separately. 

For the diagnostics a commercial system from Precitec was used with three photodiodes 
equipped with three different optical bandpass filters, for short wavelengths <600 nm 
(bounded by UV, ca. 300 nm), to measure vapour/plasma emissions, for the laser wavelength 
at 1064nm to see the back reflections, and for the IR, 1100nm to 1800nm, representing the 
thermal melt pool emissions. We have used a Redlake HS-X3 high speed camera to be able to 
observe the process. The camera is used together with a pulsed diode laser illumination from 
Cavitar, 500 W peak power, single pulse duration 10 ns … 10 μs, duty cycle 1‰ max 10 s 
or 0,3 ‰ continuous, wavelength 810 nm with filter for the camera optics. This 
imaging/illumination system is able to produce movies were the framing rate is 2000fps at full 
resolution of 1280x1024 pixels, or higher speed at corresponding lower resolution, with a 
shutter time if 1 s. On the camera, a macro optics is mounted. In our case a Micro Nikon 105 
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mm optics creates an image size of 18 mm across the sensor of the camera. The camera is 
tilted approx. 45 degrees from the laser beam axis (geometrically limited by the dimensions of 
the camera mountings and the laser processing head) to be able to see the melt pool from 
above as shown in Figure 5. The photodiode signal acquisition, the illumination laser and the 
high speed camera system are synchronised and triggered by the power signal from the 
Nd:YAG laser. 

9 Selected Results and Discussion 

In the following, selected results of the demonstrator cases conducted for milling and laser 
welding, respectively, and the corresponding on-line and off-line diagnostics results are 
presented.

9.1 Milling 
A comprehensive description of the milling results can be found in [37]. Below, the most 
characteristic results are presented. Steel was milled at two different speeds. The resulting 
surface profiles and roughness values as well as one corresponding force and one 
accelerometer monitoring signal are shown in Figure 22. 

Figure 21. Milling at two different speeds: (a),(b) high speed image 
of the cutting insert creating the chip, and (c),(d) resulting chip. 

Figure 21 shows high speed images of the insert cutting the chip and the resulting chips for 
milling of steel at two different speeds. This is to show that the high speed imaging technique 
is applicable also to the milling process. 
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Figure 22. Milling of steel at two different speeds: resulting surface profiles and roughness 
values from three different instruments, resulting force and accelerometer monitoring signal. 

9.2 Laser welding 
A detailed description of the laser welding results can be found in [60, 61]. In Figure 23 
characteristic results are shown. Figure 23(a) and (b) show for two different welding speeds, 
respectively a high speed image of the keyhole, the melt pool and the resolidified melt 
through an inclined view on the top surface, while Figure 23(c),(d) show the corresponding 
voltage signals as a function of time from the photodiodes of the reflection sensor and of the 
temperature sensor. The material is stainless steel AISI 304SS, a 600 μm focal spot of an 
Nd:YAG-laser is applied. While these cases have led to a quite stable weld, a more transient 
case is shown in Figure 24, where a periodic humping drop defect occurred at the top surface. 
The periodic event can be clearly seen in the IR-photodiode signal. Figure 25 shows two 
images in sequence, interval 0.8 ms, for a case where a drop is ejected from the melt pool 
close to the keyhole, demonstrating the resolution of high speed imaging in space and time.  
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Simulations of the sensor signal resulting from a hypothetically assumed oscillating melt pool 
and keyhole were conducted, shown in Figure 26(a). It was demonstrated for two assumed 
oscillating mechanisms either of them could become dominant in the signal. The power of 
modelling and theoretical understanding was demonstrated, as less obvious mechanisms could 
become dominant in the signal creation. Figure 26(b) shows for one humping period from 
Fig. 24 the measured signal in comparison to the signal calculated from high speed images as 
evidence on the geometry and surface appearance of the melt pool and keyhole. For both 
modelling results the advantage of calculations becomes obvious: deep analysis of the 
contributions to the signal originating from physical mechanisms can be made, e.g. judging 
how much the size of the melt pool, the melt oxide layer or the temperature field is 
responsible for the signal (and thus for the detestability of a certain mechanism). 

Figure 23: Laser welding of stainless steel: high speed image of the melt pool and keyhole for 
(a) 1 m/min, (b) 6 m/min and corresponding reflection and temperature sensor signals as a 
function of time for (c) 1 m/min and (d) 6 m/min. 
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Figure 24. Laser weld top surface with a 
periodic humping drop defect and correlating 
IR-photodiode signal (also: smoothened) as a 
function of time 

Figure 25. Sequence of two high speed 
images for drop ejection from the melt 
surrounding the keyhole, interval 0.8 ms 

Figure 26. Calculated power from melt pool emissions incident on the sensor (equiv. signal) 
as a function of time (a) for a hypothetical weld pool oscillation with two competing 

mechanisms, (b) signal calculated from high speed images (compared to real signal: )

9.3 Discussion on comparing the diagnostics of milling with laser welding 

Complex diagnostics concepts for milling and laser welding, respectively, were developed 
and partially implemented and tested. The large, widely unexplored potential of process 
diagnostics was successfully demonstrated, particularly when different methods are combined 
with each other in a complementary manner.  

As described earlier, the approach for comparison between the diagnostics concepts on 
milling and laser welding has been conducted with respect to certain aspects, as will be 
presented in the following. 
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(i) Comparison of the manufacturing techniques
The basic sequence of the two techniques studied here is illustrated in Figure 27. Milling (a 
mechanical removal technique) is based on a rotating tool with cutting edges removing 
material in CNC-motion relative to the work piece. In contrast, during laser welding (a 
thermal joining technique) a high power laser beam has to be focused, melting the edges (alt. 
surfaces) of two work pieces that become joined during resolidification. Thus both processes 
are based on a relative motion to the work piece in quasi-steady conditions relative to the tool. 
However, milling is a volumetric 3D-process creating intrinsic surface conditions and bulk 
geometry for the process, welding is a process along a 1D-path, depending on the tolerances 
and conditions of the prepared edges. 

Figure 27: Basic sequential description of the context between the product and its resulting 
quality and the processing technique for milling and laser welding, respectively 

(ii) Comparison of the physical mechanisms of the processes
A theoretical description is difficult for both processes due to the complex interaction between 
a series of physical mechanisms as well as complex geometrical conditions. In machining the 
solid material behaviour both of the work piece and of the cutting edge is essential for the 
chip removal, see Figure 21, and in turn for the process, while in laser welding the complex 
keyhole formation, including its metal vapour flow and the melt pool flow, see Figure 23 and 
Figure 25, determine the process, accompanied by mechanisms like beam propagation, 
absorption, heat conduction, recristallisation, etc. Moreover, many different defect 
mechanisms can be distinguished. Although both processes strongly differ in their nature, 
they both have regimes with smooth, well matched quasi-steady state processing conditions 
and unstable transient regimes leading to poor quality. 

(iii) Comparison of the quality criteria of the resulting product
As described earlier, see Table 2, the resulting milling quality is mainly based on geometrical 
quality criteria (tolerances) of the surface generated after chip removal. For laser welding 
most important are resolidification criteria, but also the resulting product tolerances (e.g. 
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distortion) and residual stress are essential. Eventually, crucial for laser welds is to resist 
under the mechanical load of the product in service, thus the either static or dynamic (fatigue) 
load and corresponding fracture mechanics, however, in turn depending on the geometrical 
and metallurgical weld quality. In general, the quality demands and in turn the detection and 
avoidance of defects is more critical for joining than for removal techniques. 

(iv) Comparison of the generated properties/phenomena suitable for detection
From the physical phenomena involved in a process, certain phenomena can be detected by 
sensors, in turn delivering signals with essential information on the process state. The 
trajectory of a cutting insert is viewed from the top in Figure 28(a), where the removal of the 
next chip is indicated. This mechanical interaction causes detectable vibrations of the whole 
rigid system tool-spindle-machine as well as work piece-clamping. The corresponding forces 
acting on the work piece and tool are illustrated in Figure 28(b) and can be measured, too.  
Moreover, a local heating cycle takes place, causing radiation suitable for optical detection. 

(a) (b)

Figure 28. Sketch of the interaction between the milling process and possible sensors: 
(a) trajectory of the cutting insert (two inserts tool) causing measurable vibrations, (b) 
measurable force components during interaction of the tool with the work piece. 

For laser welding, radiation from the process is the most powerful source of information. 
Radiative emissions for optical sensors origin from the hot weld pool and metal surface 
(according to Planck’s law), from the metal vapour (alt. plasma) and from the backscattered 
laser beam. However, the intense vapour radiation makes observations difficult. Therefore, 
spectral filtering is usually applied, both for cameras (along with an illumination laser/lamp) 
and for photodiodes. Figure 29(a) shows how surface emissions gather towards the 
photodiode sensor, also depending on the surface element orientation, Figure 29(b), as 
considered in a mathematical model developed to describe the interaction surface-sensor, see 
Figure 26. Acoustic emissions from the laser process bear minor information.  
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Figure 29. (a) Sketch of the interaction between the laser welding process and the sensor, 
(b) contribution by a surface element.

Comparing the inherently provided process information, for milling as a mechanical 
technique offers vibrations while laser welding as a thermal technique is radiation-based. 
While vibrations take place at the surface of the whole rigid system and propagate as sound 
waves by the ambient air, radiation travels through the space. 

(v) Comparison of the corresponding applicable sensors
These different sources of information limit the types of applicable sensors. The vibrations 
from milling can be measured at different locations (work piece, fixture, spindle) by 
accelerometers or contact-free by LDV, etc. Emitted sound can be detected by microphones or 
more space-resolved by scanning LDV. Observation of the process with a (high speed) 
camera is possible, particularly the chip formation, see Figure 21. The tool and processing 
zone heat up during the process, making it suitable for thermal imaging, as for laser welding, 
however, here as a secondary effect. The acting forces can be measured by piezoelectric 
sensors or through the spindle motor current. 

The radiations from laser welding can be detected by various optical sensors, in particular 
filtered photodiodes (also as commercial systems), CCD/CMOS-cameras (along with an 
illumination laser/lamp, blocking the vapour emission spectrum), IR-cameras, pyroelectric 
sensors. Generated sound waves as a secondary effect are suitable for microphone detection.  

As shown by the survey in Table 5, in contrast to most milling sensors, most sensors suitable 
for laser welding are of remote type, with the advantage of contact-free handling, but often 
losing information.   

Peter Norman Introduction 43



Table 5. Sensor types suitable for milling or for laser welding 
(Yes / yes, but Secondary importance effect / No) 

(vi) Comparison of acquired direct and post-processed signals
For both processes it can be distinguished between imaging cameras delivering valuable 
qualitative information, see Figures 21,23,25 and robust signal sensors (photodiode, force 
sensor, accelerometer) delivering a distinct quantitative signal to be interpreted, see Figures. 
22,23,24,26.

For milling the directly achieved signal from an accelerometer or from a force sensor is 
composed of manifold information but is difficult to interpret with respect to defect 
mechanisms, although a direct physical quantity (oscillating surface position) is measured. 
Correlations were achieved between the surface roughness and the signal mean value trends. 
Nevertheless, in most cases these trends did not hold over a range of parameters. To some 
extent explanations can be stated: High frequency acoustic emissions can be correlated to the 
formation of the chip and in turn the chip appearance and surface quality. Medium frequency 
vibrations through an accelerometer correspond to the impact of the cutting insert edge, 
correlated to the surface roughness. Low frequency or static forces measured piezoelectrically 
are based on the material removal by the cutting insert. 

For laser welding the directly achieved signal from a photodiode led for several different 
applications to a successful monitoring strategy by setting upper and lower alert thresholds, 
either constant values or tolerance bands taught in during a learning period. Trivial post-
processing like mean value or standard deviation occasionally turned out to be useful and 
even can indicate a physical meaning, particularly temperature, interaction zone geometry or 
in the UV-range plasma formation. For process monitoring cameras can only used with image 
processing for extracting a distinct geometrical property. 

Comparing for both techniques the most robust and promising sensors with respect to on-line 
monitoring, the accelerometers and force sensors deliver a direct physical value during 
milling and can be arranged at different locations simultaneously in a flexible manner, but are 
not contact-free. In contrast photodiodes are contact-free sensors during laser welding, 
bearing a lot of information (particularly when filtered) on the process, but no directly 
measured property and no localized measurement (as integrating over space). 
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(vii) Comparison of mathematical diagnostics methods
During both processes a complex interaction between various physical mechanisms takes 
place in complex geometrical domains, making mathematical prediction and analysis difficult. 
While for milling particularly the solid material behaviour during chip formation is difficult to 
calculate, laser welding is based on complex fluid dynamics of the weld pool but also of the 
vapour flow in the keyhole. For milling FE-simulation [17] enables to some extent calculation 
of the chip formation process, while for laser welding recently thanks to high computation 
power the whole melt pool flow was simulated,[32] however, with a series of uncertainties. 
Moreover, mathematical models at different levels [27, 34] were developed for laser welding, 
providing a qualitative and to some extent quantitative description of selected phenomena. 

For both processes the local geometry of the interaction zone is essential and for both 
processes under certain circumstances little deviations of the process conditions can lead to 
significant defects, all being difficult to simulate. While for milling modelling of the material 
properties and of the corresponding local mechanisms is crucial, for laser welding the 
complex interaction between different mechanisms involved is essential. Predicting the 
process is desirable but still far from complete. 

(viii) Comparison of complex diagnostics concepts
As was demonstrated, for each of the two processes a variety of sensors and diagnostics 
methods can be applied that in turn can be combined as complex diagnostics concepts that 
provide comprehensive information on the process. Such cooperation of methods is difficult 
but has high potential. Table 6 lists the different categories of diagnostics applicable and 
corresponding techniques, judged in a subjective manner with respect to their potential of 
acquiring information. 
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Table 6. Potential for acquiring information from the process for different diagnostics 
techniques, ordered in categories (1...low potential, 5...high potential), for milling and laser 

welding, respectively 

Due to the different nature of the two processes, the basic concepts and the sensors and 
techniques applied are very different. However, as the process geometry and eventually the 
produced geometrical surface quality is essential for both processes studied, eventually much 
of the diagnostics aims at more information about geometrical aspects, although as a rigid 
body for milling but as a resolidifying liquid in laser welding. The processing environment is 
harsh for laser welding as being surrounded by its hot metal vapour (or plasma) as well as by 
spatter, while during milling the removed chips and the lubricant disturb the employment of 
sensors. The different concepts due to the different natures of the two processes enable 
inspiration from each other to integrate additional diagnostics instruments, e.g. temperature 
monitoring for milling or LDV for welding. 

(ix) Comparison of the monitoring potential
Regarding monitoring based on a direct sensor signal value, for both processes a powerful 
sensor signal can be acquired, namely vibrations through an accelerometer (or by force 
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transducers) during milling and optical radiation variations through a photodiode during laser 
welding. In each case the sensor signal can contain much information on the process state and 
quality, but in an indirect manner, thus this information needs to be derived by signal 
processing. Correlations between the signal and the processed quality are not trivial, and in 
some cases not existing. 

Regarding visualisation-based monitoring with a camera, both processes provide the 
possibility to view the essential mechanisms, namely chip formation/separation during milling 
and keyhole/melt geometry and motion during laser welding. In both cases the observation is 
difficult, but feasible, due to high speed phenomena at small scale, but in particular due to the 
harsh environments, with cutting lubricants and chips during milling and hot metal 
vapour/plasma and sputter/dust during laser welding. The obtained images are highly valuable 
for qualitative judgements, but quantitative on-line acquisition of values requires extensive 
signal post-processing. 

(x) Comparison of the potential for identifying a theoretical description
A theoretical description is difficult for both processes due to the complex interaction between 
a series of physical mechanisms as well as complex geometrical conditions and owing to the 
difficulty for acquiring experimental information. In machining the complex material 
behaviour is essential for the chip removal and in turn the process, while in laser welding the 
keyhole formation, including its metal vapour and the melt pool flow are complex. Moreover, 
many different defect mechanisms can be distinguished, often determined by small deviations 
of the process conditions. Already satisfactory knowledge on the parameters and starting 
conditions is difficult to achieve but often essential for each of the two processes. Therefore 
sophisticated diagnostics concepts as well as on-line monitoring are highly desirable for 
controlling machining and laser welding. 

9.4 Conclusions on comparing the diagnostics of milling with laser welding 

Instead of studying a single manufacturing process, two different processes (milling vs. laser 
beam welding) were compared with respect to their diagnostics potential. Such comparison 
turned out to be useful as it clarifies how the potential and limits of different sensors and 
diagnostics methods depends on the nature of the process and of its interaction with the 
diagnostics system, which can lead to mutual inspiration and innovation of additional 
instruments. 

Each of the two processes turns out to be highly suitable for combined diagnostics through a 
variety of sensors and analysis methods, some of them being more powerful than others. For 
each of the two processes a complex diagnostics platform was developed and partially 
realised, demonstrating that the combination of different measurement and analysis methods 
can lead to quite comprehensive knowledge and understanding of the process.

The capabilities for robust in-process monitoring in a harsh manufacturing environment are 
more limited. On the one hand, accelerometers and force transducers for milling and filtered 
photodiode signals for laser welding each offer large potential for acquiring on-line manifold 
information on the process and the resulting product quality in a robust manner. However, on 
the other hand they only provide indirect information and have various limitations. In some 
cases their applications are successful, in others they require additional information by more 
complex diagnostics, as there is usually no straight strategy for interpreting the signal in a 
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context with a certain processing criterion. In contrast, for each of the processes high speed 
imaging provides a lot of information in a qualitative manner, but the image analysis for 
quantitative in-process monitoring is difficult. Commercial on-line monitoring systems are 
more applied for laser welding, but are also limited by their empirical strategies.

As two processes with a very different nature were chosen, the whole diagnostic strategy 
differs clearly, despite certain common elements. Milling as a mechanical process provides 
vibrations as a physical property suitable for acquisition by accelerometers or force 
transducers in order to monitor the chip removal mechanism and quality. In contrast, laser 
beam welding as a thermal process offers thermal emissions or laser beam reflections for 
detection by photodiodes.

While for milling accelerometers can be arranged at many locations, directly delivering a 
physical property (local vibrations), photodiodes are contact-free remote sensors, but they 
display a complexly composed signal difficult to interpret. 

It can be concluded that the nature of the process to be measured strongly determines and 
limits the types of sensors and diagnostics methods applicable, although a certain pattern of 
methodology shows similarities at a more abstract level. However, certain techniques are 
highly suitable to be transferred to improve the diagnostics of another process, e.g. 
temperature monitoring for milling or LDV for welding. Further and extended comparative 
studies are strongly encouraged. 

10 General Conclusions of the Thesis 

Milling:
(i) As a mechanical process, vibration is the most promising mechanism to be 

measured, containing information on the process and quality 
(ii) A theoretical description of the vibration mechanisms is desirable, but difficult; 

the here developed BFC theory for laser welding is also applicable for milling 
(iii) By combined diagnostics the vibration characterisation of  the system spindle-

process-product was demonstrated to be highly promising for better understanding 

Laser welding:
(iv) As a thermal process, emissions are the most promising mechanism to be 

measured; photodiode monitoring systems are available, but of empirical kind  
(v)The Bifurcation Flow Chart, BFC, promising for a general theoretical description, 

was developed, including uncertainties and high speed imaging as essential parts 
(vi) By the support of combined diagnostics (high speed imaging, then from 

quantitative imaging evaluation mathematical modelling of the emissions to the 
sensor) an interpretation of the monitoring signals was partially possible 

Milling and laser welding:
(vii) Improved manufacturing quality control can either be achieved by improved 

process knowledge or by on-line process monitoring and control 
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(viii) While during milling the information received through vibrations (e.g. by 
accelerometers) is contained in the serial system transmission behaviour spindle-
process-product, during laser welding the information received through emissions 
(e.g. photodiodes) is transmitted as parallel photons from different event locations   

(ix) For both processes, obtaining signal-quality correlations was far from obvious 
and only exceptionally succeeded, more likely with different sensors in parallel 

(x)Combining several advanced diagnostic methods gave a large, informative picture 
on the mechanisms, thus knowledge on how to suppress a defect 

(xi) Today milling is ahead in offering advanced parameter prediction tools, while 
laser welding is ahead in monitoring tools and high speed imaging diagnostics tools 

(xii) Despite their different nature, the two different areas of laser welding and 
milling that have been studied have made it apparent that they have similarities  

11 Future Outlook 

From the study it is apparent that industry strongly desires improved quality control during 
manufacturing, as the understanding and control of the processes is still widely unexplored. 
Moreover, it was demonstrated that manifold promising diagnostics methods are available 
that become particularly powerful in combined use. The question is whether industry has the 
attitude of accepting the initial R&D-efforts required making use of the potential from 
diagnostics instruments for improving the production quality. As experienced from working 
with the industry only some companies have the driving force to implement and use these 
instruments, they often want turn key systems. 

