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GROWTH OF LASER MATERIAL PROCESSING AS A SCIENCE AND AN INDUSTRIAL
PROCESS
Paper #

William M Steen

Em.Professor Liverpool University and Distinguished Research Fellow Cambridge University, UK.

Abstract

With the invention of the laser in 1960 came the
realisation that we now had a new form of industrial
energy: optical energy in large and controllable
quantities. This is one of the most versatile forms of
energy available to us and should lead to numerous
technical breakthroughs, just as happened with the
invention of the dynamo generating electricity in 1831.
Numerous developments have indeed taken place but
all have been held back somewhat by the cost and size
of the laser equipment. This blockage is about to
change with the introduction of high brightness,
compact and robust fibre, disc and diode lasers.

This paper reviews these developments in equipment
and processes and considers how this might impact on
China and laser processing in general. The purpose of
the paper is to act as an index to the current state of
activity in this subject. It shows two things in
particular: Firstly that lasers are being introduced into
industry at such a rate that it is now imperative that
engineering colleges and universities teach laser
processing within their syllabi as a major engineering
subject; for that is what the subject of laser material
processing has become; and secondly, that
manufacturing strategy is being fundamentally
challenged by the opportunities opened by the laser.

Introduction

The laser is today as fundamental an invention as the
dynamo was in the 19" century. It has introduced a

new form of industrial energy, optical energy, and

made it available in large and controllable quantities.
But the early machines were large, tended to be
unreliable and were very expensive. Thus around the

‘world only a few well funded laboratories grew up.

From these laboratories came an impressive flow of
patents and new processing techniques, but only the
wealthiest manufacturing concerns became involved.
From the 1990s the concept of laser cutting was fully
accepted by industry as cost effective and of a high
quality. In order to fully utilise the expensive

equipment many small businesses formed as job shops
taking in cutting work, usually with a very swift turn
around time. Competition was strong and so
profitability was low. This could well have remained
the state of affairs for many years, in which case the
laser would have been seen historically as an exotic
form of manufacturing, something everyone talked
about but few actually used.

Today this is about to change with the introduction of
compact, robust and efficient high brightness lasers in
the form of fibre, disc and high power diode lasers.
This paper will summarise some of the main changes
that have occurred in the last ten years or so and
predicts that the availability of cheap optical energy
will revolutionise small businesses; making laser
technology peculiarly suitable for the Chinese cottage
industries.

The main changes considered are developments in:
high power sources, laser cutting, welding, additive
manufacture, marking and engraving, micro-
processing and surface engineering.

The commercial growth in most of these areas is of the
order of 10-20%/year. It would be reckless for this
growth to be directed by enthusiastic amateurs. This
engineering subject needs properly trained engineers in
order to grow efficiently and consistently. Engineers
should have a deep understanding of the nature of the
energy being applied. Optical energy has many more
characteristics than as a source of power. The subject
of optical engineering needs to be taught in
engineering schools and universities.

Developments in high power laser sources

Three new laser sources that are compact, enduring
and robust have been developed in the last decade or
so. They are: high powered diode lasers, disc lasers
and the fibre lasers. Of these the fibre laser is the
outstanding one. The fibre laser has no moving or
adjustable parts; they are all in fixed alignment. They
have a wall plug efficiency of 25-30% compared to the
CO, laser of 12% or the Nd:YAG of 5-8%. The beam
is delivered directly from the fibre in which it is



generated. These fibres can be very fine, of the order
of 100um, and perform almost as mono-mode wave
guides. Thus low order beams can be produced with
near Gaussian profiles at the short infra red wavelength
of 1.03-1.07um for a Yb (ytterbium) doped fibre or
1.54pm for an Er (Erbium) doped fibre (which is an
“eye-safe” wavelength). This means the focal spot can
be as little as 10um due to the shorter wavelength
compared to the CO, laser where 100um is considered
very good. This is an increase in power density of 100
times. This high brightness, although something
longed for over many years, has its disadvantages in
that the high electromagnetic field at the focus can
cause air breakdown with consequent plasma blocking.