For future research stronger knowledge building at different levels is recommended (for both 
processes). High speed imaging as a kind of standard for receiving additional information 
during troubleshooting of defects could be immediately introduced. Same, standardised 
documentation on the basic mechanisms of defects could be immediately applied e.g. by using 
the here developed BFC method that in turn requires imaging as an integral source of 
information. The paradigm shift from widely empirical to knowledge based robust monitoring 
systems (particularly by accelerometers and photodiodes) is recommended for improved 
knowledge on the correlation signal–defect–cause. Besides advancing the individual 
diagnostics methods, the combined use of available diagnostics methods, in particular 
modelling starting from experimental evidence, shows large potential to be explored. 

Eventually, the advanced use of diagnostics instruments has the prospective to improve the 
reliability, thus quality, in manufacturing and to approach the high performance limits, thus 
enhancing productivity. This in turn enables advanced manufacturing and innovative product 
development, consequently higher competitiveness of industry. 
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control of machining 
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Abstract: The potential for improving the performance of machine tools is 
considerable.  However, for this to be achieved without tool failure or product 
damage, the process must be sufficiently well understood to enable real-time 
monitoring and control to be applied.

A unique sophisticated measurement platform has been developed and applied 
to two different machining centres, particularly for high speed machining up to 
24 000 rpm. Characterisation and on-line monitoring of the dynamic behaviour 
of the machining processes has been carried out using both contact based 
methods (accelerometer, force sensor) as well as non-contact methods (Laser 
Doppler Vibrometry and magnetic shaker) and numerical simulation (Finite 
Element based modal analysis). The platform was applied both pre-process and 
on-line for studying an aluminium testpiece based on a thin-walled aerospace 
component. Stability lobe diagrams for this specific machine/component 
combination were generated allowing selection of optimal process parameters 
giving stable cutting and metal removal rates some 8-10 higher than those 
possible in unstable machining. Based on dynamic characterization and 
monitoring, a concept for an Adaptive Control with Constraints based machine 
tool controller has been developed. 

The developed platform can be applied in manifold machining situations. It 
offers a reliable way of achieving significant process improvement. 

Keywords: characterization, monitoring, adaptive control, milling, machining 
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1. Introduction 
If process optimisation could be done before machining starts, time and costs could be saved.  
However, machining processes are highly non-linear, and dependent on difficult to predict 
variables such as the instantaneous component geometry, and even how a component is 
fixtured.  For this reason, real-time, on-line systems offer the only real alternative for fine 
process control. 

This paper presents the results of research for developing a sophisticated platform that, based 
on unique methods, aims to characterize machining systems and processes and, via methods 
for real-time force and vibration monitoring, enable adaptive control of the machining 
process.

The wish to automatically control industrial processes has been the subject of research and 
development for more than half a century. Many different types of regulators have been 
developed but it is the PID-controller, developed by Ziegler and Nichols, that is in most 
widespread use [1]. Many researchers have tried to implement adaptive controller of 
machining processes since the mid sixties, with Centner and Idelsohn [2] amongst the first to 
develop such systems. Early attempts to understand the behaviour of the machining process 
and how system dynamics influence the quality of the machining are described by Tobias [3].  
Many different methodologies have been proposed, ranging from the fixed gain PI controllers 
developed by Tlusty and Elbestawi [4] through the more advanced Model Reference Adaptive 
Control (MRAC) developed by Tomizuka et al [5] and adaptive PID developed by Allmae et 
al [6] to different fuzzy techniques.[7] Milner [8] divided these into two major groups 
Geometrical Adaptive Control (GAC) and Technological Adaptive Control (TAC) which can 
be further divided into two subcategories; Adaptive Control with Constraints (ACC) and 
Adaptive Control for Optimization (ACO).  

GAC uses the dimensions and geometry of the workpiece as the controlling parameter(s) 
whilst ACC adjusts operating parameters (feedrate, cutting speed and depth of cut) so that the 
controlled parameter (in this case force, motor load, deflection, speed, etc) is held within 
certain limits. An ACO system controls the operating parameters (in this case pseudo- 
economic parameters such as tool wear) so that the controlled parameter (production rate, 
profit, etc) is maximized.[9] 

Both ACO and ACC based machining systems have been developed and studied but it is the 
ACC system that has been the most succesful [8, 9] this is mainly because ACO relies on 
more abstract measures such as tool wear which are harder to monitor online than force or 
feedrate. However both system types have been successfully used in the system developed by 
Lundholm et al [10].  

The monitoring and adaptive control of the milling process is becoming more interesting for 
industrial applications because of increasing product and process complexity and demands on 
product quality and integrity.  Of particular interest is the application of these concepts to high 
speed machining and to machining of complex thin wall structures, as both are highly 
dependent on selecting correct process parameters to achieve a successful result.  Desired 
effects such as reliable unmanned machining and operator safety as well as logged machining 
data do also get satisfied through the technique. 
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Typical challenges include the fact that: 
High Speed Machining bears a high risk for tool failure and product damage 
Complex structural parts with thin walls bear a high risk for product damage 
Characterising the dynamics of the combination system-process-product is difficult 
Obtaining real-time feedback of the machining process is difficult 
Developing a generally applicable closed loop control is difficult 

To be able to satisfy these demands, an ACC system based on a sophisticated measurement 
platform is under development by the authors that will be described, demonstrated and 
discussed in the following.

2. Method, System and Concept 
The basic approach used in this work is pre-process characterisation and real-time monitoring 
to enable real-time adaptive control of the dynamic milling system during operation. 

This system makes real-time measurements of process variables such as spindle speed and 
feed rate, as well as measurement of two target variables, force and vibration. These are 
together used as real-time input data to an algorithm which regulates the feed rate so that the 
controlled process variables (e.g. cutting force and vibration) are kept within pre-defined 
limits.  

The main testbed consists of a 5-axis High Speed Machining (HSM) centre, equipped with a 
24000 rpm/35 kW spindle and an Indramat Andron A400 controller with a block cycle time of 
0,5 ms.[11,12] A second testbed based on a 3-axis machine with a 7000 rpm spindle was used 
for simpler tests and evaluation.  The two testbeds complement each other, making it possible 
to carry out development tests quickly and simply in the smaller machine and, when the 
satisfactory results have been achieved, to transfer them to the 5-axis machine. 
A test case component taken from the aerospace industry has been used throughout.  This is 
based on a thin walled aluminium (Al7010) component, the CAD-model shown in figure 1. 
After removal of 97 % of the stock material (I) in three steps, (II…IV) a structure with a 
thickness of 1,2-3 mm for the base and of 1,2 mm for the walls remains. Nominal size if the 
finished piece is 400 mm by 250 mm by 40 mm. 
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Figure 1:  (a) The CAD-geometry and (b) the 
machined testpiece for the three key machining 
stages used. 

Figure 2: Developed concept for char 
acterization, monitoring and control of 
machining. 

Figure 2 shows the basic relationships between the system, process and product and the 
interaction between the different hardware/software components in the ACC machining 
platform developed. The concept is divided in two parts; the upper part is the pre-process 
characterisation and the lower part the in-process/real-time module. It is explained below: 

Manufacturing typically starts with a CAD model of the finish geometry (3), which is used by 
the Computer Aided Manufacturing (CAM) software (6) along with information about the 
chosen cutting tools and nominal machining parameters to create toolpaths for each stage of 
manufacturing.  A typical component can have many discrete machining steps.  The toolpaths 
for all steps are then output and transferred to the computer numerically controlled (CNC) 
machine (8) where it is run to create the machined part.  This does not necessarily result in an 
optimum machining process, and it is common to have to trouble shoot at the machine in 
order to achieve satisfactory results. 

In order to optimise the machining process, and enable pre-process characterisation, an 
alternative methodology must be used.  The stock geometry (1), i.e. the unmachined CAD 
part is imported to the Modal/Response analysis module (4) of the CAD-software.  The output 
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from this is used by MatLab (5) to calculate the Frequency Response Function (FRF) which is 
then used in the commercially available software CutPro (7) to obtain a stability lobe diagram 
which indicates stable regions within the possible process window. 

The data from these three software modules is then used to determine a process window 
within which the controlled machining parameters (i.e. force and vibration) must be held to 
achieve a stable process.  The next step is to make further toolpaths with process parameters 
satisfying the current process window.  Each stage of machining will have its own optimal 
process parameters.  The number of iterations used is dependant on part geometry and the 
overall machining strategy, see Fig. 1 and Fig. 2. 
If more than one machining stage is used, the next step would be to ‘virtually’ mill away 
material from the stock part (1) and to make a new analysis based on the ‘as-is’ stock 
material, i.e. after the first (or subsequent) machining pass (2). When these iterations are 
finished, the NC-program will have relatively well optimized process parameters and tool 
paths.

The NC-program will then be run in a machine (8) with retrofitted sensors (9) to enable real-
time monitoring of milling forces, vibration and feed rate.  In the system developed, this data 
is collected using an external PC and decision making ACC algorithm (10).  From this data, 
and the process window (11) obtained during pre-processing, the ACC algorithms will make 
decisions as to how feed rate must be adjusted to keep milling forces and vibrations within the 
preset limits. If pre-processing is done with a high degree of accuracy, the in-process changes 
will be kept to a minimum. 

3. Pre-Process Characterisation 
In order to fully understand the machining process, a comprehensive model of the specific 
machine and component behaviour are necessary.  This cannot be created in ‘real-time’ but 
rather must be developed through different techniques in a ‘pre-process’ or machine 
characterisation study.  These techniques include tap test using an impact hammer, 
electromagnetic shakers, Laser Doppler Vibrometry- (LDV) and sensor measurements (e.g. 
accelerometers), to obtain machine stiffness and response and hence a stability lobe diagram.  
Finite Element Analysis (FEA) via modal analysis, in this case using the IDEAS software, can 
also be used to determine natural frequencies and vibration modes of the component at 
different stages of machining.  This is outlined in figure 3. 

Figure 3: Pre-process and real-time monitoring techniques used to characterise the machining 
system, process and machined product. 
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3.1 Measuring the machine system dynamics 
The traditional way of obtaining a system transfer function is to use a so called tap test 
whereby an impulse is given to the system, using an instrumented hammer, and the time 
response measured using an accelerometer. 
This works with static systems, but not with a machine tool whose characteristics vary 
depending on how fast the machine spindle rotates (due to varying bearing stiffness). In order 
to overcome this limitation, a dummy tool consisting of a holder and rotating shaft was 
designed and manufactured.  This allows the machine to run as normal, and for dummy loads 
mimicking the actual machining process top be applied and impulses given through the use of 
an electromagnetic shaker.  This applies a point load at a given frequency via the this rod that 
can be seen in figure 4 

Figure 4: Experimental set-up for 
simulating an oscillating load to 
the spindle while rotating (left) by 
the electromagnetic shaker (white 
cylinder), static load is applied via 
the two thin cylinders. 

Figure 5: Magnetic bearing 
/ shaker and dummy tool. 

Figure 6 LDV 
measurement set-up in the 
5-axis machining center  

This was further refined by eliminating the bearing in the dummy tool through the use of a 
magnetic bearing / shaker (MBS), see figure 5.  This applies a vectored force through 
advanced control of the magnetic field and thus even eliminates the need for the 
electromagnetic shaker.  Using the magnetic bearing / shaker, the machine tool can be 
presented with different loadcases to mimic the variable loads seen during machining. 

An LDV was used to measure the displacement and the acceleration of the dummy tool during 
rotation. Figure 6 showing the spindle and dummy tool (centre in the distance) and LDV-laser 
(to the right) which is aimed at the dummy tool. 

The LDV method used for measurement of vibration of a rotating shaft is described by 
Rantatalo et al [13].  The MBS is described further by Rantatalo [14]. 

Using knowledge of the loadcase used and response data from the LDV the transfer function 
for the machine system can be determined without contact with the rotating shaft. To 
characterise the machine tool using non-contact methods is advantageous because there are no 
disturbances due to mass loading from accelerometers or damping from the impact hammer.  
It is also possible to make measurements whilst the tool is rotating and hence to determine 
how the transfer function changes at different rotational speeds.[15] 
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3.2 Stability lobe diagrams 
From the system response, so called stability lobe diagrams can be developed.  A typical 
stability lobe diagram generated by the commercial software CutPro, developed by Altintas 
[16], is shown in figure 7. The diagram has spindle speed (rpm) on the x-axis and axial depth 
of cut (ap) on the y-axis. The diagram indicates when the machining will be stable and when it 
will be unstable given a certain ap, radial depth of cut (ae), workpiece material, particular tool 
and machine. In the diagram a peak and broad stable region can be seen between 18500 rpm 
and 21000 rpm, for up milling using a 16mm 4 flute end mill in the Liechti TurboMill. When 
milling in this region it is possible to achieve stable machining with an ap 8-10 times higher 
than that possible when machining at 17000-18000 rpm as indicated by the trough in the 
diagram.  It is clear that relatively small changes in process parameters can have a profound 
effect on performance. 

Figure 7: Stability lobe diagram for up milling and down milling derived from modal analysis 
data and the CutPro software (ae = 1.5 mm, gauge length: 132 mm, material Al7010). 

3.3 Component dynamics 
To further understand stability problems during milling, the LDV was used to measure the 
natural frequencies of the machined part when clamped in the machine. These measurements 
were used to calibrate an FEA based modal analysis of the part.  The FEA modal analysis was 
carried out on models of the geometry as it changed during machining in order to see how the 
vibration properties of the part change as material is removed. 
Figure 8 shows the results of FEA modal analysis and LDV measurements for the 
corresponding geometry for the first and the final machining steps and for the first and second 
natural frequencies.
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Figure 8: The first two vibration modes for the stock geometry and for the final thin wall 
structure under investigation: (a)-(d): FEA-simulations, (e)-(h): LDV-measurements. 

4. In-process ACC control 

The methodology outlined above allows near optimum CNC programmes to be developed 
without the need for real time control.  However, since the machining process is very non-
linear and sensitive to small changes in cutting conditions, real time / in-process control is 
necessary.

The in-process system developed consists of several parts.  Figure 9 shows how the internal- 
and external-sensors are implemented in the research platform. The external sensors are 
explained by Norman et al [11] and the internal sensoring by Bäckström [12]. 

From the force transducers (#1) in the setup in figure 9 an output is shown for the four 
machining stages in figure 10.  
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Figure 9: Interface between machine controller, external computer(s) and external sensors  
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Figure 10: Forces in X-Y-Z directions of the machine for the different machining stages (I-IV, 
ref figure 1). 

The machine characteristics encapsulated in the control algorithm (5), together with process 
variables monitored in real time (4), allow the system to makes subtle adjustments to the feed 
rate to maintain the optimum process settings throughout the machining process.  It can also 
be used to detect tool failure and hence enable unmanned / lights-out manufacturing.

As machining proceeds, force and vibration (accelerometer) are monitored using piezoelectric 
sensors, whilst the process parameters are monitored using a PCMCIA SERCOS card 
installed in a separate PC (2).  The SERCOS card is implemented so it precedes the master 
SERCOS card in the CNC machine and therefore monitors all of the information that passes 
through the ring.  For practical reasons, two external computers are used.  However, these can 
be considered a single unit in the following discussion.  The main external PC is an industry 
standard, twin processor PC that houses a National Instruments SCXI interface card capable 
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of handling 16 inputs and 32 outputs see figure 9.  Signal conditioning is carried out using 
National Instruments LabView.  The PC also carries out analysis and decision making (5) 
which is also implemented in LabView.  Information is transferred between the external PC 
and the machine controller via an Ethernet cable. 

4.1 Timing constants 
Knowledge of key time constants in the control system is very important because these 
directly affect how long it takes for a requested change in, say, the feed rate to take effect.  
This will vary from machine to machine. The key time constants of the 5-axis machine test 
bed used in this work are shown schematically in figure 11. 

Figure 11: Timing constants for the key elements in the ACC machine control loop. 

The basic machine control system updates every 0,5ms. At the same time the SERCOS card 
reads data and the external computer calculates the current cutting force.   
Instantaneous cutting forces will change within fractions of a millisecond.  In the current 
work, sampling of forces and accelerometer data is carried out at a rate of 1000 
samples/second (Hz) which has been found to be sufficient.  If necessary the sampling rate 
can be easily raised to 20000 Hz or more.  There is obviously a trade off between sampling 
rate and the volume of logged data generated.  However, if the sampled data is used purely as 
in-data to the feed rate correction algorithm, it need not be saved.  
The comparison of sampled and calculated force data takes about 0,5 ms and there is also a 
delay of 4 ms before the machine’s internal PLC updates the feed rate.
The total time for a change to take effect is therefore ~6 ms.  In other words, to change the 
feed rate within 2 ½ rotation of the tool when it is rotating at 24000 rpm, or within ca 1 mm of 
travel with a table feed rate of 11 m/min; which is typical when machining aluminium.  
In order to detect and compensate for things like chatter or tool failure, the sampling rate 
necessary can be estimated using the data given in table 1. 
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Table 1: Timing properties [17] 
Feature Sampling Function Measurement 
Chatter 0.01-1 

msec 
Estimate 
chatter
Avoid chatter 
Supress
chatter

Depth of cut 
Spindle speed 
Acoustic
emission 
Cutting force 
Feed vibrations 

Cutting
forces

0.01-1
msec 

Estimate 
cutting
forces and 
maintain 
specs

Depth of cut
Spindle speed 
Acoustic
emission 
Cutting force 
Feed vibrations 

Chip/Burr
formation 

10 msec-
1 sec 

Estimate 
formation 
and maintain 
specs

Feed
Spindle speed 
Cutting force 
Tool wear 
Depth of cut 

Cutting
temperature 

1 sec- Estimate 
temp. and 
maintain 
specs

Feed
Tool wear 
Infrared image 
Chip contact 
length

Tool wear 1 msec Estimate, 
maintain 
specified
rate,
compensate 

Depth of cut 
Feed
Cutting force 
AE
Surface finish 
Part dimension 
Tool geometry 
Tool vibrations 
Spindle power 

Tool failure 1 sec-1
msec 

Estimate, 
avoid and 
detect

AE
Cutting force 
Spindle power 
Tool vibrations 

Surface
errors

1 sec - Estimate 
surface finish 
and
tolerances, 
maintain 
specs

Cutting forces 
Tool deflection 
Tool wear 
Feed
Cutting speed 
Cutting
temperature 

4.2 Feed rate correction algorithm 
At present the instantaneous measured force is used as in-data to the feed rate correction 
algorithm which generates a correction factor that changes the feed rate.
The cutting force is derived as follows: 
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ft=f/(N m)    (1)
Where, f is the feed of the machine table, ft is the feed per tooth, N is the spindle rpm and m
the number of cutting teeth. The tangential cutting force, Ft,

Ft=Ks a ft sin    (2) 
Where Ks is the specific cutting force coefficient of the material, a is the axial depth of cut, 
is the rotational angle.  The axial cutting force, Fr, can then be calculated as: 

Fr=Kr Ft    (3)
Where Kr is a constant which depends on cutter and insert geometry and the method of 
machining being used. The resulting cutting force exerted on the tool is thus: 

Fpr=(Ft
2+Fr

2)1/2   (4)
From equations (1)-(4) it can be seen that the force will vary sinusoidally with the rotational 
angle  . If more than one tooth is cutting, the vectorial sum of the forces from each tooth 
must be used when calculating the resultant cutting force. A more detailed explanation of the 
calculation of cutting forces is given by Altintas [18, 19]. For the feed rate adjustment, the 
divisional controller concept, originally developed by Watanabe and Iwai [20], is used.
The basic algorithm used is given in equation 5 and a schematic of the overall behaviour of 
the ‘divisional control algorithm’ shown in figure 12.  

U%(k) = U%(k-1)(Fpr/Fp(k)) (5)
Where U%(k) is the current feed rate override percentage, U%(k-1) is the previous feed rate 
override percentage, Fpr the preset force limit and Fp is the measured force. 

Figure 12: Schematic of the overall behaviour of the divisional controller algorithm [21]. 

This algorithm is implemented so that feed rate changes in the range 0-255 % of programmed 
feed rate can be achieved. 

This type of controller requires several iterations to arrive at a stable correction factor.  Once 
this is found, the algorithm will track changes relatively quickly.  The divisional controller 
algorithm is robust and will function as long as the measured peak force Fp is above zero. (If 
the force reaches zero the value of the U% reaches infinity.) The easiest way to overcome 
problems associated with Fp = 0 is to enable the controller only when the force is above a 
preset value. 
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5. Conclusions 
A sophisticated platform for machining has been developed in a unique manner for 
pre-process system characterization, along with real-time monitoring and closed loop 
control (e.g. for controlling the vibrations and forces) 
The system developed was implemented in a five axes high speed machining centre 
(being critical for tool failure), complemented by a three-axis test-bed machining 
centre
An aerospace component was used as a testpiece.  This complex aluminium wing 
structure had thin walls which are known to cause damage during machining.  The 
machining was carried out in four discrete steps. 
Pre-process characterization of the dynamics of the spindle and workpiece were 
carried out using Laser Doppler Vibrometry (LDV), a magnetic shaker and traditional 
‘tap-test’ techniques, verified by FEA based modal analysis.  The FEA- results were in 
good agreement with the LDV-measurements 
For simulating the cutting force experienced by the tool/spindle a magnetic shaker and 
load spindle were used. 
Data from the modal analysis was used to calculate the stability lobes for the 
machining process, enabling maximum cutting depth to be used.  This was 8-10 times 
deeper than possible at less stable parts of the stability lobe diagram. 
On-line measurement of the cutting force and vibrational behaviour was demonstrated.  
Commercial and in house developed force platforms and ordinary accelerometers were 
used.  Retro-fitting these on an existing machine tool was not found to be a problem. 
Based on the system dynamics and sensor platform a concept for an ACC controller 
was developed 
The platform developed turns out to be applicable, offering new opportunities for 
understanding, characterizing, monitoring and controlling the machining process 
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Abstract

High-speed machining of thin-walled structures is widely used in the aeronautical industry. 
Higher spindle speed and machining feed rate, combined with a greater depth of cut, 
increases the removal rate and with it, productivity. The combination of higher spindle 
speed and depth of cut makes instabilities (chatter) a far more significant concern. Chatter 
causes reduced surface quality and accelerated tool wear. Since chatter is so prevalent, 
traditional cutting parameters and processes are frequently rendered ineffective and 
inaccurate. For the machine tool to reach its full utility, the chatter vibrations must be 
identified and avoided. In order to avoid chatter and implement optimum cutting 
parameters, the machine tool including all components and the workpiece must be 
dynamically mapped to identify vibration characteristics. 

The aim of the presented work is to develop a model for the prediction of stability limits as 
a function of process parameters. Commercial software packages used for integration into 
the model prove to accomplish demands for functionality and performance. In order to 
validate the model, the stability limits predicted by the use of numerical simulation are 
compared with the results based on the experimental work. 

Keywords: High-speed machining; Regenerative chatter; Stability lobes; Finite element 
analysis; Laser Doppler Vibrometry

1 Introduction

An increasing trend in modern manufacturing industry points towards larger ranges of 
variation in production systems. This is a direct consequence of the effort to satisfy 
customer demands for fast deliveries of new products. The present situation in the 
manufacturing industry is that they have to adjust much of their cutting processes as a 
consequence of the uncertainty that exists in the influencing machining conditions. In order 
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to do this, techniques must be used to handle variations in the manufacturing conditions as 
the frequent reconfigurations and setups generate. 

In manufacturing of components for aerospace applications, aluminium is one of the most 
frequently used materials. In machining aluminium, higher spindle speed and machining 
feed rate combined with a greater depth of cut, increases the removal rate and with it, 
productivity. The combination of higher spindle speed and depth of cut makes instabilities 
(chatter) a far more significant concern. In machining, chatter is perceived as an unwanted 
excessive vibration between the tool and the workpiece, resulting in a poor surface finish 
with possible initiation of micro-cracks. Chatter vibrations accelerate also tool wear which 
has a deteriorating effect on the tool life, and the reliability of the machining operations. 
Especially for the cases where long slender end mills or highly flexible thin-wall parts are 
involved, chatter is almost unavoidable unless special suppression techniques are used or 
the removal rate of material is substantially reduced. 
Currently working with the preparation machining process, the natural frequencies of the 
workpiece are measured and analysed when getting problem with the quality of the surface 
or cutting process. The manufacturing process is stopped just before the cutting starts in the 
problem area and sensors are put in the same area. The extensive experimental work is a 
limiting factor in application of this approach to manufacturing of aluminium aerospace 
components. The removal of material in aerospace applications is vast and figures up to 
90% of the original volume which results in non-linear behaviour due to time variant 
geometry and stiffness. Due to time and costs consuming experimental work, the long-term 
goal is to develop a tool for the prediction of chatter vibrations that is based on a digital 
prototype.
The first attempt to describe chatter was made by (Arnold 1946). (Tobias and Fishwick 
1958) presented a comprehensive mathematical model and analysis results of chatter 
vibrations. The importance of predicting stability in milling has increased due to advances 
in high-speed milling technology. At high speeds, the stabilizing effect of process damping 
diminishes, making the process more prone to chatter. On the other hand, stability limits 
usually referred to as stability lobes exist at certain high spindle speed which can be used to 
substantial increase the chatter free material removal rate, provided that they are predicted 
accurately, see e.g. (Smith and Tlusty 1993). (Wiercigroch and Budak 2001) presented a 
critical review of the modelling and experimental investigations. In this work, sources of 
nonlinearities, chatter generation and suppression in metal cutting are studied. In the papers 
by (Moon and Kalmar-Nagy 2001, Balachandran 2001), the prediction of complex, 
unsteady and chaotic dynamics associated with cutting processes through nonlinear 
dynamical models is reviewed. 
In general, several physical mechanisms causing chatter can be distinguished. Frictional 
chatter due to friction between the tool and workpiece, mode-coupling chatter and thermo-
mechanical chatter caused by the thermodynamics of the cutting process are often called 
primary chatter. 
Secondary chatter is caused by the regeneration of waviness on the surface of the 
workpiece. This phenomenon is called regenerative chatter and is considered to be one of 
the most important causes of instability in the cutting process. 
During machining as the cutter tooth enters into the cut, the cutting system (tool-holder, 
tool) deforms in bending due to applied cutting forces. Forces released by the tooth exiting 
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the cut cause the cutting system to vibrate with its natural frequency. The vibration leaves 
small waviness on a surface of the workpiece, as illustrated in figure 1. If the following 
tooth impact does not match the natural frequency of the cutting system, the chip thickness 
will increase as well as the applied cutting forces that result in a larger deformation of the 
system. The worst condition is when the vibration from cutting edges moves and the mirror 
image of the surface waviness is 180° out of phase, see figure 1. To avoid chatter in 
machining means that the tooth impact frequency has to match the natural frequency of the 
cutting system. The ideal condition is when the surface waviness and cutting vibration are 
in phase. 

Figure 1. Chip thickness variation (dashed area) between the tool and the workpiece. In phase 
thickness generation is shown in upper half of the figure and out of phase generation in lower 

half.

Various models to predict the stability boundaries related to chatter have been suggested by 
e.g. (Altintas 2000, Tlusty 2000). These models describe the cutting process dynamics 
using cutting parameters that are constant for the spindle speed range under consideration. 
This means that the dependencies of the dynamic behaviour of the milling machine or the 
cutting process on the spindle speed are not modelled. 
To investigate such dependencies, dedicated experiments have been performed and 
reported by (Faassen et al 2003). In this paper, the method for prediction of the chatter 
boundaries is proposed and applied to predict the chatter stability as a function of process 
parameters. A method for calculation of stability limits considering the flexibility of 
workpiece is presented by (Bravo et al 2005). 
The approach that follows the methodology developed by (Altintas 2000) is illustrated in 
figure 2. Here, the prediction of a stable cutting process is based on experimental modal 
analysis. For the evaluation of experiments and calculation of stability lobes, the 
commercial software CutPro is used. CutPro is an analytic simulation software package, 
developed for off-line milling process optimisation. To obtain reliable prediction for 
machining thin-walled components, an extensive trial and error experimental work is 
needed.
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Figure 2. Prediction of the chatter-free cutting process based on experimental approach. 

2 Method

2.1 Digital model for prediction of chatter vibrations 

To avoid time consuming and expensive experiments, a supportive integrated tool based on 
existing commercial software is introduced, see figure 3. An application of a digital model 
facilitates the analysis of vibration and the prediction of a chatter-free cutting process. As 
already mentioned, the calculation of a stable cutting process follows the approach 
presented by (Altintas 2000). But, the significant difference of the proposed modelling is 
that the vibration analysis of the workpiece is based on numerical simulations and the 
vibration properties of the spindle are investigated experimentally using Laser Doppler 
Vibrometry (LDV). The software CutPro is used for the evaluation of a stable cutting 
process just as any knowledge database. 
In the presented digital model, the continuous machining process is discretized in time to 
obtain models of current stages in the machining process. Stages of the process when the 
cutting tool is changed are assumed to be appropriate for the analysis. 
The majority of critical frequencies are the natural frequencies of each component in the 
machining system. The machine tool itself and the workpiece are influencing the stability 
and have to be handled. 
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Figure 3. The model for the prediction of the chatter-free cutting process that integrates 
numerical simulation with experimental procedures based on LDV measurements. 

2.2 Definition of tool path and geometry for the analysis 

A reference geometry that is typical for an aircraft detail, see figure 4, is used for evaluation 
of the prediction methodology. Material removal in manufacturing this detail is large. For 
the illustration, the volume of the initial stock is 1.896×106 mm3 and the volume after final 
milling operation is 0.218×106 mm3. The thickness of the initial monolith is 40 mm, the 
final thickness of the bottom is 1.0 mm and the flange thickness is 1.5 mm. 
The structure has shown significant sensibility to vibrations during the machining. Before 
manufacturing, it must be first decided which operations are required to go from a stock 
geometry to the finished final component. A part programme for machining of the 
geometry is generated in a Computer Aided Manufacturing (CAM) system. The solid 
model of the structure that is created with nominal finished dimensions in a Computer 
Aided Design (CAD) system is transferred to the CAM module by selecting from the 
system database. In the presented work, the I-DEAS CAD/CAM system is used. 
Modern CAM software offers high levels of support for creating tool paths which is 
necessary for the definition of the component geometry from a piece of stock material. The 
CAM software automatically creates suitable paths for the tool to follow by the use of built-
in algorithms. It is generally possible to specify how critical parts of the tool path such as 
entry and exit from the part or significant changes in the direction of the tool path such as 
machining in a corner are to be handled. 
To perform high speed roughing in volume milling, the scan type constant load is to be 
used. The milling is based on principles of constant cutting condition, constant chip load, 
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continuous tool engagement and also minimizing of sudden changes of tool direction. For 
the optimization of the mentioned strategies, a smooth tool path is used starting from rough 
milling down to the finishing. To achieve as stable as possible tool path, the machining is 
started from the middle of the working part with the direction outwards. 
The analysis of natural frequencies and response analysis are carried out for the sequence of 
as cut geometries (in-process stock geometries) that are identified to be significant for the 
manufacturing process. The in-process stock geometry is generated from the current state 
of the process at the end of each operation or even at discrete time intervals. 
I-DEAS/CAM software allows to calculate and to export solid model geometry for each 
step (in-process stock) in the machining of the part. In-process stock is a representation of 
the stock after the tool has cut away excess material for each operation. After a tool path is 
created, the software updates the shape of the in-process stock geometry. For the first 
operation in the first setup, the tool path removes material from the initial stock in the 
assembly. 

Figure 4. Sequence of in-process stock (as cut) geometries: Left - initial stock; right – final 
geometry. 

The updated in-process stock is saved and used for the next cutting operation. The software 
does not try to cut the volume of material that was already removed by previous tool paths. 
The geometry for two significant stages of the process is shown in figure 4. The generation 
of in-process stock sequences supports the definition of the time variant geometry for every 
step in the machining process and preparation of simulation models for the stability 
analysis. 

2.3 Modelling of stable milling processes 

As mentioned previously, instabilities that can lead to chatter during milling operations are 
of interest. Roughing operations as volume clear are often sensitive to chatter. Vibrations 
significant for finishing operations with small radial depth of cut are a combination of 
regenerative chatter vibrations and forced vibrations. 
A schematic workpiece-tool model of the milling process is represented by an equivalent 
two-degree-of-freedom spring-mass-damper system and shown in figure 5. Details of 
modelling can be found in e.g. (Altintas 2000). 
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Figure 5. Regenerative effect due to chip-thickness variation. 

In figure 5, the feed direction and spindle rotation are shown for an up milling operation. 
The initial surface of the work piece is smooth without waves during the first revolution, 
but the tool starts leaving a wavy surface behind because of the structural modes of the 
machine tool-workpiece system in the feed direction. When the second revolution starts, the 
surface has waves both inside the cut where the tool is cutting (inner modulation (t)) and on 
the outside surface of the cut owing to vibrations during the previous revolution of cut 
(outer modulation (t – T)). Depending on the phase shift between the two successive waves, 
see also figure 1, the maximum chip thickness may exponentially grow while oscillating at 
a chatter frequency that is close but not equal to a dominant structural mode in the system. 
Hence, the resulting dynamic chip thickness is no longer constant but varies as a function of 
vibration frequency and the speed of the spindle. Generally, the dynamic thickness can be 
expressed as follows 

tTtytytTtxtxthth cossinsin)( 0 , (1) 

where h0 is the intended chip thickness, which is equal to the feed rate of the machine, and 
x, y are components of the dynamic chip thickness produced owing to vibrations at the 
present time t and one spindle revolution period (T) before. Assuming that the work piece is 
approximated by a two-degree-of-freedom system in two uncoupled and orthogonal 
directions, we obtain following equation of motion  
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Here, the terms mx,y, cx,y, kx,y are the modal mass, damping and stiffness, Fx and Fy are the 
tangential and radial cutting forces components resolved in x, y directions. The tangential 
and radial components of cutting forces are proportional to the axial depth of cut a, the 
dynamic chip thickness h(t) and can be expressed as follows 
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The coefficients Kf and Kr are cutting constants in the feed and normal directions. Equation 
(1) can be rewritten in a more compact matrix form as 

TtutuFtKutuCtuM . (4) 

Equation (4) is a time-delay differential equation and is solved numerically. For the 
solution of the dynamic response problem, we use the mode superposition method. The 
mode superposition method for time-history analysis is based on normal mode dynamics. 
Normal mode dynamics calculates the natural frequencies and natural modes of vibrations 
by means of finite element method (FEM). Mode shapes and natural frequencies are used 
for identification of structural resonances that may produce an undesirably large structural 
response to the dynamic input. Further, the response of structures to dynamic inputs can 
often be assumed to be a combination of the mode shapes corresponding to each mode. 
This lets the mode shapes construct a numerically efficient representation of the structure 
(modal representation) for use in further analyses. 
Lanczos method is applied to the present analysis as the most effective method for the 
solution of large-scale problems. 

2.4 Calibration of the simulation model 

For the machine tool to reach its full utility, the vibrations that contribute to chatter must be 
identified. It is usually the mismatch between the frequency response of the spindle and the 
frequency behaviour at the cutting point (contact between cutter and workpiece) which 
contributes to uncertainties in machine modelling. To obtain reliable results, a simulation 
model that is a model of real behaviour has to be used. The more of the process is 
accurately simulated; the closer to reality results will be obtained. This is a way to decrease 
the possibility of modelling errors. 
In order to make a more accurate prediction of dynamic behaviour of the cutting process, 
we use Laser Doppler Vibrometry (LDV) for calibrating the simulation model. LDV is a 
non-intrusive optical method that is fast becoming common for vibration measurements. 
The non-contact nature of LDV means that the structure can be analysed without 
introducing additional mass loading which is important in the cases of light weighted thin-
walled parts. Basically, the device is a heterodyne interferometer based on the Doppler 
effect of backscattered light, as schematically presented in figure 6. A laser beam is divided 
by a beam splitter (BS) into a reference and an object beam. The reference beam reflects on 
a mirror (M) and is redirected to a modulator where the beam is then shifted by a known 
amount of frequency (fB). This carrier frequency is needed for resolving the direction of the 
measured vibration velocity. Systems differ by the method used for obtaining this 
frequency shift; our Polytec laser vibrometer uses an acousto-optic modulator (Bragg cell) 
with a frequency shift of about 40 MHz. The object beam reflects from the target and hence 
is Doppler shifted (fD) due to the target velocity and mixes with the shifted reference beam 
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on the photo detector. Depending on the optical path difference between these two beams, 
they will interfere constructively or destructively. When the target is moving, the intensity 
measured by the photo detector will be time dependent. Frequency demodulation of the 
photo detector signal by a Doppler signal processor produces a time resolved velocity 
component of the moving target. 

Figure 6. Schematic of the scanning Laser Doppler vibrometer. The laser beam is divided into 
a reference and an object beam. These two interfere on the photo detector and the velocity of 
the target is obtained after demodulation of the signal. Beam splitter (BS), mirror (M), laser 

frequency (f), Bragg cell frequency (fB) and Doppler frequency (fD).

In the application of laser vibrometry to experimental modal analysis, the surface of the 
vibrating object is scanned. A scan is a sequence of single point measurements. Two small 
servo controlled mirrors in the scanning head make it possible to deflect the beam both in 
the horizontal and the vertical direction. The measured data in each scan point is then 
compared relative to a reference signal. In our case the measured object is excited by an 
electro dynamic shaker. A force transducer at the driving point acts as a reference. Mode 
shapes and frequencies are then extracted from the measurements data by the LDV system 
software.
Here, we use LDV to calibrate the boundary conditions in the FE model and also to 
experimentally determine the vibration properties of the setup cutting tool–spindle. Details 
about measurements on the spindle are presented in (Rantatalo et al 2004). The 
performance of the finite elements is evaluated using the stock part that is fixed in the 
measuring frame by means of flexible suspensions (rubber band). The flexible fixture 
allows the part to reproduce all rigid body modes. A shaker is used to excite the stock by a 
random pulse. We choose the first non-singular mode and the corresponding natural 
frequency 1947 Hz to illustrate the result of the experiment, see figure 7. The finite element 
model with the same type of the flexible constraint allowing all rigid body modes is 
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analysed using eigen-problem solver. For the FE discretization, we use 10 nodes 
tetrahedron elements with quadratic interpolation. Material parameters for the reference 
part are following: Elasticity modulus 7.1×104 MPa, Poissons ratio 0.315, Density 2.8×10-6

kgmm-3. The material type is: Zn-Mg-Cu-Zr-Al – aircraft grade.The simulation result – first 
non-singular mode with the frequency 1970 Hz is also presented in figure 7. The simulation 
shows good agreement with the experiment. 

Figure 7. Left – FE analysis of the stock with flexible suspension. The colour scale represents 
normalized first mode corresponding to the first natural frequency. Right – LDV 

measurements. The colour scale represents quantitative displacements corresponding to the 
first frequency. 