Single mode CW power from these lasers has risen
dramatically in the last few years to 2-5kW/ fibre or
50kW for bundles of fibres, as currently offered by
IPG and shown in Fig.1.
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Fig. 1 Growth in power for ytterbium doped fibre
lasers at 1.03-1.07um

These lasers grew from the collapse of the telecom
bubble that left many R&D organisations seeking new
outlets for their know-how, which included fibre laser
amplifiers and from the demise of the Soviet Union
that freed Professor Gapontsev, who worked at IRE
Moscow and is now the President of IPG, allowing
him to develop Russian know-how in the West. This
form of laser depends on reliable high powered diode
lasers, reliable coupling between fibre and diode and
high quality fibres; all of which are now available.

If the beam quality can be relaxed, as is required for
most surfacing and some welding applications the
direct use of diode sources becomes possible. A diode
has a wall plug efficiency of around 40-45% with a
possible lifetime expectancy of around 10 years. IPG
believe they can couple these diodes into a 600-800pum

fibre. Diodes can be produced with high powers at
various wavelengths. At present the search is on to
find a blue source for high power lighting applications
via GaN diodes; such research is bound to impact on
the material processing.

These new sources are truly exciting since the intrinsic
cost of a fibre or diode laser is not particularly high,
Fig 2. The view into the not so distant future is for
cheap and reliable optical power. So how will this be
used?

Fig. 2 The resonator chamber of a fibre laser,
showing the coupling to the diode input and the
amplifying fibre.

Developments in Cutting [3]

Laser cutting is noted for the speed and quality of the
process as well as the ability to cut in any shape on
demand. There are at least three major changes taking
place: one is the impact of IT technology; another is
the improvement in quality with high pressure gas
cutting and the third is the development of thick
section cutting.

Impact of IT technology: The thin section cutting
market has been greatly affected by the changes in
communication technology. The use of email or fax
allows designs to pass swiftly from the designer to the
cutting job shop. The improvement in computer
software enables designs to be translated into machine
code rapidly. One of the UK leading job shops,
Micrometric, has 30% of its turn over required to be
processed within 3 days. For specials it can be done in
a few hours. This frees manufacturers from the tyranny
of large runs that are needed to justify traditional
pressed or punched parts. Also the ability to make high
quality cut edges with a swift turn around time has
affected the design of a number of articles. Thus one of
the impacts of the laser is to affect manufacturing
philosophy. The approach to manufacturing is further
affected by the development of special laser cutting
machines for tube cutting while others are designed for
“lights off” operation. :
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The improvement in computer programming of CNC
cutting machines (e.g. reading ahead of information
blocks) and the introduction of linear bearings as
opposed to ball screws has raised the cutting speed so
that a laser flat bed cutter can now compete with a
standard punch press, and yet have the versatility to
change the hole shape for every hole.

High pressure gas cutting: The recent trend is to move
away from oxygen cutting, which may cause some
minor oxidation effects on the edge of stainless steel
and other special materials, to high pressure nitrogen
cutting (= 14 bar). This requires considerable
quantities of nitrogen. Smaller job shops are installing
their own nitrogen generating facilities based on the
pressure swing absorption principle (PSA). The
alternatives of multiple cylinder packs (MCPs) or bulk
liquid storage occupy too much space and are more
costly.

Thick section cutting: One significant development has
been the ability to cut thicker sections in both steel and
aluminium with dramatic impact on ship building and
aircraft frame manufacture. In ship building the lack
of distortion achieved by using a laser saves hours of
levelling by hammers. The high brightness fibre laser
has a phenomenal piercing rate, but a narrow kerf
necessitating beam spinning or some such to allow for
the removal of the melt during cutting.