The next step in the calibration of the finite element model is an accurate definition of the 
boundary conditions for the analysis. The workpiece is mounted on the machine table in a 
Liechti Turbomill machining centre by the use of stiff clamps. The setup containing the 
stock part and the shaker is shown in figure 8. 
The frequency response to a random signal is measured by means of LDV. The first mode 
with corresponding frequency is shown in figure 9. A sequence of numerical experiments 
was run to iterate to the correct stiffness of the fixing clamps. The result of the analysis is 
presented in figure 9. We chose again the first mode and frequency of the fixed stock to 
compare the numerical result with the experiment. The simulation shows again good 
agreement with experimental results. 
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Figure 8. Photo of the setup with the stock and the shaker mounted in the Liechti machine. 

Figure 9. First mode and natural frequency are shown for the comparison of LDV 
measurements with FE analysis. Left – FE modelling. The colour scale represents the first 

normalized mode corresponding to the first natural frequency 2940 Hz. Right – Experimental 
result. The colour scale represents quantitative displacements corresponding to the first 

frequency 2835 Hz. 
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3. Modelling results and experimental verification

3.1 Evaluation of a stable cutting process 

The digital model, constructed and calibrated in previous sections is used to pursue an 
analysis of stability boundaries. The sequence of as cut geometries shown in figure 4 is 
used for generation of FEM models. During the machining, the initial stock mass 5.31 kg is 
reduced to 0.61 kg after finishing operations. This factor and lack of symmetry in geometry 
which is very common in this type of manufacturing have large impact on the vibration 
properties. To show the significant changes of the vibration properties, we choose for the 
comparison the first natural frequency and the mode of the initial stock and of the final 
geometry. The simulated first frequency 2940 Hz for the stock decreases after final milling 
operation to 1070 Hz. Simulated and LDV experimental results are shown in figure 10. 

Figure 10. The first natural frequency and mode for final geometry. Left – FEM simulation, 
right – the LDV experiment. 

The FE model used for solving eigen value problem is also used for transient response 
analysis by including appropriate initial and boundary conditions. Transient analysis 
computes the dynamic response of a structure to a set of simultaneous transient excitations. 
The response at each time instant is calculated by combining the modal response obtained 
using time integration. The workpiece is loaded by a short force pulse in two orthogonal 
directions in the plane x – y which is parallel to the bottom plane of the workpiece.  
The frequency response functions (FRF) in mm N-1 obtained from FE analysis for a 
sequence of cut geometries and also obtained from LDV measurements on the spindle are 
exported into the CutPro software for following processing and stability lobes calculations. 
We use features implemented in the CutPro software for the generation of data describing a 
machining process. In preparatory stage, the cutter data and cutting coefficients for the 
current workpiece material and a cutting force model are defined. After all preparatory 
steps are accomplished we have necessary input data to continue with the stability lobes 
calculation.
The stability lobe defines region of stable and unstable cutting zones as a function of 
maximum depth of cut and spindle speed and is used to select appropriate machining 
parameters. Stability lobes that are predicted for the initial stock geometry and for a 40
mm CoroMill cutter are shown in figure 11. Finishing milling of the final geometry is done 
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using a 16 mm CoroMill R216 cutter. The predicted stability lobes for final operations are 
presented in figure 12. 

Figure 11. Stability lobes for the initial stock and a 40 mm Sandvik Coromant CoroMill 390 
cutter predicted using FE analysis. 

Figure 12. Stability lobes for the finishing of the final geometry and a 16 mm Sandvik 
Coromant R216 cutter predicted using FE analysis. 
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3.2 Experimental verification 

In order to study accuracy of the prediction, the stability boundaries in terms of depth of cut 
and spindle speed obtained by FE modelling need to be validated with the experimental 
procedures.
A comparison of stability lobes predicted by the experimental modal analysis using CutPro 
with stability lobes calculated by the use of FE analysis is presented in figure 13. The 
prediction based on FEM analysis yields lower values for the critical depth of cut than the 
prediction based only on experimental procedures. The difference in critical depth of cut 
above all for higher spindle speeds can be explained by the fact that the FEM-based 
prediction involves analysis in 3D that is not the case in the experimental approach. The 
prediction based on experimental modal analysis involves only excitations and response 
measurements in the same direction (testing in 1D space). 

A series of milling tests in the Liechti machine were performed for the verification purpose 
on the initial monolithic stock with a R390, Ø 40 mm tool. The spindle speed and feed rate 
were kept constant at 9500 rpm and 3000 mm min-1, respectively, while the axial depth of 
cut was varied. Three different axial depths of cut, 1.5 mm, 2 mm and 3 mm were studied. 
The cuts were placed sequentially along the y-direction. The radial depth of cut was equal 
to the radius of the tool. The length of each cut was 58 mm and for the next cut, the tool 
was moved to the right by a distance of 42 mm leaving 2 mm between the cut paths. The 
range of depth of cut was sufficient to move the system across different regions of stability. 
These cutting points are marked in figure 13. At 1.5 mm depth of cut, the system is clearly 
within the stable region of the curve predicted by the experimental work, and falls just 
within the stable region of the stability curve predicted by the FE analysis. At 2 mm depth 
of cut, the system is inside the stable region of the experimental predicted curve but outside 
the FE based one. Finally at 3mm depth of cut, the system falls outside the stable region of 
the two curves. A Brüel & Kjaer type 4393 accelerometer was mounted on the workpiece, 
about 10 cm from the tool path, in the feed direction. Also a Brüel & Kjaer type 4189 
microphone was used for sound recordings. The microphone was placed about 70 cm from 
tool path, directed towards the tool. The sensitivity of the accelerometer and the 
microphone was 0.314 pC m-1 s-2 and 45.5 mV Pa-1, respectively. The data was sampled at 
32.8 kHz and a low-pass filter of 10 kHz was used. After machining, the generated surface 
quality was examined in order to decide about the process stability. Figure 14 shows a 
photo of the milled surface. 
At 1.5 mm depth of cut the sound pressure level, SPL at the spindle rotation frequency is 99 
dB, and the surface finish is very good, see Figure 14(a). The system is in a stable state. At 
2 mm depth of cut the, SPL is 103 dB and the surface finish is acceptable but not perfect, 
see Figure 14(b). Removed chips are smeary and sticking on the tool and hence coolant 
liquid is needed. The system is in a transition state between the stable and the unstable 
range. At 3 mm depth of cut the, SPL is 106 dB, the accelerometer level is higher, 
especially about the 10th, 22nd, and the 51st spindle harmonics. The surface finish is bad, 
(see Figure 14(c)) and the system is unstable. 
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Figure 13. Comparison of stability lobes predicted for the initial stock. Dashed curve: 
predicted by FEM analysis, solid curve: predicted using Experimental Modal analysis and 

circle: performed milling tests. 

Figure 14. Photo of the machined surface. (a) 1.5 mm axial depth of cut, (b) 2 mm axial depth 
of cut and (c) 3 mm axial depth of cut. 
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4. Conclusions 

Chatter is a dynamic phenomenon that can appear in a machining at any spindle speed. 
Stable machining cannot be achieved without investigating the influence of chatter on the 
cutting process. A standard way to obtain reliable prediction of a stable machining process 
is the application of the methodology based on the experimental modal analysis. This 
approach requires in the case of thin-walled structures an extensive trial and error 
experimental work.  
In this work we present an integrated tool for prediction stability boundaries. A digital 
model for the milling process based on integration of CAD – CAM - FEM is developed. 
Commercial software packages used for integration into the model prove to accomplish 
demands for functionality and performance. Not only do the suggested approach give safer 
machining it also carries promises of an overall higher productivity. 
To avoid the usual mismatch between the frequency response of the spindle and the 
frequency behaviour at the cutting point (contact between cutter and workpiece) which 
contributes to uncertainties in the machine modelling, we use dedicated experimental 
procedures which are based on LDV measurements. 
The non-contact nature of the LDV makes accurate and fast measurements possible with an 
easy setup without any mass loads. This is of crucial importance when measuring on thin-
wall structures with low rigidity. It is shown to be very useful to validate and improve the 
dynamic FEM models, especially regarding boundary conditions. 
The LDV is also able to make measurements on the rotating spindle, spindle housing, tool, 
tool holder, workpiece, clamps and machine table in one setup and give an overall picture 
of the machining.  

The performed milling tests showed good agreement with the predicted stability lobes (at 
9500 rpm). When machining just within the stable region predicted using the FE analysis 
resulted in the best surface finish.   
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Abstract: Being able to measure and monitor the forces applied and the 
resulting vibrations is important to be able to understand and control the 
process of milling, which is a highly interrupted process based on many 
variables. The present work concerns analysis of signals gathered during 
shoulder milling of toughened steel 2541-3 and aluminium alloy 7010. The 
signals acquired are force in three dimensions and accelerometer in the 
horizontal two dimensions. Moreover, a Laser Doppler Vibrometer is applied. 
The correlations of the analysed signals of the different sensors with the 
surface roughness were studied. While the signal stability and correlation was 
unsatisfactory for several sensors, the three sensors measuring along the feed 
direction were most suitable to monitor the increase of the machined surface 
roughness with increasing feed rate. 

Keywords: milling, aluminium, steel, sensor, monitoring 
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1. Introduction 
The study is about relating recorded signals with machined surface profiles for different 
cutting conditions. The study aims at exploring the possibilities of a sophisticated sensor 
platform for process monitoring and measurement in order to improve the understanding and 
control of the complex process of machining. 

1.1 Topography of the machined surface 
Evaluation of the milling process during metal cutting started as soon as the first machine tool 
was built. Ernst and Martellotti [1] were among the first to describe the effect of the surface 
finish depending on tool chatter and Built Up Edge (BUE). Tobias [2] described more in-
depth how the variables of machining are connected to the stability of cutting and hence to the 
surface finish. Researchers today try to simulate parts of, or the whole process, with different 
methods, for example Bouzakis et al [3] who has successfully predicted the surface 
roughness, forces and the chip geometry for freeform surface milling using ball end mills. A 
more generalized model was developed by Altintas [4]. He has developed models for most of 
the tools used in industry today and can also calculate the stability of the machine tool and 
workpiece. Several parameters affect the surface roughness as described by Benardos [5], see 
Fig. 1. This diagram divides the variables affecting the surface roughness into four groups, 
each holding 3 to 7 different variables. E.g. the workpiece properties group consists of: 
workpiece length, workpiece diameter and workpiece hardness. This fishbone diagram 
together with the DIN standard 4760 [6] which deals with surface classification and form 
deviations makes it possible to classify different cutting conditions and how they are 
connected to changes in process parameters. An adopted picture of the DIN standard is shown 
in Fig. 2 and also described further by Colak [7].

The DIN 4760 standard divides the surface topography errors in four different orders. The 1st

order is a form deviation that is shown as unevenness or non-circularity of the workpiece. 
This irregularity can be produced by a number of causes, such as machine tool axis error or 
deflection of tool to workpiece. The 2nd order is waviness that can originate from vibrations in 
the tool or the machine, from form defects of the cutter or from eccentric clamping of the tool. 
The 3rd order comprises grooves or scratches as a result of the cutter edge, feed rate or the 
infeed of the cutter. 4th order irregularities are classified as ridges, ripples or knobs generated 
by the chip forming process: BUE, shear chip or chip entanglement. When these irregularities 
are combined a surface structure similar to the bottom picture in Fig. 2 is achieved. 
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Fig. 1: Fishbone diagram of parameters affecting the surface roughness [5]

Fig. 2: Classification of surface roughness errors adopted from DIN4760 [6] 
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1.2 Process sensors 
Force is one of the most important variables to access for realising process monitoring, along 
with acoustic emission, because of its direct context with the machining accuracy. The force 
sensor is therefore one of the most used sensor types for monitoring of the milling process. 
Amongst other applications it is used for machine diagnostics, chatter evaluation and 
evaluation of the surface finish during milling. Different sensor types and their use are 
described by Dornfeldt [8]. About 25% of the sensors described by Dornfeldt are classified as 
multi-sensor systems or intelligent sensors, i.e. sensors connected to a neural network. 
According to Dornfeldt the trend is towards this type of system because of the increasing 
computer performances enabling to calculate vast amounts of data on-line. 
Later research has shown that also the accelerometer bears inherent information for 
estimation/prediction of the surface roughness [9, 10]. The method of using accelerometers 
turned out to be advantageous because it is a flexible and rugged sensor that can easily be 
placed near the cutting zone. Both Tsai et al and Villasenor et al add artificial neural networks 
together with statistics to construct surface evaluators. They identify a stable portion of the 
accelerometer signal (mounted below the workpiece) and look at the amplitudes to correlate it 
to the surface quality, achieving correlations for a limited operating window, however, with 
the requirement of a series of teach-in runs. Their neural network method is promising and 
has different advantages and limitations than the here presented approach. However, they do 
not take into account that the force is the variable directly affecting the surface finish, as 
shown by several researchers [11, 12]. Both Sutherland et al and Wan et al use the cutting 
force to model and predict the surface quality. The modelled surface deformations as a 
function of the force was in good coincidence with experimental measurements, thus 
facilitating to explain the context. However, no on-line monitoring was aimed at, thus no 
parameter studies were performed. A comprehensive literature survey on process monitoring 
of machining is given in [10], highlighting that the majority of publication focuses on acoustic 
and optical sensors rather than the here treated accelerometer and force sensor. 
By using both sensor types to evaluate the surface topography we hope to gain knowledge 
how to identify the process more accurate. The novelty of the present research is the sensor 
types that are used simultaneously to retrieve information about the surface and that we use 
very simple techniques to withdraw this information from the signals. Both signal types are 
evaluated in the same way and therefore it may not be possible to use all signals because of 
the differences between an accelerometer signal and a force signal. 
 A sophisticated system concept has been developed and partly integrated by the authors [13]. 
This system has a multi sensor approach where the process is evaluated using several different 
sensor and analysis methods. The sensors implemented are accelerometers and force sensors. 
Simultaneously to these measurements Laser Doppler Vibrometry (LDV) and a magnetic 
bearing (AMB) are utilized to evaluate and simulate the process further. The present LDV 
measurement method used on rotating elements is a new approach as done on polished 
surfaces, which is a challenge due to the sensible non-diffuse reflection behaviour, as 
described in [14]. Earlier work done by Halkon and Rothberg [15, 16], Stanbridge and Ewins 
[17, 18] have all been focussed on rough surfaces having the problem of speckle noise when 
measuring. LDV-measurements on a rotating tool were studied by the authors [19]. 
Occasionally accelerometers are even used as force sensors [20], which can be advantageous 
because the sensors need not to be arranged so that the forces go through the sensor. The 
accelerometer is a cheap and small type sensor. The main accelerometer type is piezoelectric, 
distinguishing two subtypes: Integrated Circuit Piezoelectric (ICP) and charge (PE), where the 
PE type uses an external amplifier while the ICP has built in electronics. Among their 
different advantages, two important features are lower cost per channel and simpler use with 
ICP types. The accelerometer, regardless of type, is small and rugged and can therefore be 
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mounted almost anywhere. It can be situated right beside the cutting zone or inside the spindle 
assembly, depending on what to measure.  Kang et al. [21] placed a load cell near the ball 
screw giving a system that is cheaper than a tool dynamometer and it is also shielded from 
cutting fluids and the wiring is also shielded. By placing the load cell this far from the cutting 
zone makes it 5% less exact than the dynamometer.

Kim et al. [22] measured the spindle displacement during milling with a capacitive sensor and 
succeeded in estimating the cutting force. It is also possible to measure the chatter of a 
process with a force sensor and from this data take decisions how the process is developing, 
this is shown by Yoon and Chin [23]. They use wavelets to extract characteristics of the 
detected signal and verify it by comparison with the FFT of the same signal. 
Many researchers try to realise a system that can warn when the tool is worn out, this can be 
done by using appropriate sensors and mathematical models like genetic algorithms or hidden 
Markov models [24,25] to extract wanted parameters, e.g. tool wear. 

1.3 Monitoring hypothesis 
The here presented research for studying and developing a monitoring system for machining 
is based on the following hypothesis and strategy: the main goal is to monitor on-line the 
quality resulting from the machining process as well as announcement of a cutting insert 
failure. One key issue is the improved identification and understanding of the context between 
the process, the resulting surface quality and obtained signals, particularly for sensor types 
with high potential for practical use. Accordingly, the accelerometer as a low cost, high 
dynamics sensor with a high degree of flexibility for mounting locations and the force sensor 
due to its ease of access were selected for detailed investigations.
In the present study the resulting surface roughness is the target property to be monitored, as 
being easy to measure and in many cases inherently containing information about 
mechanisms like surface damage or cutting insert wear.
Six machining cases are studied: For two technically important metals (one steel, one 
aluminium alloy) three suitable feed rates were chosen, thus six cases will be studied. For 
each of the six machining situations the obtained roughness is measured a-posteriori.   
From a sophisticated sensor and analysis platform for a certain machining centre six sensors 
are chosen to be evaluated with respect to their capability, potential and limitations of 
monitoring the roughness: (i) three force sensors of the spindle in the three coordinates, (ii) 
two accelerometer sensors measuring the two horizontal vibration components just above the 
rotating part of the spindle (thus close to the cutting process) and (iii) the same vibration in 
cutting direction also by LDV (contact-free high resolution measurement technique). Each of 
the six sensors delivers a signal in form of amplitude versus time. Through signal analysis it 
can be tried to filter essential information from the signal. 
The monitoring hypothesis is based on the assumption that the physical values acquired (force 
and vibration components) contain information about the roughness. The monitoring strategy 
starts with finding reliable correlations between a signal and the obtained roughness. It was 
chosen to start with the most fundamental analysis, the mean value (low pass filter) of the 
signal it can be rather easily derived and have a fundamental importance for the understanding 
of the physical context. Also Fast Fourier Transformation (FFT) was proven, as easy to 
derive. In the following it will be proven whether any of the sensors delivers sufficiently 
reliable correlation with the roughness behaviour for the six cases studied as a necessary (but 
not sufficient) indicator for suitability for monitoring. In terms of falsification, if the mean 
value of a sensor signal does not follow the roughness trend, it is eliminated (the mean value 
as one possible analysis of the signal, not the sensor itself).
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If some of the sensor signals are not eliminated, research will be continued with 
generalization and optimization of the mean-value strategy, otherwise new signal analysis 
values will be studied, e.g. the variance. Beside the identification of suitability of the sensors, 
possible physical mechanisms will be discussed to improve the theoretical understanding of 
the context process-signal. 

2. Experimental set-up 
The experiments were carried out in a five axis High Speed Machining (HSM) centre (Liechti 
Turbomill ST1200, 24 000 rpm). The system has digital servos with optical couplings. The 
power of the spindle is 30 kW, providing a constant torque of 61 Nm up to 5000 rpm.  
To study different cutting conditions, two materials were studied: aluminium alloy AA 7010 
(Al Zn6MgCu) and the toughened steel SS2541-03 (34CrNiMo6, AISI 4340). AA 7010 [26], 
developed during the seventies, is mainly used by the aerospace industry for structural parts 
with critical strength. For machine parts and for common heavy section constructions the 
toughened steel S2541-03 is used. It is well known for its capability of developing high 
strength in the heat treated condition and toughness while retaining good fatigue strength.
The cutting tool used is a 16 mm R390 mill (R390-016A16-11L) with two inserts, see Fig. 3. 

 (a) (b) 

Fig. 3: Side view from two directions and characteristic dimensions of the applied (a) milling 
tool and (b) cutting insert [27] 

This tool is recommended from the manufacturer as it is simple to extract data when only one 
tooth is cutting. It is also rigid enough to handle the cutting data used. Different inserts were 
used for steel (M-PM 1025) and aluminium (E-NL H13A).  
The work pieces were pre-milled to get a curved surface, see Fig. 4(a), (arc geometry radius: 
300 mm, arc angle 30 degree, arc length 150 mm) enabling to keep the four axis spindle head 
completely at rest during milling by only rotating the workpiece (fifth axis), thus achieving 
quasi-plane motion conditions without spindle motion. This way of machining eliminates 
disturbances related to the fast movement of the spindle head that may affect the 
accelerometers. It also enables the use of Laser Doppler Vibrometer (LDV) measurement 
methods for contact-free measurement of (resting, but vibrating) components of the spindle 
and tool.
To get enough output from the sensors the axial depth of cut was set to 5 mm and the radial 
depth of cut to 1 mm. The rotational speed was recommended by the tool manufacturer. For 
aluminium the feed rate was set between fz = 0,16  0,35 mm/tooth and 19 000 rpm, for steel 
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the equivalent was fz = 0,27  0,63 mm/tooth and 4800 rpm. Three different feed rates were 
studied for each material, as shown in Table 1: 

Tab. 1: The six cases to be studied and the derived feed values used 

Material Feed rate v
[mm/min] 

fz
[mm/tooth]

fn
[mm/rev]

n
[rpm] 

     
v1:   2 600  0,27 0,54  

Steel v2:   3 800  0,40 0,79  4 800 
v3:   6 000  0,63 1,25  

     
v1:   6 200  0,16 0,32  

Alu v2: 11 500 0,30 0,60 19 000
v3: 13 300  0,35 0,70  

It is important to note that the machining process was carried out without cooling liquid in 
order to avoid disturbances of the measurements, particularly by LDV.  

The sophisticated sensor and analysis platform is described in detail by Norman [13]. 
The signals logged during milling are: (i) the force components Fx, Fy and Fz by using a 
Kistler 9257A force platform connected to the workpiece, see Fig. 4(a), (ii) the vibrations by 
two charge accelerometers in x- and y-direction placed on the lower bearing of the spindle 
housing. The LDV, measuring velocity, is used both to verify the y-accelerometer 
measurements (as a preparatory measure for quality assurance) and (iii) to measure in-process 
the y-vibrations at the mounting above the spindle ring close to the tool. To verify the 
accelerometer reading with the use of the LDV it was pointed at the flat top of the 
accelerometer. Both signals were converted to the frequency domain with a FFT and then 
compared to each other. In all cases the signals agreed. The dynamic range for the LDV is 
1,5MHz with a resolution of 2nm, with digital demodulation it is possible to reach to the pm 
area. The accelerometers have a range of 0,3-8kHz and resolution of 0,8Hz with the used 
setting during measurements. The force transducers measures forces up to 10kN with a 
frequency up to 6kHz.
During cutting the data were logged with a PULSE system from Brüel&Kjaer. The system 
consists of a DAQ box and a laptop with software. The data are transferred to MatLab 
analysis software where computation and evaluation takes place after cutting is finished. 
Although the present study merely focused on post-process signal analysis, in principle all 
analysis and monitoring can be performed on-line during the process, e.g. by the aid of a 
Digital Signal Processor (DSP). 
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(a)
(b)

Fig. 4: (a) Experimental set-up with the spindle tool in the starting position of the arc 
geometry to be shoulder-milled, the workpiece being connected to the force sensor platform, 
(b) arrangement of the six sensors 

Subsequent to the milling process the optical appearance and roughness of the surfaces was 
studied through optical microscopy (OM) and by a Wyko NT1100 optical profiler (OP). The 
measurement area used has a horizontal resolution of 6,8 m and a vertical profile resolution 
in the nanometre range. For comparison with the Wyko roughness values of Ra and Rz a Mahr 
M4Pi perthometer or mechanical surface inspection (MSI) device was applied, too. The MSI 
has a profile resolution of 12 nm. Figure 5 shows how the milled surfaces are evaluated. 
Figure 5(a) shows the middle of the three tracks shoulder milled at different feed rates, see 
also the rectangle denominated A in Fig. 4. The boxes of approximately 5 mm x 6 mm area 
are photographed by optical microscopy, Fig. 5(b), also showing the location of the 2,5 mm 
long line where the MSI measurement was carried out. The optical profilometer measurement 
was performed for the 5 mm x 4 mm area depicted in Fig. 5(c), including an area of 
approximately 4,5 mm x 0,5 mm that was used for calculating the surface roughness from the 
profilometer measurement.  
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Fig. 5: Characterization of the milled surfaces: (a) the middle of the three shoulder milling 
tracks with the areas to be investigated, (b) Optical Microscopy picture and MSI measurement 
path, (c) optical profilometer image and area used for roughness measurement  

3. Results and Discussion 
The above described experiments resulted in six machined samples, to be distinguished by 
their machined surfaces for three different speeds for steel and aluminium, respectively. The 
six surfaces were then characterised by photography, optical 2D-profilometry and mechanical 
roughness measurement.  
For each of the six experiments the signals of the six sensors (three force components, two 
accelerometer components, LDV) was recorded, resulting in 36 signals, each over the whole 
processing duration. Each signal was low-pass filtered in order to facilitate a systematic 
characterisation. For each signal a maximum representative interval was identified where a 
stable signal could be acquired, for two specified deviation band widths (+/-5%, +/- 10%), 
resulting in 72 corresponding mean values. The trends of the signal mean values and of the 
corresponding roughness values are eventually compared in order to explore possible 
correlations suitable for process monitoring and to understand limitations. 

Surface characterisation
Figure 6 shows the photographs and the optically measured topographies of the surfaces of 
the six machined samples, plus surface profiles in cutting directions. 
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Fig. 6: Photographs, 2D-profiles and 1D-profiles of the machined surfaces for steel and 
aluminium for the three different feed rates studied 

While Fig. 6 gives a qualitative picture of the processed sample surfaces, the measured 
roughness is shown in Fig. 7. The two roughness values Ra and Rz (according to the standard 
definitions) were measured by the mechanical and optical method, as described in Section 2.  
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Fig. 7: Roughness (in terms of Ra and Rz, measured mechanically and optically) as a function 
of the feed rate for the two different materials  

As can be seen, the optical profilometer can lead to somewhat higher Rz-values than the 
mechanical measurements. The reason for this can be the different resolutions and methods. 
Instead, good coincidence between the Ra-values was obtained. However, most important for 
the characterization of the surface behaviour for different speed and materials is the 
qualitative agreement obtained, namely an increase in surface roughness with increasing 
speed for all cases of each of the two materials. This is a clear base for a monitoring strategy, 
in which this consequent increase of surface roughness with speed (for each material) shall be 
monitored on-line through a similarly behaving signal. Beside qualitative agreement as a goal, 
the quantitative increases can be expressed in a relative manner. 
The surfaces in Fig. 6 show a characteristic pattern, namely a different periodicity at the top 
and bottom region, with a transition region in between. The reason for this pattern can be the 
nature of a cutting tool composed of two cutting edges, see Fig. 3, one acting as the main 
cutting tool, the other processing an additional less deep pattern.  

Signal analysis
The obtained signals are of periodic nature. In addition they contain the start and stop 
transients, refer to the processing geometry, Fig. 4. Suitable signal post-processing and 
analysis is required for handling the signal in a proper way and for extracting clear monitoring 
information. It was chosen to derive a smoothened positive curve f2(t) (kind of low frequency 
pass filter) through continuous integration of the acquired signal curve f1(t) over a certain time 
interval t (or number of sampled data points N):

tt

t

N

dttf
t

tf
t

tf 112
11  (1) 

Note that according to the monitoring hypothesis chosen, the present study focuses on the low 
frequency spectrum, not excluding that higher frequencies can be of relevance, but to be 
studied separately at a later stage. Whether arranging t at the beginning (as here) or in the 
center of the integration interval t was not critical. For the three force signals N = 200 (or 

t = 12,12 ms) was sufficient, while for the accelerometer and velocity signals N = 3000 (or 
t = 181,8 ms) was chosen, the latter leading to more smoothening. The choice of this 

integration length was not critical, but a compromise together with the deviation band width 
f to be defined. The band width determines the length of the interval in which the sampled 

data are regarded as representative as being sufficiently constant, while (signal processed) 
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data outside this interval determine a transient region not regarded as suitable for monitoring 
of the surface roughness. Two values for the deviation band width of the smoothened signal 
were chosen (for comparison): f5 = 5 % and f10 = 10 %. Each of these band widths leads 
to a corresponding (maximum) valid monitoring interval  = 2- 1, being a measure of how 
stable or transient the acquired signals is. Only a sufficiently constant signal is suitable for 
monitoring.
Note that during this computer processing step also the sampling rate was reduced from 
originally 16,4 kHz (61,0 s) during measurement by a factor of 100 to 164 Hz (6,10 ms). 
This reduction is not necessary, but it increases the computation speed and lowers the amount 
of data. 58000 data points were sampled for each case, reduced by signal analysis to 580 
points, corresponding to a time interval of 3538 ms, compare e.g. Fig. 8(a) with Fig. 8(d). 
As example the six original signals (black curves) and their derived (white) curves according 
to Eq. (1) are shown in Fig. 8 for the steel case at its lowest feed rate (2600 mm/min).  

(a)  (e)

(b)  (f) 

(c) (g)
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(d) (h)
Fig. 8: Sensor signals (black areas) and derived filtered curves (white) for steel machined at 
2600 mm/min: (a) force signal Fx(t), (b) force signal Fy(t), (c) force signal Fz(t), (d) stable 5% 
and 10% intervals for the filtered signal Fx2(t), (e) accelerometer signal ax(t), (f) accelerometer 
signal ay(t), (g) LDV signal v(t), (h) stable 5% and 10% intervals for the filtered signal ax2(t) 
(58000 sampling points correspond to 3538 ms) 

Note that many of the signals are not symmetric but often slightly shifted to the negative 
values (DC-contribution, here for: Fx, Fy, v). For the force signal this is explained by an 
average directed force continuously acting during the process, superimposed by the oscillating 
mechanism. Significant transient regions can be seen, limiting the interval providing a useful 
constant signal. Two reasons for varying signals are (i) the start and stop regions of the 
machining process, being comparably significant due to the short processing time in total 
(here about 2 s) and (ii) the rotational cutting path of the workpiece leading to non-constant, 
inclined product and process geometry from the sensor point of view, particularly affecting 
the Fz-signal, see Fig. 8(c). Also the Fx-signal often shows a monotonous declination, see Fig. 
8(a). A correction for this inclination could be considered in the post-analysis, provided the 
relation is linear. Due to the first reason the non-constant regions become larger for higher 
speed. In addition the finite integration length t ( N) leads to a phase shift of useful data at 
the start and stop periods and should therefore be kept little. 
All signal mean values resulting from the experiments and signal analysis are listed in Tab. 2.  
Tab. 2: Signal mean values for each of the six machining cases and for each of the six sensor 
signals, for the two signal deviation band width definitions 5% and 10%

Material Feed rate 
[mm/min] 

Band
width f

Fx
[N]

Fy
[N]

Fz
[N]

ax
[m/s2]

ay
[m/s2]

vy
[m/s]

Steel 2600 10% 30,14 30,43 7,58 13,15 28,44 0,054 
5% 31,39 31,12 7,63 12,99 28,46 0,055 

Steel 3800 10% 18,23 38,08 6,66 12,71 29,50 0,056 
5% 17,57 39,25 6,96 12,40 29,95 0,057 

Steel 6000 10% 18,83 37,16 8,52 13,03 30,67 0,062 
5% 18,41 35,69 10,44 12,73 31,20 0,060 

Alu 6200 10% 3,39 9,12 3,02 14,81 33,15 0,06 
5% 3,14 9,10 2,96 14,86 33,25 0,06 

Alu 11 500 10% 4,27 12,34 5,40 116,51 35,28 0,08 
5% 4,52 11,89 5,57 118,91 24,03 0,08 

Alu 13 300 10% 4,60 13,17 3,33 59,10 52,24 0,157 
5% 7,01 13,23 3,21 58,71 50,87 0,159 
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Those values are defined as representative for the processed signals and are used later for the 
evaluation of the process monitoring capability of each sensor. 

Correlation signal shape vs. surface profile
The magnified signal that can be related in space (via the feed rate) to the measured surface 
profile is shown in Fig. 9 for the case of machining of steel at its middle feed rate of v2 = 3800 
mm/min.  

(a)

(b)

(c)

Fig. 9: (a) Measured surface profile, ref. Fig. 5(c),  and corresponding (b) force sensor signal 
Fy(t) and (c) accelerometer signal ay(t) (case: steel, feed rate v2 = 3800 mm/min; 58000 
sampling points correspond to 3538 ms) 

Figure 9(a) shows the measured surface profile (OP). Note the characteristic second peaks 
generated by action of the second cutting insert, ref. Fig. 3(a), generated due to unavoidable 
slight radial asymmetry. The corresponding Fy-signal interval is plotted in Fig. 9(b) while Fig. 
9(c) shows the ay-signal of the corresponding length. The larger number of peaks and 
oscillations in the accelerometer signal is explained by the higher dynamic capability of the 
sensor compared to the force sensor. The accelerometer shows high frequency oscillations 
obviously generated by the complex oscillating system workpiece/tool/spindle, as the 
accelerometers are located at the spindle housing at remote distance from the process. The 
force sensor in Fig. 9(b) purely shows the fundamental oscillation corresponding to the impact 
(signal peak) of the two different cutting inserts and the subsequent springback of the tool 
(signal valley) during the periods where the inserts do not interact with the cutting front of the 
material. Note that the force sensor signal showed higher order oscillations for some cases.  
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The roughness and both sensor signals are governed by the same main frequency (4800 rpm = 
80 Hz  12,5 ms per rotation or 6,25 ms per cutting insert) or spatial periodicity (0,79 mm per 
rotation or 0,396 mm per cutting insert) determined by the spindle rotating speed along with 
the feed rate, namely in the present case . While the lower impact of the second cutting insert 
can be easily seen in the surface roughness measurement, it can only sometimes be revealed 
in lower levels of the acquired signals. 
Although the detailed signal is expected to contain a direct context to the produced surface 
quality, in the present study the overall signal and its integrated mean value behaviour were 
investigated in more detail instead, as bearing some promising information. The main 
frequency of the detailed signal corresponds to the rotational speed of the spindle, while its 
higher harmonics compose the overall signal, as was confirmed by FFT-analysis. The 
accelerometer signals and LDV signals show higher frequencies than the force sensor signals 
due to the higher dynamic capability of the latter sensor types. Interesting would be the 
identification of the two different patterns and the corresponding second surface profile 
peaks/valleys (observed by the profilometer) by the signal. However, no apparent such 
characteristics could be found in the signals, except the above mentioned different signal 
levels for the two cutting inserts. 

Identification of stable signal intervals
The full length signal f1(t) in its signal-processed manner f2(t) initially needs to be studied 
with respect to signal stability. From the deviation band width boundaries f5 = 5 % and f10

= 10 % corresponding interval lengths result in which a sufficiently constant signal was 
acquired, as shown in Tab. 3 in numbers relative to the measurement period T for each case: 

Tab. 3: Time intervals relative to the measurement length T containing a stable, constant 
signal for a deviation band width f of 5% and 10%, respectively, for the 6 cases and 6 
sensor signals, respectively (marked as black box if less than 25%) 

     Fx Fy Fz ax ay vy

Material Feed rate 
[mm/min] 

T [s] f
/ T / T / T / T / T / T

Steel 2600 3600 10% 81% 88% 28% 90% 94% 92% 
5% 35% 42% 5% 68% 93% 83% 

Steel 3800 2463 10% 66% 54% 16% 56% 53% 58% 
5% 21% 27% 1% 25% 45% 47% 

Steel 6000 1560 10% 43% 36% 15% 38% 40% 40% 
5% 20% 9% 2% 29% 34% 31% 

Alu 6200 1550 10% 52% 93% 37% 88% 87% 88% 
5% 7% 64% 11% 85% 85% 86% 

Alu 11 500 836 10% 46% 74% 67% 50% 57% 54% 
5% 24% 45% 33% 38% 39% 47% 

Alu 13 300 723 10% 32% 81% 45% 65% 85% 74% 
5% 18% 77% 25% 58% 57% 65% 

 Minimum 10% 32% 36% 15% 38% 40% 40% 
 Minimum 5% 7% 9% 1% 25% 34% 31% 
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From Tab. 3 the suitability of the different sensor signals can be validated with respect to 
sufficient intervals of constant signal. As can be seen from the last two rows showing the 
shortest intervals, the Fz-sensor can lead to very short intervals and seems therefore not 
suitable for process monitoring. The signal intervals for the accelerometer and LDV signals 
were less sensitive to the deviation bandwidth than the force sensor signals and are therefore 
more suitable from this point of view. However, sufficiently long intervals are a necessary but 
not sufficient criterion. The Fz-sensor has to be eliminated due to the above findings. The 
elimination of the Fz-signal can be explained by two reasons: First in the present experiment, 
see Fig. 4 and Fig. 5(a), the machining centre required a rotational motion leading to a slightly 
changing inclination of the tool to the surface and in turn to an unwanted exchange between 
the vertical Fz-force component and the two horizontal components. This is a systematic error 
leading to a characteristic signal envelope like in Fig. 8(c), which could be eliminated through 
experimental efforts or during the signal analysis. Nevertheless, as will be shown below, the 
Fz-sensor did not either survive the second criterion of following the roughness trend, thus no 
expectation was given to this improvement. Secondly, the roughness is a phenomenon 
occurring mainly in the horizontal xy-plane, as will be illustrated in the theoretical discussion 
below, thus information content on this xy-plane mechanism is not expected in first order to 
be observed in the z-force component. 

Correlation signal value vs. surface roughness value
Eventually the derived signal mean values f  (accompanied by their maximum deviation 
bandwidth f) are compared to the measured roughness values of Fig. 7. As this study aims at 
process monitoring rather than measuring, in other words towards a qualitative correlation 
rather than exact quantitative measurements, no particular efforts were put towards calibration 
of the sensor signals or physical interpretation. Instead the empirical correlations achieved 
between the signals and the surface roughness (as the value to be monitored) were compared, 
studied and discussed. One particular difference between monitoring and measurement is the 
possibility to focus on relative qualitative changes for the former. Due to lack of quantitative 
correlations and in spite of a clear qualitative trend for the surface roughness as a function of 
the feed rate, such relative comparison is encouraged. According to Fig. 7 the roughness 
always (i.e. in all four cases) increased with speed for both materials. If the same monotonous 
behaviour can be found for one of the sensor signals, it indicates to be suitable for process 
monitoring. More determined, if the signal of a certain sensor does not follow this trend, the 
sensor is not suitable for process monitoring of the roughness with the above method. 

Using the lowest speed for each material as the reference condition, Tab. 4 lists and Fig. 10 
illustrates the relative change in roughness and signal value for the different sensors 
(numbered as case no. 1-4 and no. 5-16, respectively).  

The monotonous experimentally observed roughness trend, namely increasing roughness for 
increasing feed rate v, determines the anticipation for the signal trend in order to monitor the 
roughness, namely the need for a consequently increasing signal mean value for increasing 
feed rate (separately for each material). The here studied monitoring hypothesis expects the 
processed signal value to consequently follow the roughness trend, i.e. to consequently 
increase for increasing feed rate, otherwise the sensor signal is not suitable and needs to be 
eliminated. The sensor signals which do not follow this rule are marked black in Tab. 4 and 
by the encircling in Fig. 10, namely cases 5-12. Those sensors, namely the three force sensors 
Fx, Fy and Fz and the accelerometer sensor ax did not succeed in qualitatively monitoring the 
trend of the roughness change. The accelerometer sensor ay and the LDV measurement 
(measuring in the same y-direction at the ring at a different location) followed the trend and 
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are therefore not excluded from acting as a monitoring sensor. We remember from Tab. 1 that 
the additional exclusion criterion for too short stable time intervals merely concerned Fz, and 
to some extent Fx and Fy, thus again only the force sensors. However, the above rules are a 
necessary requirement that only becomes sufficient if proven for the whole range of 
parameters to be applied. In contrast this also means that the Fx- and Fy force sensors are still 
suitable when limiting their range of applications to aluminium, as their trends were only false 
for steel. 