One variation on the laser cutting process is the
LASOX process in which the laser acts as a match to
the oxygen cutting process. This allows very thick
section cutting with square edges and greatly reduced
cutting time, mainly due to the high pierce rate. For
example, a 1 kW laser can cut 80mm thick steel by this
process with a kerf width similar to that for oxygen
cutting.

Developments in welding

The optical system: Some 20 years ago the speed and
quality of laser welding made tailored blank welding a
possibility. This process rapidly altered the whole
approach to automotive pressed part manufacture [4].
Today fibre optic delivery coupled to an articulated
robot arm has proved to be ideal for welding body in
white applications for the car industry. The high
brightness beams from a fibre laser allows working at a
distance due to the greater depth of focus, which in
turn means that beam steering can be via galvanometer
mirrors instead of moving the whole optical system. A
coupled galvanometer beam deflection optic mounted
on an articulated robot arm has been tested by the
Welding Institute in Cambridge, UK. The high
brightness of the beam has allowed welding of
aluminium. CO, lasers are currently used in welding

stiffener stringers onto fuselage skins for such planes
as the latest A380 Airbus. Pulsed welding is showing
improvements over CW welding for some applications.

Hybrid laser-arc processing: The need for high speed
and yet a wide weld fusion zone for fit up reasons has
seen a revival of interest in hybrid laser welding,
which is the combination of an electric arc or plasma
with the laser beam [5]. The hybrid process is being
used successfully in welding stiffeners to deck sections’
for ships. The product is lighter and yet as strong as the
thicker plates used previously. The process has been
approved by the Classification Societies for ship
building. The remarkable thing is the huge reduction in
distortion achieved by using a laser as opposed to TIG
or MIG welding [6).

Monitoring _and control: Tailored blank welding,
stiffener welding and most laser welding applications
are swift and need to be automated. Laser weld
monitoring has been developed mainly using seam
trackers, auto focus devices and sometimes plasma
sensing systems to monitor the weld quality. In one
example from the TWI, Cambridge, they have not only
measured the seam position but also the gap width and
used this data to control the process speed. This
“adaptive control” will surely be developed further [7].

Developments in laser based additive manufacture.

History: Rapid prototyping (RP) systems based on
additive fabrication began to emerge in the mid 1980s.
The process is to design a 3D article in a CAD
package, then slice it within the computer programme
and feed the sliced data via a translator into a CNC
machine that generates the article layer by layer. The
first such piece was made in 1892 by Blanther to
produce relief maps by stacking wax plates, which
followed the contour lines. Since then
stereolithography based on monomer polymerisation
via a scanned ultra violet laser dominated the market in
1980s, followed swiftly by the Selective Laser
Sintering (SLS) process developed at the University of
Texas in Austin by Carl Deckard in the early 1990s.
Today additive manufacture is used by most
manufacturing industries from automotive, medical,
architectural, aerospace, jewellery and academic use;
but many of these now do not need a laser. 3D printers
are clean, easy to use, small, have good quality
products and the equipment is cheap, costing around
£20k. They can be found in design studios, colleges
and schools. In Stereolithography the laser has been
largely replaced by an arc lamp. The laser has initiated
many processes from annealing integrated circuits to
RP in which cheaper routes have displaced it. The



coming of cheaper lasers in the form of diodes may
well alter this vulnerability of the laser.

Rapid Tooling (RT) and Rapid Manufacturing (RM):

However, the direct casting of 3D objects by layer
deposition through powder melting is still the preserve
of the laser and will stay so until an alternative finely
focussed energy source can be found - which is
unlikely. Currently in Rapid Tooling (RT) and Rapid
Manufacture (RM) the laser is not seriously challenged
— friction and forging technologies such as Ultrasonic
Material Consolidation (Solidica, US) and the Cold
Dynamic Manufacturing (Cambridge University) are
unlikely to compete in speed and quality.