 Case No. m No. 1 3 10% 5 7 9 11 13 15 
o 2 4 5% 6 8 10 12 14 16 

Mat. Feed rate
[mm/min]

 R Ra Rz f Fx Fy Fz ax ay vy

Steel v2: 3800 m
197% 143%

10%
-40% 25%

-
12% -3% 4% 4%

(v2/v1: 46%) o 15% 18% 5% -44% 26% -9% -5% 5% 4%
Steel v3: 6000 m

345% 268%
10%

-38% 22% 12% -1% 8%
15
%

(v3/v1: 131%) o 97% 101% 5% -41% 15% 37% -2% 10% 9%

Alu v2: 11 500 m
28% 28%

10%
33% 35% 79% 687% 6%

33
%

 (v2/v1: 85%) o
71% 68%

5%
36% 31% 88% 700% 2%

33
%

Alu v3: 13 300 m
41% 78%

10%
36% 44% 10% 299% 58%

162
%

(v3/v1: 115%) o
185% 105%

5%
123% 45% 8% 295% 53%

165
%

False (out of 4) m 0% 0% 10% 50% 25% 50% 75% 0% 0%
False (out of 4) o 0% 0% 5% 50% 25% 50% 75% 0% 0%

Tab. 4: Relative increase in the measured roughness Rz (case no. 1-4, m...mechanical, 
o...optical measurement) and in the mean value of the acquired signals F, a, vy (case no. 5-16, 
deviation band width f 10% and 5%, respectively) for increasing the feed rate v from 
originally v1 to v2 or v3, respectively, for steel and aluminium (marked black, if no 
monotonous increase with v)

An understanding of the context between the sensor signals and the roughness is desirable in 
order to facilitate developing a monitoring system. Moreover, beside a qualitative agreement 
of trends a quantitative coherence of the trends or even of the absolute values (measurement 
level) is desirable. However, the context between the sensor signal and the process and 
resulting product surface quality is highly difficult. First attempts have been made by the 
authors, e.g. by studying the context between process and product vibrations [28] and by 
modelling the dynamics of the spindle as a transition element between the process and sensor 
[19].
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(a)

(b)

Fig. 10: Relative increase in the measured roughness (case 1-4, ref Tab. 4) and in the mean 
value of the acquired signals (case 5-16, ref Tab. 4) for increasing the feed rate from 
originally v1 to v2 or v3, respectively, for (a) steel and (b) aluminium; (U denominates 
monotonous signal increase Up for increasing feed rate, D: signal Down, UD: the signal goes 
first Up then Down for increasing feed rate, DU: vice versa signal first Down then Up for 
increasing v)

Although the above results are difficult to explain, in particular why only measurement of the 
y-motion (ay and LDV-sensors) remains suitable, while all other signals fail, a brief 
theoretical discussion shall be tried. 

Theoretical discussion
The different behaviour of the six sensors and their suitability for process monitoring can be 
partially explained by regarding the theoretical context. The cutting process, viewed from the 
spindle axis is illustrated in Fig. 11(a) for the instant of activity of one insert. The cutting 
insert follows a certain loop trajectory composed of the rotational and translational motion 
that in turn results in the surface roughness at the cut edge. During this period the insert 
creates a force on the workpiece that can be divided into three force components, the 
horizontal ones illustrated in Fig. 11(b). The vertical force results from the inclination of the 
insert, ref. Fig. 3(a).

112 Paper III: Monitoring machining Peter Norman



(a) (b)

Fig. 11: Schematic illustration of (a) the cutting process based on the trajectory of one of the 
two inserts and (b) the resulting horizontal force components to be detected by the x- and y-
force sensors when the insert is active 

During the period of interaction of the cutting insert with the cutting front this force acts, 
while afterwards until the second cutting insert interacts no force is applied. Instead the 
spindle undergoes a springback oscillation. This periodic cycle corresponds to the main 
oscillations visible in the force sensor signals, connected to the workpiece. From the trajectory 
the idealized cutting process leads to a corresponding surface pattern, while in reality the here 
measured oscillations modulate this behaviour. According to the geometry the y-direction is 
the dominant force component compared, as reflected by the highest forces measured, ref. 
Tab. 2. Therefore the dominant y-direction is also more sensitive to detection of the cutting 
process and in turn of the oscillations determining the surface roughness. For increasing feed 
rate both the roughness and the force on the tool increase, leading to possible correlations 
between roughness and force signal. As the insert motions are transferred to the tool, spindle 
and spindle housing, the behaviour is reflected by the LDV-measurement at the spindle ring 
and by the accelerometer measurements at the spindle housing, however, with the additional 
vibration impact of the system workpiece/insert/tool/spindle, leading to higher order 
oscillations and to less direct connection to the process than the force sensors. However, again 
the feed direction (y) is the dominant, more sensitive component than x, thus the ay-sensor and 
the LDV oriented in y are highly suitable for detecting the process and in turn the roughness 
generation behaviour, while the lateral x-component and the vertical z-component (force) are 
more sensitive to perturbations.
It is interesting to note that the dominance of the y-component disappeared at very low feed 
rate (2600 m/min) for the case of steel, see Tab. 2. A possible theoretical explanation for this 
exception can be the lower geometrical asymmetry towards the y-coordinate normally forced 
by the feed rate, a phenomenon observed for many different materials processing techniques. 
As a much lower speed was applied for steel, this behaviour was not observed for aluminium. 
This is of course only a partial and hypothetic explanation of the context between the surface 
roughness, the process and the signal. Further investigations are needed, as is e.g. actually 
carried out by identifying the dynamic characteristics of the spindle via the here presented 
sensor and analysis platform. 
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5. Conclusions 
Six sensors, namely the three force components, the two horizontal accelerometer components 
at the spindle and a corresponding LDV were studied. The sensors were proven for 
monitoring the machined roughness of steel and aluminium at three different feed rates.  

The inhomogeneous impact of the second cutting insert can be seen at the surface 
topography and sometimes in the signals 
The roughness monotonously increases with the feed rate for each material 
The monitoring strategy is based on qualitatively following this trend by a signal 
Post-processing the signals to an integrated mean value was suitable for signal 
analysis 
A stable region of sufficiently constant signal was to be identified, limited to a defined 
deviation of 5% and 10%, respectively, from which a mean signal value results 
Stating a criterion that signals with less than 25% of the measurement period provide a 
suitable constant signal, the Fz-sensor signal clearly needed to be eliminated, while the 
Fx and Fy force signals only succeeded for a 10%-deviation band width, not for 5%
The main criterion that the signal needs to monotonously increase for increasing feed 
rate (separately for each material) led to further eliminations 
The Fz-force sensor and the ax accelerometer sensor did not follow the roughness 
trend for both materials and deviation band widths and are therefore not suitable 
The Fx- and Fy-force sensors did not follow the roughness trend for steel, but did so 
for aluminium, thus they still could be applied with restrictions 
From the original hypothesis four of the six promising sensor signals had to be 
eliminated in terms of mean-value (low pass filter) strategy 
Merely the ay-sensor signal and the corresponding LDV-signal succeeded with all 
criteria and turned out the only promising cases among all six sensors proven (in terms 
of low pass filter) 
However, the above study is based on necessary criterions, while a generalizing study 
of the two remaining sensor signals will be required for a sufficient conclusion 
Moreover, although the sensors provide absolute values with an indirect physical 
meaning, the study restricts itself on relative values and qualitative trends 
Further empirical studies as well as a theoretical understanding of the context product 
quality-process-signal are desired 
As only sensor/signal-analysis cases were eliminated, still for all six sensors further 
signal analysis strategies can be selected and studied 
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IMAGING OF LASER WELDING DEFECTS 
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Abstract

Several weld defects like lack of fusion, blow-out holes, pores, cracks or undercuts can occur 
during laser welding. They can be crucial for product failure. Due to its complexity the laser 
welding process and the origin of its defects are only partially understood. Both experimental 
observation and numerical simulation is difficult. Beside generally accepted knowledge on 
welding defects, to a limited extent high speed imaging, particularly by X-ray transmission, 
and mathematical modelling have generated some understanding. However, experimental 
observation suffers from the small size of the process zone, from its high dynamics and from 
the hot environment, while the physical process is to complex for complete simulations. 

Besides avoiding welding defects through process understanding, detection is of 
importance in industrial production. It can be distinguished between pre-, in- and post-process 
inspection, and between on- and off-line. Off-line post inspection is often expensive. Today 
in-process monitoring is provided by photodiodes or cameras, but owing to the lack of 
understanding it is limited to empirical correlations between the appearance of a defect and 
signal changes. 

The present review provides a survey on laser welding defects, on their experimental 
observation, on their theoretical treatment by modelling or simulation and on their detection 
by process monitoring. Despite large research efforts the understanding and detection of laser 
welding defects is still very limited and unsatisfactory, hindering industrial implementations.  
Further research will be needed to fully control this critical welding process and in turn to 
guarantee reliable production and safe product function. 

Keywords: laser, welding, monitoring, imaging, defects 

1. Introduction 

The present paper provides a survey on relevant literature on laser welding defects, divided 
into microscopic post-process analysis of defects, mathematical modelling or numerical 
simulation of defect mechanisms, high speed imaging of the welding process and in-process 
monitoring of defects. The main focus is put on the last issue. 

Motivation of the literature study is the current research project DATLAS that aims at 
improving commercial process monitoring systems (photodiode based) through better 
knowledge on the mechanisms causing the welding defects and monitoring signal changes. To 
succeed with this we have, together with eight companies, performed tests on different 
materials, joints and material thicknesses to accomplish a matrix correlating the weld defects 
to the sensor signal for these different setups. However, beside revealing empirical correlation 
rules, high speed imaging in cooperation with simulation of radiation emissions impinging on 
the sensor is planned in order to try to predict and explain the context between the physical 
mechanism of the dynamic welding process (in particular the defect origins) and dynamic 
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signal changes. Therefore the larger picture of the above different topics is an important 
starting point. The main objective is to improve the judgement of the capabilities and 
limitations of the context defect-signal and of the signal meanings by better understanding. 

Fig. 1 illustrates the connection between the laser welding process, defects and how 
they can be monitored. The laser technique bubble in Fig. 1 includes; cw/pw, 
keyhole/conduction and laser/hybrid type welding 

Fig. 1: Context process-defect and classification of process monitoring/inspection methods  

The monitoring can be divided into three different types: (i) pre-process, arranged 
ahead of the welding zone like seam tracking devices for identifying the edge position; 
(ii) in-process monitoring, by on-line sensors observing the laser welding process. This can be 
done by using different sensors like photodiodes, cameras, pyrometers or acoustical sensors; 
(iii) post-process inspection is done after the welding zone after the weld has solidified, either 
during manufacturing with camera sensors or afterwards by visual inspection, microscopy or 
other inspection or testing methods. 

Classification of welding defects
Some important welding defects [1] and their physical origin are summarised in Tab. 1.
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Table 1: Classification of laser welding defects and explanation of their physical cause 

Defect Explanation of the physical cause 
Pore
Void

Spherical gas bubble trapped by solidifying material 
Sharp edged volume caused by impurities or during resolidification 

Blow-out Caused by a near surface pore that opens and forms a crater 
Crack H/C Hot cracks are formed during solidifying in welded zone 

Cold cracks can form after welding, often in HAZ 
Undercut Not enough material in upper weld zone, depends on speed, power and gap 
Root dropout Too much molten material in lower weld zone 
Penetration Joint not completely penetrated, depends on oxidation, gas protection,  

contamination of gas or fluctuation of laser power 
Lack of fusion The laser misses the joint, partially or fully 
Reinforcement Too much material in upper weld zone, fluctuation of gap width 

These defects have been under serious investigation because they cause large problems 
to companies. The weld has to achieve the mechanical properties under load conditions in 
order to maintain the function of the product. Weld failures weaken the material locally and 
can lead to fracture and in turn to catastrophic product failure. Therefore standardisation of 
welds and weld defects is essential, as well as their detection. All of the above defects are 
geometrical and therefore visible by the use of either ultrasound testing, X-ray or by looking 
at a cross section of the work-piece. 

Process monitoring can support the detection of defect welds. However in lack of 100% 
reliability even such detection has only indicative nature. Some of the defects are easier to 
detect on-line during the process, others are very difficult to detect. A single sensor is the 
most robust setup for the industry, as simple but reliable systems are wanted.  

2. Results from literature and discussion 

This chapter reviews the state-of-art of microscopic post-analysis, mathematical modelling, 
process observation and process monitoring of welding defects. 

2.1 Microscopic post-process analysis of welding defects 

To be able to make accurate descriptions of errors occurring during welding several 
specimens has to be evaluated. This is done either done by destructive testing of the 
mechanical properties (tensile testing, impact testing, fatigue testing, etc.), by destructive 
microscopic testing when examining the welded surface and taking a cut out of the joint, or it 
can be done by non-destructive testing using ultrasound or X-ray methods to look “inside” the 
joint. A typical laser weld surface is shown in Fig. 2(a). Fig. 2(b) shows a good weld after it 
has been grinded, polished and etched. Fig. 2(c),(d) shows a hot crack that is formed during 
resolidification of the weld. This type of crack can severely lower the strength of the joint.

Welding defects can become the origin for fracture. Under load conditions initially 
plastic deformation takes place, along with the development of a stress field. In particular 
sharp corners or edges and constraints can act as stress raisers where locally very high stresses 
occur. They can initiate crack formation at the microstructure level, e.g. between grains. From 
these micro-defects crack propagation takes place. If the stress cannot locally relax 
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sufficiently quickly, the fracture will propagate through the weld and workpiece thickness, 
leading to damage. Product dimensioning is usually based on defect free welds of certain 
shape and throat depth. The detection of welding defects is therefore essential, as it is a main 
cause for product failure. 

Fig. 2: (a) weld surface, (b) cross section for a good joint, (c),(d) hot crack

2.2 Modelling and simulation of laser welding defects 

By mathematical modelling and simulation understanding on the physical welding process 
mechanisms can be achieved. Development of a model can be supported by experimental 
observation, from which theories can be derived. Matsunawa and Katayama [2] use an in-
house developed X-ray imaging system together with a high speed camera to visualize the 
plasma and melt pool. With these tools they explain how the keyhole dynamics, liquid motion 
in the melt pool and the plasma affect the welding result, e.g. pore formation.  

Up to date the laser welding process has been too complex to be fully simulated, but 
successful results in simulating parts of the process were achieved such as the work by 
Amara [3]. They model the keyhole and melt pool movement that is affected by the flow of 
metal vapour in Nd:YAG laser welding. Fabbro [4,5] simulates the movement of the melt 
pool, metal vapour plume and keyhole during Nd:YAG laser welding. This work is also 
supported by high speed imaging of the weld pool motions. The work presents explanations 
of the keyhole behaviour and how the melt pool and vapour are coupled. Jin [6] modelled the 
keyhole in 3D by taking pictures of the keyhole during welding in glass and from this data 
building the model. Thus partial progress was achieved, but still no complete prediction or 
description of the laser welding process, in particular of its context to welding defects has 
been achieved. A keyhole model with melt flow and drop calculation [3] is shown in Fig. 3.

    (a)     (b)

Fig. 3: (a) Simulation of the keyhole and melt pool flow, (b) explaining drop ejection [3] 
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A model for explaining pore formation during the keyhole collapse after the end of a 
laser pulse [7] is shown in Fig. 4, explaining that recondensation of the metal vapour after 
pulse termination sucks the surrounding Ar-shielding gas into the keyhole that closes to a 
cavity during the collapse. During contraction the cavity ends in a stable spherical bubble 
where the surface tension pressure is in balance with the trapped Ar gas volume. During 
resolidification the slowly rising bubble turns to a pore. 

     (a)

(b),(c)  

Fig. 4: Keyhole collapse towards a bubble after termination of a laser pulse: (a) time 
sequence of X-ray images of the keyhole (side view), (b) contraction predicted by the model,
(c) calculated mixture of metal vapour (Zn) and shielding gas (Ar) in the keyhole/cavity [7] 

 Further models enable to calculate the metallurgical composition in the laser weld cross 
section, in particular the amount of martensite formation leading to hot cracking susceptibility 
for stainless steel [8]. For calculating the local fraction of martensite formed, several authors 
developed dendritic microstructure diffusion models. J. F. Gould [9] thermodynamically 
determined the critical cooling rate of martensite for Advanced High Strength Steel (AHSS). 
With modern sophisticated multi-scale modelling, e.g. at the grain size scale in cooperation 
with the macro-continuum scale, also the crack formation and propagation during load can be 
modelled to some extent [10],[11].  

2.3 High speed imaging of laser welding defects 

For observing the process in the simplest way a standard video camera can be used. However 
it has a very limited spatial resolution, giving poor image quality, and a limited frame rate and 
exposure time that has the consequence that it will not be able to accurately reproduce an 
image of the high intensity laser welding. Several companies [12-15] have therefore 
developed different cameras that can observe the process. The cameras range from being able 
to reproduce an area of 1280x1024 pixels at 600 frames per second to about the same area but 
at 5000 frames per second. With lower resolution the frame rate can be as high as 30000. 
What also sets the price of the equipment is the dynamic range of the camera. It ranges from 
8bit to 12bit from these companies. Today the price ranges from 25000USD to 90000USD.  
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There are also even more expensive cameras with higher frame rate and higher 
resolution but these are not of interest for the industry nor for researchers within laser welding 
as they probably won’t contribute with any deeper knowledge.

To better see the melt pool and keyhole a high brightness illumination is required, by at 
the same time extracting through filters the broad bright spectrum of the weld zone, 
particularly of the plasma plume above the keyhole. Such filtering even succeeds for hybrid 
(laser+arc) welding [16], where even stronger plasma disturbs the observation. Such 
illumination can be achieved by spectrally narrow lamps but also by using a laser. As the laser 
gives a well defined light it is simple to use filters on it to get a better image quality, although 
it is possible to achieve very good quality using only halogen lamps as done by Fabbro et al 
[4], where they look at stabilizing the melt pool with a gas jet, as shown in Fig. 5(a),(b).

Figure 5: High speed imaging of the top side of the melt pool and keyhole [4]: (a) weld pool 
waves, (b) calmed weld through an additional gas jet directed to the keyhole rear side. 
(c)Example of a set-up for X-ray high speed imaging [7] 

As shown in Fig. 4(a), X-ray illumination of a (narrow piece of) weld from the side enables 
even high speed imaging of the keyhole and pores. A typical experimental set-up [7] is shown 
in Fig. 5(c). By the addition of tracer particles, e.g. carbides with high melting point, a 
contrast can be achieved that permits X-ray tracing of the particle trajectories corresponding 
to the flow inside the melt pool. By adding Sn, having a low melting point, it quickly 
dissolves in the weld pool and gives a contrast on the vertical weld pool shape during X-ray 
high speed imaging [2].  

2.4 In-process monitoring of laser welding defects 

Several monitoring techniques can be applied, as shown in Fig. 1. In our research work we 
will use the in-process method as this enables on-line inspection capabilities to information in 
the welding process zone. This way of monitoring is used by several researchers because it 
gives most information about the process in a robust, simple manner when looking for defects, 
thus it also has high industrial potential.

2.4.1 State-of-the-art of monitoring 

Tab. 2 provides a survey on publications on in-process process monitoring of laser welding, 
with corresponding classifications. 