Through these processes the advantages of mass
production can be questioned and localised, sustainable
manufacturing where economies of scale no longer
exist considered instead. Could this be a cottage
industry of the future? At present the equipment and
computing back up are expensive, but even that can be
managed by sending designs to a few well equipped
manufacturing centres, any where in the world, on a
job shop basis. In the long run the prices will come
down even for CNC machines, as we have seen for
computers, with an explosion of demand when it gets
to the hobby level.

Developments in marking and engraving

Trend to shorter wavelengths: Laser marking was one
of the first applications of the laser. It can be done in

various ways: dot matrix scanning; mask imaging or
vector marking and the more recent advent of 3D
marking in glass blocks by non linear absorption of the
beam at the focal point to generate a fine crack pattern.
The basic unit for a laser marker is a source,
galvanometer steering system and sofiware to control it
or a mask imaging system which may use a liquid
crystal mask for flexibility of design. The laser source
has moved towards shorter wavelengths which can
mark directly onto uncoated metals with ease and it
can produce colour contrasts on many plastics due to
several complex phenomena (e.g. foaming, carbonising
and bleaching) none of which can be done with the
longer CO, wavelength. The shorter wavelength will
often be capable of a sharper focus.

High quality beams, currently from end pumped
Nd:YAG or vanadate (YVO,), with very high peak
powers (over 100kW during a 6ns pulse) are producing
crisp marks. One consequence of using end pumped
lasers is that one can gain high efficiencies from some
non linear processes such as frequency doubling or
tripling. Such a laser can deliver 20W in the infrared,
12W at 532nm (green) and tripled to give 3W at
355nm (near UV). The vanadate option allows high

peak powers at high Q-switch frequencies — enabling
the maximum speed of marking to be extended, while
still overlapping individual pulses to create a visually
continuous line [8].

Fibre lasers are becoming available. They are not
normally Q-switched in the same way as a rod laser
but act as amplifiers for a seed source which is
modulated at high frequency. The effect in terms of
output is similar with the advantage that the peak
power profile is flat with respect to the Q-switch
frequency, meaning that the Q-switch frequency can be
changed without having to adjust the peak power
characteristics. They do however suffer from back
reflections owing to their high gain amplification.

Increased speeds: With higher brightness, more power
and higher pulse frequency the possible marking
speeds have increased and the mechanical
galvanometer mirror steering system is becoming a
limiting factor; possible acousto-optic deflection may
be developed. One of the major new applications
benefiting from - the higher beam quality (better
resolution) and advanced control algorithms (giving
real grey scales for each laser spot) is photo-imaging
onto plastics for various ID cards; but very high
marking speeds allowing marking “on the fly” will
surely have an impact on security marking, dating, and
hence manufacturing regulations.

Developments in micro processing

Hole drilling: Micro processing is predicted to be the
largest growth area for industrial lasers over the next
decade. Currently it is used in stent manufacture and
drilling printed circuit boards in which it has
superseded mechanical drilling.  The fine holes
possible with the laser have been steadily improved
enabling the revolution in the size and functionality of
mobile phones. Until recently the potential for some
fine work in micro processing has been shown possible
in the laboratory but is held back from production due
to burrs, recast layers, positive taper, speed and lack of
knowledge. The recent improvements in laser
technology, especially diode pumped solid state lasers
whose powers have increased by an order of
magnitude and similarly their beam quality, can now
achieve quality processing repeatedly by the correct
choice of laser wavelength, pulse duration, focused
intensity, shot overlap and in some cases pre-post
treatment of the material. Laser drilled holes down to
40pm diameter, holes with negative taper, fluting and
shape control have been made. The list of possibilities
is now extensive including a hole of Imicron diameter
and high aspect ratios >50:1. Percussion drilling at
rates of hundreds and thousands of holes per second



has led to the study of the mechanical and fluid flow
potential of highly perforated sheets for aerospace and
other applications — a novel material for engineers.

Short_pulses and ablation: Ultra fast lasers (pico-
second or femto-second pulses), fibre lasers and disc
lasers appear to offer a new processing regime in
which considerable research is being committed. The
short sharp pulse achieves ablation with little collateral
damage and though only a small amount is removed
per pulse the high repetition rate makes the overall
removal rate interesting for manufacture. Laser
ablation is a versatile manufacturing tool and has been
used to create micro parts.

Finer Focus: In the nano technology region the steady
improvement of integrated circuits, which over some
30 years has followed “Moore’s Law” - first
postulated in 1965 which states that the number of
transistors in a chip will approximately double every
24 months — has been enabled partly through the
application of lasers. Chip features are replicated
photolithographically on a polished silicon wafer. In
the late 1980s a mercury arc lamp filtered for the i-line
UV at 365nm allowed the smallest transistor to be
350nm, similar in size to the wavelength. In 1995 deep
UV krypton fluoride lasers operating at 248nm were
introduced. In 2002 the ArF laser operating at 193nm
followed and created a market for photolithography
light sources from almost nothing to what is now one
of the most valuable sectors in the laser industry worth
around $400M per annum. 193nm immersion
lithography will allow critical dimensions down to
45nm less than one quarter of the wavelength of the
exposure light [9].

The future is to further shorten the exposure
wavelength through extreme ultra violet (EUV) which
is likely to come from laser generated plasma and will
operate at 13.5nm. The laser is leading the way in semi
conductor chip manufacture which is transforming our
lifestyles through the revolution in information
technology.

Developments in surface engineering

Laser surface engineering covers a wide area of
potential applications. The lower beam quality required
for most surface treatments has led to the use of high
powered diode lasers (HPDL) for such applications as
hardening, cladding, paint stripping, film removal of
ITO from flat screens, hybrid plasma/laser or
laser/flame spraying processes for forming functionally
graded surfaces, improving surface wettability surface
modification, laser shock peening and laser cleaning.

Laser Cladding: Laser cladding and surface coating of
engineering materials for improved tribological
properties, such as coating with metal matrix
composites (MMC) - typically TiC, WC, Si3N4 or SiC
embedded in metal matrix of Ti or Ni alloys - can be
achieved by blowing metal powder into the laser beam
generating something resembling a “metal pencil.
Hybrid laser/plasma or laser/flame spraying to produce
density graded ceramic coatings, pioneered by
Professor Lin Li at the University of Manchester [10],
has shown that the wider heating due to the plasma or
flame helps to temper the clad layer thus avoiding
cracking.

Patterned thin films can be deposited by physical or
chemical vapour deposition. One application is the
deposition of bioactive films on titanium substrates for
improved bio-compatibility for medical implants.

Laser shock peening was at one time a complete
novelty with little future, it has come to reality with the
introduction of high energy, pulsed lasers. This
unusual process depends on the generation of a surface
plasma explosion that causes strong compressive
pressures on the surface, in the same manner as shot
peening. Laser peening however gives a significantly
greater depth of hardening, can reach into corners and
does not throw shot around that has subsequently to be
recovered or removed. In the aero industry there are
two new production facilities one in the USA and the
other in UK for treating turbine blades. The process
improves their fatigue life by a factor of four.

Heat treatment and surface melting is attracting
considerable scientific effort. There is considerable

work on understanding the corrosion properties of laser
treated surfaces and their properties for cavitation and
erosion resistance, for example the work in Hong Kong
of Dr H.C.Man’s group [11]. In Manchester with Prof
Lin Li there is work on improving the wettability of
surface by laser treatment [12]. Through this process,
similar to laser cleaning, it has been found that
surfaces not only become more biocompatible but also
they can be soldered without needing flux.

Laser Cleaning: A pulse of laser light can remove
lightly adhering material from a surface [13, 14]. The
attraction of the process is the lack of water or
chemical sprays with reduced dust and noise. It is an
environmentally friendly process. The applications
include cleaning IC packages, resin removal from
PCBs, carbon removal from Kapton, cleaning field
emitter arrays, silicon wafers, disc drive heads,
archival paper documents, rust removal from steel,
residual drug removal from metal containers, cleaning
art work and statuary, removal of radioactive



contamination from nuclear facilities, paint stripping
and graffiti removal.