(c)

(b)

(a)
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Table 2: Survey on publications on in-process monitoring and corresponding classification 
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CO2/ cw/ kW
Nd-YAG pw mm

17 C. Bagger DK 1 3 1,5 5 ,5 1,25 2 3 13 25 27 31 +
18 A. Ghasempoor Can 1 3 8 6 5 11 17,18,20,24 27 31-34
19 H. K. Tönshoff D 1, 16 3 6 6 10 12 20, 25 27 29-30
20 H.B. Chen UK 1 3 2 5 6 0,6 1 6 11 25 27 30
21 A. Sun US 1 3 1,1 7,4 6 0,91 1,2 13 25 27 30, 34
22 Y. Kawahito Jpn 2 4 0,05 5 0,1 1 15 24 29,31-32 +
23 B.N. Bad'yanov Rus 2 1,4 6 0,5 13 25 27 29-32
24 P.G. Sanders US 1, 2 3, 4 6 1,6 5,6 14 27 30-31
25 K. Kamimuki Jpn 2 6 6,7 10 14 20,21,22,25 27 31
26 K. Kamimuki Jpn 2 3,5 6 6 10 11, 14 18, 20, 25 27 32, 34
27 D. Travis UK 2, 16 3 6 14 31, 33
28 S. Postma Ned 2 2 6 0,7 11 25 30-31 +
29 J. Petereit D 1, 2 25 26-28 29-31
30 M. Kogel-Hollacher D  11 26-28 29
31 J. Beersiek D 1, 2
32 F. Bardin UK 2 4 2,5 8, 10 14 25 27 29, 31 +
33 M. Doubenskaia F 2 3, 4 2 27 31
34 M. Doubenskaia F 2 4 3 6,7 27 31
35 M. Doubenskaia F 2 3 2 9 0,7 1 13 24 27 31
36 Ph. Bertrand F 2 3 3 6,7 11 27 31
37 V.M. Weerasinghe UK 1 3 2 6 11 27 30,32,34
38 H. Gu Can 1 1,7 6 1 11, 13 25 27 34
39 D.P. Hand UK 2 3 2 6 1 11, 13 25 27 30 +
40 S.-H. Baik Kor 2 4 1 6 1 11 27 31
41 L. Li UK 1 2 6 5 27 34
42 L. Li UK 1 3, 4 1,5 5 5,6,8,9 2 0,22 1,5 11,13,15 25 27 30
43 B. Kessler D 1, 2 3 17,19,24,25 26-28 29-33 +
44 W. Wiesemann D 1, 2 26-28 +
45 J. Shao UK 1, 2 17, 19, 25 26-28 29-34

TABLE LEGEND 
Laser type Material Joint     Defect Inspection type  Sensor
1=CO2  5=  Al-alloy 11=Butt joint     17=Blow-out 26=Pre-Process 29=CMOS-Camera 
2=Nd:YAG 6=  Low C-steel 12=T-Joint 18=Void 27=In-Process 30=Plasma/ph.diode 
3=Continous wave (cw)     7=  Stainless steel 13=Lap Joint 19=Crack Hot/C. 28=Post-Process  31=T / photodiode 
4=Pulsed wave (pw)            8=  Titanium alloy 14=Bead on plate  20=Pores  32=Laser reflect./p.d. 
16=Hybrid welding (MIG)  9=  Zn-coated steel 15=Spot weld 21=Undercut  33=Voltage / current 
     10=Inconel        22=Reinforcement 34=Acoustic / mic. 

  23=Root drop-out   
         24=Lack of fusion   
  25=Lack of penetration      

2.4.2 Scope of published experiments 

The experiments in Tab. 2 comprise both CO2 and Nd:YAG lasers in cw and pw mode. 
Materials are not only standard steel and different alloys as Inconel and stainless steel but also 
aluminium alloys and zinc coated steel. The thicknesses of these materials vary from 0,1mm 
to 10mm. Also the joint types are different, including Butt-, T-, Lap-joint, simplified Bead on 
plate welds and spot welding. All defects shown in Tab. 1 are monitored with sensors like 
cameras, photodiodes and acoustic emission sensors. 
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2.4.3 Monitoring techniques 

Photodiode sensor: To be able to observe a process, a sensor is needed. For laser welding as a 
high temperature process with accompanying thermal emissions optical sensors are favoured, 
in contrast to e.g. machining as a vibration governed process where acoustic and vibration 
sensors are preferred.

Such sensor set-up typically consists of an optical fibre collecting process emissions and 
guiding them to the photodiode which converts it into a time dependent voltage signal, which 
will be amplified and digitalized by an A/D-converter. A DSP or a computer carries out signal 
analysis, enabling to create threshold rules that distinguish between defect and no defect. 
Important is that the thermal emissions from the process contain a lot of information on the 
process dynamics, like melt pool motion, however in a non-trivial indirect manner. 

While cameras are suitable for visualisation and for sophisticated measurement of e.g. 
the melt pool or keyhole dimensions, one or several photodiodes are powerful for simpler, 
industry robust monitoring of the process. The signal integrates the emitted information from 
the process and is thus more difficult to interpret, requiring empirical correlations with 
welding defects or theoretical understanding of the process, which is limited today. Many 
researchers studied this type of sensor successfully [17-23]. Bagger and Olsen [17] placed a 
single photodiode under the weld zone. The system successfully controlled the power of the 
laser to achieve full penetration in sheets of variable thicknesses. Using single diodes is also 
realised by Sanders [24], but they have gone a step further by using the signal to detect part 
misalignment and surface contamination. Ghasempoor [18] used three diodes, one for UV, 
one for IR and one for visible light. By using this setup they have detected lack of fusion and 
also in some cases porosity. 

The photodiode can also be combined with other sensoring techniques like voltage and 
current signals in hybrid welding, where Tönshoff [19] detected lack of fusion and porosity 
defects. Observing hybrid welding by photodiodes has been done by Travis [27] showing that 
a simple and cheap system can be effectively used. Different sensor combinations were tried 
by Sun [21] who demonstrated the use of acoustic sensors for monitoring of both structure 
and airborne sound emissions. These were combined with UV and IR sensors to detect if the 
weld had penetrated fully or not. If access to the process zone is difficult, fibre optics can be 
employed, later splitting the signal to different sensors. This way of measuring has been 
shown by Chen [20]. A combination of a variety of sensors provided good insight in the 
process as Bad’yanov [23] has done by using IR, UV and temperature diodes together with a 
pyrometer and a CCD camera. They accomplished a suitable mathematical approximation of 
the signals and consequently lowered the signal computation efforts. The photodiode is 
successfully used in heavy industry when welding thick plates [18, 26]. Fig. 6(a) shows the 
correlation between the photodiode signal and full or partial weld penetration, respectively. 

Visualisation of the weld pool is performed by CMOS-cameras, requiring less signal 
interpretation, rather image evaluation processing, which is more straightforward. Several 
authors studied the setup with photodiode and camera. Kawahito et al have come a long way 
by introducing adaptive control to a laser spot welding [22]. Several system manufacturers 
developed mature systems on the market, i.e. Weldwatcher [28], Fraunhofer ILT CPC [29], 
Precitec [30] and Prometec [31]. Single pictures can be isolated from the camera, correlating 
to different situations during welding. This is studied by Bardin [32], monitoring the 
penetration depth in real time with a photodiode and analysing the pictures from the camera to 
be able to control the penetration depth.
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Pyrometer sensor: The process can also be monitored by using a pyrometer as shown by 
Doubenskaia [33-35] and Bertrand [36]. They use the pyrometer to monitor the surface 
temperature for different setups like laser cladding [33], not for monitoring of defects but for 
optimisation of cladding parameters. In [34] a pyrometer monitors the surface temperature 
profile during a laser pulse, e.g. to control how the melt is formed to avoid thermal 
decomposition of sensitive materials. The pyrometer can also be used to monitor weld quality 
during welding of zinc coated steels. This can be realised as the quality of these welds are 
connected to the joint gap, and the gap gives different temperatures depending on its size [35]. 
Bertrand [36] uses a pyrometer to detect fusion defects and lack of shielding gas, as well as 
variable speed and gap misalignment, see Fig. 6(b).

Fig. 6: (a) Photodiode signal detecting full vs. partial weld penetration [26]; (b) pyrometer 
signal detecting laser weld interruptions [36] 

Other sensors: Less usual monitoring techniques are studied by several authors [37-42].  
Earlier, Weerasinghe [37] and Gu [38] used acoustic emission sensors to monitor the lack of 
penetration or the penetration depth. Li [41] compared two different ways of monitoring with 
acoustic emission sensors.  

Hand [39] looks at the plasma radiation reflected through the cladding layer of the optic 
fibre that guides the laser beam. They successfully detect focus errors and shield gas 
interruption during welding. A similar way of monitoring using the fibre delivery system is 
presented by Baik et al [40], however they use so-called chromatic filtering to detect power 
variations and focus shifts. They measure the thermal radiation of the melt pool at different 
wavelengths and then identify mathematical correlations to calculate the focus shift and 
power variation. Another way of monitoring the welding process is to measure the plasma 
charge. Li [42] measures the charge between the nozzle and the work-piece during keyhole 
welding, enabling to detect keyhole failure, penetration depth, weld perforation, crater 
formation, weld humping, gap and beam position shift. 

The defects, monitoring techniques and ways of controlling the process of welding were 
summarized in different ways. Kessler [43] describes pre-, in and post-process monitoring, 
different defects and how to effectively monitor them using two different methods. 
Wiesemann [44] makes an in-depth look at process monitoring for many different laser 
techniques. He describes what sensors to use with different methods. Shao and Yan [45] 
survey on-line monitoring techniques for laser welding, classifying the sensors into acoustic, 
optic and other types. 
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3. Conclusions 

The detection or suppression of laser welding defects is essential for successful welding 
applications. A series of different welding defects can be distinguished. Their physical origin 
is often only partially understood. According to the here presented survey, high speed 
imaging and mathematical modelling are powerful methods for improved understanding. 
Nevertheless, according to the complexity of the process, only part of the underlying 
mechanisms could be revealed until know. Also mathematical modelling of the resulting 
fracture mechanisms has been conducted.  

In-process monitoring of light or acoustic emissions by different sensors enables access 
to information on the process dynamics in context with the generation of welding defects. 
Cameras provide images of the top weld pool and keyhole geometry, while photodiode 
sensors and pyrometers provide more abstract, as information-integrated, but industrially 
more powerful monitoring. Today mainly empirical correlations between sensor signals and 
defects led to suitable industrial applications, while there is still a strong need for better 
understanding of the context process-signal and in turn for more systematic monitoring.  
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Abstract
A new method, the Bifurcation Flow Chart (BFC) of generalising results by a standardised 
map into an overall theoretical description of defect generation in laser welding is under 
development. It is demonstrated that different levels of uncertainty need to be considered 
when producing a BFC including; (i) chaotic phenomena, e.g. unpredictable melt flow events; 
(ii) concealed or ignored mechanisms, and (iii) phenomena which are difficult to measure or 
quantify. The point is made that, in complex interactions such as laser welding, an incomplete 
theory is acceptable provided all the essential uncertainties, which might be resolved in future 
studies, are included. The method has the potential to be applied to different processes. 
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The process of laser welding involves the interplay of various phenomena including fluid 
dynamics, thermal transfer, optics and mass flow1-4. The complexity of the physics involved 
makes it extremely difficult to identify and control the sources of various weld defects. 
Experimental and theoretical work in the field is generally restricted in scope to a single sub-
mechanism (e.g. pores, distortion) of the laser-material interaction3-10, and the general 
application of findings is very limited. A new method of generalising results into an overall 
theoretical description of defect generation in laser welding is under development by the 
present authors. It is hoped that the principles involved may be applied to other technologies 
in the future. 

The new technique; The Bifurcation Flow Chart (BFC), is illustrated in Fig. 1(a). This type of 
flow chart can be used as a tool to produce a standardised map of the laser welding process 
and eventually a general model of laser welding defect generation. The technique uses a flow 
chart which involves a bifurcation  if a certain welding defect Q- occurs. The melt pool 
boundary state  can provide additional information, e.g. by process imaging.

The present study will show that different kinds of uncertainty need to be considered in the 
BFC, see Fig. 1(b). The kinds of uncertainty identified are; chaotic phenomena UC (e.g. 
unpredictable melt flow events);11 concealed, ignored or not identified mechanisms UI, and 
phenomena which are difficult to measure or quantify UM. In complex interactions such as 
laser welding, an incomplete theory is acceptable provided all the essential uncertainties 
(which might be resolved in future studies) are included.

Fig. 1: (a) BFC method, (b) different kinds  
of uncertainty to be considered 

Five different cases of the application of the BFC will be discussed here. In each case the 
possible weld defect under discussion is that of crater production on the weld surface. 

Case I involves the well known7 phenomenon of weld pool instability when zinc coated mild 
steel is laser welded. Figure 2(a) shows the weld geometry in cross section and high speed 
imaging  of the weld zone (parameters; 0.8mm thick mild steel with a 9 μm thick coating of 
Zn, 3kW Nd:YAG laser, 600 μm spot, speed 5 m/min). The photos show that the melt pool 
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behind the laser occasionally boils12 and bursts to leave a crater on the solidified weld. This 
phenomenon can be eliminated by the correct choice of process parameters. Although the 
fundamental cause of this crater formation is likely to be connected to the low boiling point of 
zinc, the mechanism is not understood. The BFC for this type of situation is presented in 
Fig. 2(b) where it is stated that the uncertainties involved are of the UI (unidentified 
mechanism) and UC (chaotic) types. UC type uncertainties are always likely to be a feature 
when fluid dynamics play a considerable part of the phenomenon in question. 
Case II considers conduction mode laser microwelding of a Zr-alloy end-fillet joint 
(parameters; Nd:YAG-laser, lamp voltage 450 V, pulse duration 1 ms, pulse frequency 50 Hz, 
spot size 800 μm, speed 0.5 m/min sheet thickness 0.12 mm;  weld geometry shown in 
Fig. 2(c)). In this case, see Fig. 2(c), the conditions can change from a steady state process (as 
in the first image) to one of surface droplet formation (upper row of photos). The formation of 
such droplets is probably due to the recoil pressure12 from onset of boiling but the mechanism 
is unclear. Droplet formation disturbs the quality of the solidified weld and, in some cases, the 
drop is ejected, leaving a crater in the weld surface (lower row of photos). Figure 2(d) 
demonstrates that a BFC can be created for both droplet and crater formation by means of a 
cascade arrangement. The mechanism uncertainty associated with drop formation is of the UQ
type combined with the fluid dynamic chaos uncertainty of type UC.

Fig. 2: (a) Top view images of the crater formation 
- in Case I, (b) BFC for Case I, (c) Side view 

images of drop formation - (upper row) and 
ejection -- (lower) in Case II, (d) BFC for Case II 

Fig. 3: (a) Modelled surface temperature field -
(isotherm steps: 500 K, black: boiling domain) for 
Case III, (b) BFC for Case III, (c) BFC for case IV, 
(d) BFC for case V. 
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In Cases III and IV a mathematical model,4 of conduction mode laser lap welding of AuNi-
coated copper involved randomly generated craters in the weld (which had been observed in 
experimental trials). BFC’s were generated to consider two causes for crater generation; Case 
III took pulse power and pulse duration as the sensitive parameter and Case IV dealt with 
changes in material absorptivity as a result of surface contamination. In both cases the 
bifurcation criterion  was taken as the onset of boiling Tmax > Tb. The temperature field was 
modelled as a function of time as shown in Fig. 3(a). For the case III application the onset and 
growth of the evaporation zone demonstrated a high sensitivity to both pulse power and 
duration. In this case the uncertainty in the system is one of the UM type (insufficiently 
controlled parameter) as shown in Fig. 3(b). 

The BFC of Case IV, see Fig. 3(c), considered the initial absorptance of the solid surface.  
The modelled results4 confirmed a high sensitivity of the absorptance to surface 
contamination. In this case the uncertainties are of the UI (often ignored) and UM (difficult to 
measure) types. 

Case V concerns modelling results8 for the onset of boiling (again for crater formation) in the 
case of (conduction mode) cw laser welding. The BFC developed for this case is shown in 
Fig. 3(d), with the boiling temperature Tb as the threshold criterion Tmax > Tb. The model 
results showed an occasional high sensitivity of the temperature to the beam profile/mode 
which is often neglected and difficult to identify, thus the types of uncertainty involved are UI
and UM.

The BFC system enables us to combine the above five cases in a parallel manner, see Fig. 4, 
as they all result in the same kind of defect. Despite their differences Cases II-V are generally 
described by the same chain, while Case I has a completely different nature, although an 
apparently similar crater is produced. 

Fig. 4: BFC combining the Cases I-V 

It can be concluded: 
(i) The BFC technique is a promising method for the development of a generalised theoretical 
description of laser welding and other processes 
(ii) The consideration of different kinds of uncertainties is essential when considering 
complex processes. 
(iii) Process imaging provides evidence on uncertainties while modelling enables us to 
quantify and analyse high sensitivities 
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(iv) The BFC technique enables us to generalise diverse cases that have common chart 
elements (e.g. crater defect). 

This work was funded by VINNOVA, The Swedish Innovation Agency, projects no. 2006-
00668, 2005-02895, 2006-00563, and by the Kempe Foundation. 
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Abstract 

Today merely a few monitoring systems for in-process 
detection of laser welding defects are commercially 
available. Despite a trend towards cameras, industrially 
more robust is still a photodiode, measuring in an 
optically filtered spectral window either the thermal 
emissions from the melt and vapour or the laser beam 
reflections. The monitoring rule for each application is 
identified empirically through correlations between the 
signal dynamics and welding defects, as the linking 
mechanism is non-trivial and therefore hardly 
understood. Thus the method does not provide a 
systematic guideline to detect a certain welding defect. 

The here presented approach studies the context 
between the photodiode signal, the welding defects and 
the vapour, melt pool, keyhole and temperature 
dynamics. Simultaneous laser-illuminated high speed 
imaging is compared to photodiode monitoring at three 
spectral windows in order to identify through 
simultaneous timing any linking dynamics in a 
qualitative manner. Supportive methods are emission 
modelling and thermal imaging. Several cases of 
joints, materials and defects were studied to develop an 
illustrated theoretical description of the defect-signal 
correlations. 

Introduction 

Although laser welding has the potential for high 
quality, the operating window is often very narrow, 
thus different types of welding defects can easily 
occur. In-process monitoring of defects by photodiodes 
or cameras can reduce or eliminate expensive post-
inspection. However, monitoring is based on empirical 
methods that cannot guarantee to monitor a correlation 
signal-defect.  

Motivation of the present study is to explain the 
phenomenological links between a defect generation 
mechanism and the resulting monitoring signal in order 
to facilitate a judgement whether and how monitoring 
is possible for a certain defect. For this purpose, the 
combination of high speed imaging of the weld pool 
with modelling of the emissions from the weld pool to 

a photodiode sensor shall enable to deeply explain and 
to predict the signal response on a certain defect. 

As laser welding is a highly complex process 
comprised of several non-linear mechanisms, such as 
thermodynamic, fluid-mechanic and optical ones that 
interact with each other the complexity of modelling is 
very high. The keyhole and the movement of the melt 
relative to the laser beam can be modelled by using 
simplified approaches [1,2] that in many cases emanate 
from Rosenthal’s theory of moving sources of heat [3] 
from 1946. The complexity increases even more when 
trying to model a defect arising in the weld. Until 
recently it was difficult to simulate the complex melt 
flow inside the weld pool but recently with massive 
computer power successful results were achieved, 
although various uncertainties remain.[4]   

To visualise defect formation and fluid flow different 
tools have been developed, such as the X-ray 
transmission imaging system by Matsunawa and 
Katayama [5] that images the keyhole and melt-pool 
motion from the side. This setup is also useful for 
visualising pore formation. To visualise the top of the 
melt-pool it is possible to use high-speed imaging [6] 
or other [7] methods as the top surface is visible (by 
filtered laser-illuminated imaging) in contrast to 
volumetric mechanisms. The modelling of the melt 
pool surface and its motion is highly complex, 
therefore in the present approach we start from high-
speed imaging as evidence to be able to model the 
correlation of the photodiode signal to the resulting 
surface.

As a first step [8] the melt pool and keyhole radiations 
to a sensor were modelled for hypothetical melt pool 
situations, namely melt pool temperature/boundary 
oscillations and keyhole opening oscillations. The 
model enabled a detailed analyse of the mechanisms 
and locations that are mainly responsible for the 
resulting signal, as the dominance of one mechanism 
was not obvious.  

In the following this model is applied, combined with 
high speed imaging, to two specific defect cases 
monitored by a photodiode. 
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Experimental diagnostics method 

By using a Redlake HS-X3 high-speed camera, 
synchronised together with a Precitec LWM 
monitoring system consisting of three photodiodes, we 
try to correlate defects in the weld and their dynamic 
observations to a signal from the photodiodes. The 
photodiodes have different characteristics; the plasma 
sensor P has a band pass filter for 400-600nm, the back 
reflection R is tuned to the laser wavelength 1064nm 
and the temperature sensor T is band passed between 
1100nm and 1800nm. The weld pool is illuminated 
with a pulsed diode laser (500 W during 250 ns at 
4 kHz) from Cavitar at 810nm wavelength and this 
light is detected by the high-speed camera through a 
narrow band pass filter at 810 +/-2nm.   