Surface texturing is just being appreciated as a possible
new outlet for improving tribological properties of
mechanical components, improving cell integration for
medical implants, patterning ITO (Indium Tin Oxide)
coatings for Liquid Crystal Display (LCD) screens.
Micro surface texturing looks like playing an important
part in the new surge in medical understanding.

Conclusions

The _subject of laser material processing: It is apparent
that the subject of laser material processing is vibrant

and on the verge of moving into new technological
areas opened up by the new generation of high
brightness lasers and special lasers capable of ultra
short pulses.

Its application: On the manufacturing front the laser is
offering an alternative to mass production and long
production runs. It is also providing the tools for a
totally new area of industrial design from tailored
blanks to fine detailed cutting, marking, texturing and
3D manufacture in a single machine. Could this be the
basis of a new cottage industry?

Its management: For leaders in society the laser has
given us a new form of industrial energy for which
engineers need to be properly trained. Universities and
Colleges should teach the subject of optical
engineering.
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Abstract

The new diode-pumped disk and fibre lasers found
much attention, recently. Both combine the main ad-
vantages of the conventional workhorses for laser
welding: high efficiency like CO, and short wave-
length like Nd:YAG (enabling beam guiding through
fibres). For the first time solid state lasers with more
than 1 kW of mean power reach to the focusability
level of CO,-lasers.

This contribution presents results of welding metal
sheets with disk lasers offering output power up to 6
kW. The advantages of strong focusability will be
discussed in detail. Special attention will be given to
high aspect ratio welding. A comparison with results
obtained with a fibre laser will be made, as well.

Introduction

In the past years lasers have evolved to important tools
for industrial manufacturing technologies. High
processing speed and quality, low heat load and very
high flexibility are the most important advantages of
laser welding. Although today’s lamp-pumped
cw-Nd:YAG-lasers are more expensive, have lower
focusability as well as lower efficiency than
CO,-lasers they have found an increasing number of
applications, especially for cw-welding of
3d-structures. The reason for this is their short wave-
length: the beam can be transported via optical fibers,
which allows high flexibility and accessibility as well
as lower costs for the handling device. In addition, the
shorter wavelength of YAG-lasers in comparison with
CO,-lasers brings along advantages for the process
such as higher absorptivity in metals and lower sensi-
tivity to laser induced plasma.

Regarding these aspects and driven by market and
customer requirements, latest developments are aimed
at reducing the above mentioned disadvantages of
lamp-pumped solid state lasers. Lasers of this new
generation are the diode-pumped thin disk laser and
the fiber laser. The concepts lead to higher efficiency
and higher focusability at the same time. Focusability
is understood as the ability to achieve a small focus

diameter with a given optical element. It is defined by
the inverse beam parameter product (BPP) [11]:

1 4
focusability = —— = .o
usaoltty = 5 pp 0 -d S

In 1, 2] it has been shown that, in case of low welding
speed (v =2 m/min), the welding depth is nearly in-
dependent on focus diameter. At high enough welding
speed (v 2 6 m/min), however, the curves of welding
depth lie close together when plotted over the beam
parameter ratio (BPR), defined as laser power Py di-
vided by the focus diameter d;. In this regime, the
welding depth scales mainly with the BPR which
means that the influence (and importance!) of the
focus diameter is as strong as that of power [2].

Experimental Set-Up

The experiments on the laser welding process re-
garding the influence of the focus diameter are ac-
complished with three different laser systems, the
lamp-pumped solid-state laser (LPL), the di-
ode-pumped thin disk laser (TDL) and the fiber laser
(FL). The lamp-pumped system is characterized by a
BPP of 25 mm-mrad and an overall efficiency of
1-5 %. Due to the direct dependence of the focus di-
ameter on the beam parameter product of the laser,
this device will be used for the realization of focus
diameters from 600 #t down to 300 #t .

With a beam parameter product of 6 mm-mrad (TDL),
which is four times better than a conventional
lamp-pumped laser, optical fibers with core diameter
of 150 #} can be used. The very strong focusability of
the fiber laser (BPP ~ 2,5 mm-mrad) allows fiber
diameters down to 50 #f} . Table 1 summarizes the
focusing conditions realized for the experimental
investigations.

Table 1 Focus diameters achieved by different core
diameters of the optical fiber (d.) and focal lengths of
the focusing lenses (fy). The focal length of the colli-

mation is always f, = 200 mm.

ds laser d, fr imag- div.
ing angle




] (#t 1 | [mm] | ratio [

75 TDL T 150 100 1:2 11,31

100 TDL 200 100 1:2 11,31

150 TDL 150 200 1:1 5,71

200 TDL 200 200 1:1 5,71

f,= 150 mm @ d; = 100 # (FL)

Welding Experiments
Influence of focus diameter on welding depth

The welding depth is significantly affected by the
focus diameter because with its reduction the average
intensity in the focus will increase. Figure 1 describes
the welding depth for steel and aluminium at varying
focus diameters which can be realized with the dif-
ferent laser devices in dependence of the welding
speed. The welds are performed in steel and alumin-
ium as bead on plate welds at a laser power of 3 kW.

The diagrams show for both materials a considerable
influence of the focus diameter on the welding depth.
The three curves representing the realized focus di-
ameters with the lamp-pumped laser clearly show the
dependences mentioned in the introduction. By
changing to the thin disk laser with focus diameters
from 200 #t down to 75 #! an unexpected behavior
became evident: Both figures show the trend of an
increase of the welding depth for v > 6 m/min with the
reduction of the focus. diameter which, however,
stopped at d¢= 150 # . Unexpectedly, for focus di-
ameters of 100 #t and 75 #t the penetration became
less [3]. On the one hand the welding depth can be
increased by using the fiber laser to realize focus di-

ameters smaller than 100 #t . However, obviously the
same limited factor involved a decrease in the welding
depth at less focus diameters (d¢ < 75 #1 ).
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Figure 1 Welding depth as a function of welding speed
for focus diameters realized with the different laser
devices in steel (above) and aluminium (below).

The question now arises what mechanisms come into
action which reduce the welding depth. In searching
for possible causes a first answer can be expected from
the investigation of the cross sections of the welds
which are representative for the process efficiency
defined as the product of energy coupling efficiency
and thermal efficiency [4].

Influence of the focus diameter on cross sectional
area

Looking for possible causes of this phenomenon, in
the first place, the idea suggests itself that a la-
ser-induced plasma could change the conditions for
energy coupling by absorption and refraction. In
welding with CO, - lasers the strong influence of
shielding gases, especially helium, on the plasma
formation is well known. It is already shown that such
mechanisms can be excluded by using a thin disk laser
with P=3kW @ d;=75% [5]. Figure 2 clearly
shows that even the increased intensity at de = 50 #t



does not produce at velocities beyond 5 m/min a dis-
turbing laser-induced plasma as well.

25 —e—without gas
> —=— helium
E s
E 20
£
b
&5 15T
©
s
§ 10
0
a St14
<} Lt P=3 kW
5 05 4 “som

fiber laser
0,0 ;

2 4 6 8 10 12 14 16 18 20 22
welding speed in m/min

Figure 2 Cross sectional area is independent of the
shielding gas even at d= 50 #t @ P. =3 kW.

Figure 3 represents the influence of the focus diame-
ters (thin disk laser and fiber laser) on the cross sec-
tional areas as a function of the welding speed. The
results are shown for steel but aluminium displays the
same feature. Additionally the larger focus diameters
(LPL) show a comparable trend regarding the melted
volume of the seam [5].
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-

cross sectional area in mm?
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Figure 3 Cross sectional area as a function of the
welding speed for different focus diameters.