The set-up, shown in Fig. 1, consist of: (1) the 
workpiece; (2) the focusing optics for the beam; (3) the 
pulsed laser illumination; (4) the high speed camera 
that is tilted 45 degrees to the side; and (5) the three 
photodiode sensors P,R,T placed coaxially. The area of 
the T-sensor studied in the present paper is a circle 
with a diameter of 5 mm, corresponding to a projected 
10 mm circle diameter at the surface, concentric to the 
laser beam. The data from the photodiode sensors are 
recorded at 8 kHz and from the camera at 4 kHz. 

Figure 1: Experimental set-up for the diagnostics of 
laser welding 

Mathematical emission model 

In principle, the photodiode signal results from the sum 
of those photons in the corresponding spectral range 

(P,R,T-sensors) that travel from the processing zone to 
the sensor, as a function of time, see Fig. 2(a). In 
detail, each surface element i of defined discretisation 
area A contributes to the signal, see Fig. 2(b), 
according to its geometrical orientation  relative to 
the sensor, including the angular radiation 
characteristics cos2( ), along with its temperature T
dependent emitted power density q and its emissivity .

Figure 2: (a) Thermal emissions from the weld pool 
surface, incl. keyhole, vapour plume and spatter, to a 
photodiode sensor. (b) thermal radiation flux qi from an 
inclined liquid surface element i to the sensor 

The above is valid for the T-sensor, but additional 
contributions from the metal vapour plume can 
contribute to the sensor. For the P-sensor the principle 
is the same, but the shorter wavelength filter favours 
photons from the hotter metal vapour to photons from 
the surface. The R-sensor accumulates reflected laser 
beam photons according to geometry and absorptance. 

The research approach applied in the present study 
starts from high speed images as experimental 
evidence of the geometry of the melt pool and keyhole 
as a function of time that can be quantitatively 
evaluated. From the dimensions the surface 
temperature field T(x;t) is approximated. Integrating 
for each time step over the relevant surface area, a 
mathematical model is developed according to the 
above described mechanisms, that calculates the 
accumulated power of thermal emissions hitting the T-
sensor. The research hypothesis is that this calculated 
signal corresponds to the sensor signal, thus the 
mathematical model enables deep analysis. The 
emissivity of the surface has to be estimated, radiation 
from the metal vapour is assumed to be neglected for 
the sake of simplicity. We postulate the research 
hypothesis that the T-sensor signal is mainly governed 
by the geometrical conditions at the weld pool surface, 
which can be identified by high speed imaging.   
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Thus, prescribing a certain dynamic situation of the 
weld, the emitted radiation incident on the sensor and 
the resulting voltage signal can be modelled, as 
follows. Thermal radiation from the surface contributes 
to the signal, which can be considered by ray tracing of 
all surface elements visible by the sensor. Figure 2(b) 
illustrates that the summation of all radiation does not 
simply correspond to the projected surface visible by 
the sensor. Instead, surface domains with steeper 
angles (e.g. the keyhole) contribute larger according to 
their larger area, as was also experienced during 
thermal (IR) imaging. Spatter drops shadow part of the 
emitting pool surface, but instead radiate by 
themselves, see Fig. 2(a). The rays travel through the 
metal vapour cloud and shielding gas as well as 
through the focusing optics.  

The sensor has a certain size and is thus hit by a small 
cone/pyramid (of angle ) bunch of rays rather than a 
single ray of light, see Fig. 2, described by a view 
factor Cv. Surfaces have a certain angle-dependent 
radiation characteristics with the power density 
depending on the angle to the normal by cos2( ). 
Moreover, the power density of radiation propagating 
in the cone decreases at distance R by 1/R2

corresponding to an expanding spherical surface area. 

For a certain surface element i, Figure 2(b) also 
illustrates that the power Pi from each ray/cone, 
Eq. (1), depends on the surface element area Ai, on the 
temperature Ti and on the emissivity i . The power 
density qtot is calculated by the Planck’s radiation law, 
Eq. (3), in terms of power density per spectra  [W/m-

3]. 

This can be summarised in the following equations: 

totviiii qCAP )(cos2   (1) 

where Cvi is the view factor [8] 

22 s

s
v R
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(wavelength , Planck’s constant h, vacuum speed of 
light c, Boltzmann’s constant kB)

To estimate the temperature field by matching the melt 
pool and keyhole surface shape obtained from 

imaging, we first tried the model [9] of superimposed 
moving point sources of heat, Eq. (4).  
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2
),,( rxPe

a e
kr

PTzyxT  (4) 

that has the radial distance r in Cartesian coordinates 

222 zyxr    (5) 

and the (relative) Péclet number with v as the weld 
speed (in x-direction) and as the thermal diffusivity: 

2
' vPe     (6) 

However, despite using the point source power as a 
matching factor, the obtained melt and vapour surface 
isotherms differed too much from the shapes obtained 
from high speed imaging, that were in practice 
approximated by ellipses with the essential coordinates 
as shown in Fig. 3(a), dividing the surface into four 
domains: keyhole KH, unoxidised liquid L, oxidised 
weld pool OX, solid S. 

(a)

(b) 

Figure 3: (a) Geometrical definition of the four 
emitting domains, identified from a high speed image 
and circular (10 mm) sensor area at the workpiece 
surface; (b) example (humping case below, t = 0.182 s) 
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of a modelled surface temperature field (upper), 
calculated power density hitting the sensor (lower half) 

Thus instead the temperature field was modelled by 
applying an exponential function (from the beam axis), 
matching for each radius the measured keyhole 
(evaporation isotherm) Tv(rv( )) and the melt pool 
(melting isotherm) Tm(rm( )), by solving the two 
constants C1( ), C2( ):

rCCTT a 21 exp   (7)

Figure 3(a) shows an example image from the 
humping case studied below where the rear part of the 
melt surface was oxidised (Cr2O3, remaining solid), 
thus requiring the solid emissivity for the model. 
Therefore the location of the oxidised melt is 
considered, too. The circle of the projected sensor area 
is also shown in Fig. 3(a) as the area to be integrated. 
One important aspect is that part of long melt pools 
can be out of the sensor area, thus being not detected. 

In this work we only look at the radiation between 
1100 nm and 1800 nm (sensitive range of the 
temperature sensor T) so we will calculate the power 
emitted over a certain wavelength range  from the 
elements of area A at the temperature T of each 
element, see Fig. 2(b). A simplified formula can be 
used, being a numeric approximation over the chosen 
wavelength range. 

A
e

hcP Tkhc B

12
5

2

(8) 

This value is then used to calculate the amount of 
energy hitting the T-photodiode. As the sensor is 
placed concentric to the melt pool and no severe 
geometrical inclinations contribute to the radiation, 
both the view factor and the cos2( ) dependence do not 
need to be taken into account in the present study (but 
can be easily introduced in future analysis). A constant 
value was used (from literature) for the emissivity of 
the solid (same for the solid oxide layer on the liquid) 
and for the liquid, here s = ox = 0.4 and l = kh= 0.2, 
as the liquid is highly reflective. l = 0.3 could be more 
accurate,[10] but with l=0.2 the influence of different 
emissivities becomes clearer. Further investigations on 
identifying the emissivity will be conducted soon. 

For the example shown in Fig. 3(a), the modelled 
temperature field is shown in Fig. 3(b), upper half, 
while the modelled power density field of radiation 
hitting the T-sensor is shown in Fig. 3(b), lower half. It 
can be clearly seen that contributions from the solid 

and oxide can become essential, due to higher 
emissivity. Otherwise the T4-nature (approximately, 
Stefan-Boltzmann law) of thermal emissions clearly 
shows the overproportional areas of contribution 
decaying faster than the temperature field. Radiation 
from the metal vapour jet is neglected. For radiation 
from the keyhole, the keyhole is approximated by a 
cone. The cone has an inclination angle 

khrd tan    (9) 

according to the keyhole radius rkh corresponding to 
the (averaged) dimensions identified by high speed 
imaging and the welding depth d (note: blind weld), 
equally emitting power from each keyhole wall surface 
element i:

2sin
2
1

tan2
cos2

, vl
i

vlkhi TPATqP

Eventually the (non-calibrated) power on the sensor (or 
signal) calculated is composed of the separate 
integration over the four domains, see Fig. 3(a): 

soxlkhs PPPPP   (10) 

Various joint cases were studied. Two of them are here 
presented, namely (i) monitoring of the criterion of 
sufficient weld width in overlap configuration for 
different welding speed and (ii) monitoring of humping 
drops. Stainless steel AISI 304 was welded as an 
overlap joint (zero gap), a 1 mm sheet on a 4 mm sheet 
(100 mm x 50 mm). A 3 kW cw-Nd:YAG laser beam 
(0.6 mm fibre) was focused to a 600 μm spot (located 
on the surface). Ar was applied from a side nozzle as 
shielding gas. 

Results Case I: Weld width for various speed 

The optimum weld was defined to primary have a weld 
width wider than the thinner sheet thickness (1 mm), 
secondary maximum welding speed. The welding 
speed was varied from 1 to 6 m/min in 1 m/min-steps.  

Photos of the top surface appearance of the resulting 
welds were taken, see Fig. 4(a), showing a regular, 
smooth weld. Micrographs of the weld cross section 
were made, see Fig. 4(b) and evaluated with respect to 
the weld dimensions, see Fig. 4(c). For a speed of 4, 5 
and 6 m/min the upper 1 mm-plate was not welded 
through. For a speed of 2 and 3 m/min it was welded 
through, but the weld had a lower width than the 
criterion (>1 mm). Only for 1 m/min the weld was 
acceptable, which is impossible to judge from the top 
surface width. The weld width both at the top and at 
the interface decreases gradually with speed (as can be 
expected). 
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Figure 4: Evaluation vs. speed 1 – 6 m/min (from left) 
(a) weld top appearance 
(b) weld cross section micrograph 
(c) weld cross section dimensions vs. speed 
(d) keyhole and melt pool HS images;  

(e) imaging melt pool (MP), keyhole (KH) dimensions 
(f) average experimental T-signal; calculated signal, 
composed of the three contributions KH,L,S for three 
sensor projection diameters (10, 5, 3 mm) 

The process was recorded by high speed imaging for 
each speed, shown in Fig. 4(d). Note that the images 
are 45  inclined as viewed from the side, which was 
corrected during the evaluation. The process was very 
stable and calm for all speeds, thus the shown images 
are highly representative.  

The evaluation of the melt pool and keyhole 
dimensions from imaging according to the definitions 
in Fig. 3(a) is shown in Fig. 4(e). The keyhole is 
widely circular, slightly decreasing in size with 
increasing speed. It is interesting to note that the weld 
pool width initially increases for increasing speed but 
beyond a maximum (here: 3 m/min) decays. Such 
behaviour is difficult to explain solely from 
thermodynamics. One hypothesis is that the absorption 
conditions (Brewster angle, multiple reflections, beam 
trapping) according to the keyhole shape are optimum 
at this speed.  

The average value of the T-photodiode signal shown in 
Fig. 4(f) for the different speeds seems to follow a 
combination of both trends, namely basically a 
decrease with increasing speed, according to the 
decrease of the weld width, but also having a distinct 
maximum at 3 m/min. Note that also the R-signal was 
recorded but not evaluated yet.  

From geometrical dimensions of the weld pool for the 
six speed cases, Fig. 4(c), the above presented 
mathematical model was applied. The calculated 
power per welding speed is shown in Fig. 4(f).  

Beside the sensor dimension of a 10 mm diameter 
circle (projection at the surface), also the dimensions 
of 5 mm and 3 mm were studied, also shown in 
Fig. 4(f), as there were indications that the size or 
location is uncertain, but essential. As the outer solid 
regions contribute with less than 0.1% to the power on 
the sensor, smaller sensor areas cutting off a larger part 
of the melt would also be equivalent to a misalignment 
of the sensor. These results are of interest, as the 
results for 5 mm and particularly 3 mm excellently 
match the signal trend, while the 10 mm sensor results 
miss the peak at low speed. The cut-off could be an 
explanation.  

It can be analysed that the melt contribution is the 
dominant one to the sensor, thus a mix of high 
temperature but also large area, while the contribution 
by the keyhole is the smallest one. the trend of less 

(c) 
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signal value for higher speed corresponds to the weld 
width both at the top and in the interface, which is 
approximately reflected by the contributions from the 
solid an liquid. However, the long, large weld for 4 
m/min makes an exception in the sensor signal and 
HS-images, but not in the weld width, thus making 
reliable monitoring difficult in this case. As mentioned 
before, if part of the melt is out of the range of the 
sensor area, it can affect the signal essentially. 

Fig. 5 shows for a speed of 2 m/min as example how 
the signal and its smoothened version looks like along 
the straight weld. Note that for certain speeds the 
constant period was shorter, instead a gradual signal 
increase was observed. 

Figure 5: Acquired and smoothened T- and R-
photodiode sensor signal during a complete weld at 
2 m/min; interval for deriving the average value 

The above findings of Case I are illustrated in Fig. 6 by 
the Bifurcation Flow Chart method, BFC, recently 
developed by the authors.[11] The basic idea is to 
illustrate the essential mechanisms observed (by 
imaging) for the occurrence of a certain defect, 
compared to a good weld. Only the essential 
mechanisms shall be considered and only the observed 
facts or highly probable mechanisms, in a manner as 
fundamental as possible. The method basically enables 
generalisation when compared with other findings with 
partially same chart objects.  

Briefly, the BFC for Case 1 explains that the criterion 
is simply whether the whole desired width wmin at the 
thickness d1 of the upper sheet exceeds the melting 
temperature, Tm. The essential mechanisms responsible 
are the lateral heat flow and the width of the formed 
keyhole, both in turn depending on energy parameters 
like power, speed and focal spot diameter. While the 
images are observed facts , the BFC can be resolved 
further in the future by explaining the responsible 
mechanisms and their links to the parameters. 

Figure 6: Illustrative theoretical description of Case I 
by a BFC 

Results Case II: Periodic humping drops 

The other case studied consists of the same set-up as 
previously but for this case regular humping drops 
formed during welding, as can be clearly seen from the 
weld surface appearance in Fig. 7. The acquired T-
signal and its local average value is shown, too.  

Figure 7: Acquired and smoothened T-photodiode 
signal of a complete weld; top surface appearance 
photo with humps  

Note that the same parameters were tried as above, 
here for the speed of 2 m/min (and 3 kW beam power), 
but the result was not reproducible as now humping 
took place, which did not happen before, obviously 
due to slight changes in the shielding gas. This shows 
how sensible a process can react on slight changes and 
that high control of all parameters is important. 
Nevertheless, independent of the cause, for the present 
study the presence of humping was very interesting as 
the humping periodicity is clearly visible in the signal, 
particularly in the filtered, thus smoothened version, 
see Fig. 7. The first signal peaks and valleys 
correspond exactly to one hump, while against the end 
of the weld the signal shows some additional maxima 
(smaller peaks before that have grown). 

In Fig. 8(a) a magnified interval of almost two 
humping periods of the signal (and its averaged 
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version) is shown (for the third hump of the weld). The 
eleven arrows indicate corresponding HS images, 
shown in Fig. 8(c), that was selected for analysis and 
modelling of the process and signal. Again the defined 
dimensions according to Fig. 3(a) were measured from 
the images, see Fig. 8(b), now as a function of time 
and including the oxide layer location due to its 
significant presence in this case (being an indicator for 
different shielding gas conditions). Note that the 
connection between the measured points is just an 
indicator and does not necessarily represent the 
behaviour in between.  

The reason why most of the selected time steps was 
chosen such that it gathers around two periods rather 
than being equidistant becomes clear from Fig. 8(b): 
From observing the imaging clips it was obvious (for 
all humping events) that a relatively quick shortening 
of the weld pool took place periodically, accompanied 
with an even faster propagation of the oxide layer that 
then slowly retreats. In order to consider this fast event 
in the study, several instants around this event were 
selected, as it can be essential for the emission 
characteristics. Note also that the smoothened signal 
falls faster than it rises. 

It is evident that each hump period is noisy, although it 
is possible to say that when the oxide is forming, a 
clear decrease in the smoothened signal can be seen.  
When the hump is fully developed and the oxide layer 
has retreated, the signal is at the top. 

In Fig. 8(d) the calculated emitted power density is 
plotted, showing clearly the different radiation patterns 
from the liquid, solidus and keyhole. The sharp edge 
below the keyhole indicates the solid Cr2O3-oxide 
layer on the liquid that is simulated with the same 
emissivity s as the solidus.  

In Fig. 8(e) the modelled results for the radiation 
power contributions from the keyhole, blank melt, 
oxidised melt and solidus are plotted as a function of  
(for the selected time steps) against the experimental 
sensor signal. Note that here only a comparison with 
the direct sensor signal makes sense, while the 
averaged value just shows trends but would give a 
wrong value. Again the contribution from the keyhole 
is little, the blank liquid is the dominant part, but also 
the oxidised pool has a significant contribution, 
particularly a strong dynamics. 
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(b) melt pool, oxide and keyhole dimensions 
(c) HS images of keyhole, melt pool and oxide 
(d) calculated power density emitted from the surface  
(e) experimental and calculated T-sensor signal 
composed of the four contributions KH,L,OX,S 

The fact of the same basic periodicity (in average all 
117 ms, i.e. 8.57 Hz) of four mechanisms, namely the 
humps, the signal, the melt pool length (thus probably 
also the temperature field) and the oxide layer extent is 
a clear evidence of a strong interdependence between 
them. Further peaks in the signal indicate additional 
events being an order of magnitude faster.  

Nevertheless in this case direct correlations between 
the calculated and the experimental signal are not 
obvious. The signal has its valley where just when the 
oxide layer is short and starts its rapid growth (and 
vice versa for the blank liquid surface), but the present 
model could not predict this trend, rather vice versa.  

One hypothesis is that the temperature field cannot be 
directly derived from the isotherms but has a phase 
shift, as oscillating. Moreover, the emissivity and the 
temperature of the oxide bear uncertainties. In contrast 
to a calm weld with a smooth surface as in the first 
case, the humping drop and also the accompanying 
melt dynamics around the keyhole has surface 
elevations that were neglected in this first study but 
could be considered as angle-dependent contributions. 

Additional analysis of the images and perhaps refined 
modelling is required. In the future the high speed 
imaging of the melt surface will also be accompanied 
by thermal imaging and by (non-filtered) imaging of 
the metal vapour jet.  

Same as for Case I, a BFC for Case II was developed, 
shown in Fig. 9, for providing a theoretical description 
of the findings. Briefly summarised, the condition 
whether a humping defect is formed or not was 
observed to originate from a melt flow upwards in a 
temperature environment with latent resolidification 
behaviour. Once the resolidification of the hump starts, 
further melt flows upwards and resolidifies, growing 
the hump. Evident phenomena observed from imaging 
were several accompanying periodic events  shown in 
the BFC. The early mechanisms  leading to the hump 
bifurcation are generally speaking the intensities of the 
motions in the system keyhole-melt pool. Their 
dependence on the parameters is indirect and not 
obvious until further resolution of the BFC-
uncertainties. 

Figure 9: Illustrative theoretical description of Case II 
by a BFC 

Conclusions 

Analysis of the signal of photodiode based monitoring 
of laser welding can be highly valuable for judging the 
potential and limits of monitoring applications. 

The method developed turns out to be powerful, i.e. 
accompanying high speed imaging and its quantitative 
evaluation as the boundary conditions for an emission 
model that aims to predict the monitoring signal. Both, 
the images and the model enable deep analysis, as was 
demonstrated for a steady state case at different speeds 
and a time-dependent humping case 

For the cases studied it can be concluded: 

The signal is mainly governed by the liquid 
pool emissions, thus in turn by the 
temperature field and the pool size 
Oxidation of the weld pool surface can 
significantly change the emissivity and thus 
the signal 
For the steady state case, imaging along with 
modelling could clearly explain why the 
dominating signal trend can be broken, as 
here for a suddenly longer weld pool 
If part of the melt pool is outside the 
detectable domain, this can strongly affect the 
signal; thus the detection area is important  
For the oscillating humping case, imaging 
gave clear evidence on interdependencies 
between certain mechanisms, but the model at 
this stage could not give an explanation 
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