The examination of Figure 3 indicates that the cross
sectional area is independent of the focus diameter.
This means that the process efficiency has always the
same value, but this behavior will be discussed later
on. Against this background it appeared likely that the
focal conditions (see Table 1) do influence the shape
of the weld seam. In fact, above a welding speed of
6 m/min this can be seen in Figure 4.

Figure 4 Cross sections for the focus diameters up to
450 #t (TDL and LPL) and realized with the fiber
laser (below) at a welding speed of 9 m/min in steel.

The seams with the largest welding depth realized
with the disk laser (d¢= 150 #} ) exhibit a slender
shape which is attributed to the low divergence of the
focused beam. This is a consequence of its improved
focusability and the imaging ratio of 1:1; the half
divergence angle is 0,=5,71?7 (f.=200 mm,
fr =200 mm). To get smaller focus diameters, the
imaging ratio had to be changed to 1:2 (f. = 200mm,
fr=100mm). This means that the divergence angle

* was doubled to 6, = 11,317 Additionally, the flanks of

the corresponding seams in Figure 4 show the same
angle as the freely propagating laser beam. Apparently
the seam is essentially influenced by the divergence
angle because it affects the distribution of lines with
constant power density (see Figure 5). That means that
at smaller focus diameters the welding depth is limited
by the divergence angle. Using the fiber laser this
effect is also visible by investigating the cross sections
in Figure 4. A reduction of the focus diameter leads to
an increase of the divergence angle at the same time
(see Table 1). Due to this there will be an extremely
slender shape at d;=100 #t (8, =2,86? enabling an
increase in the penetration depth. According to this a
smaller focus diameter yields less welding depth but at
the same time a widening of the seam.

On the other hand, the focal area controls the shape of
the seam with large focus diameters (d¢>300 #t ).
Due to this there will be a shape in form of a “U” in
this focus diameter range.

Because of the mentioned influence of the lines with
constant power density on the reachable welding



depth (d¢ < 200 #/ ) their effect should be discussed a
little more in detail. They are defined by the distribu-
tion of the freely propagating laser beam and run ro-
tation symmetrical along the beam axis [6]. Particu-
larly for steel it is assumed that the limitation of the
melt pool associates the shape of the vapor capillary
(small diffusion length due to less thermal conduction)
because it is appointed by the lines with constant
power density. The distribution of these lines is cal-
culated for different fixed quotients E/Ey. To get the
lines with constant power density at constant power
density E they are normalized on the smallest power
density E, at the focus (df=600 #t ) and shown in
Figure 5.
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d e EfEg= 0,7 P

—— E/E=09 /t

08 L--- w(2) a

Figure 5 Calculated distribution of lines with constant
power density as well as the free beam propagation
w(z) at varying focus diameters at normalized power
density Eo (Gaussian mode).

Assuming that at E/E,= 0,3 the line with constant
density characterize the vaporization line the different
seam geometries with their appending divergence
angle can be deduced. At the largest focus diameter
(de=600 #1 ) the line with constant power density
(vaporization line) propagates parallelly along the
beam axis and affords a shape in form of a “U” (see
Figure 4). At minor focus diameters (d; < 200 #} ) and
associated increasing divergence the calculated dis-
tribution of lines with constant power density exhibit
an increased bulge. At first the welding depth can be
raised at d; = 200 #} . But as a result of the increasing
bulgeatd; =75 #t the welding depth became less and
develops a drop shaped seam at which the shape ap-
proaches the divergence of the focused beam. This

shows that the formation of the seam is essentially
influenced by the divergence angle because it affects
the distribution of lines with constant power density.

Influence of the divergence angle at focus di-
ameters smaller than 200 #

As can be concluded from these results the divergence
angle obviously plays a role in determining the shape
of cross section with focus diameters smaller than
200 # . To demonstrate this effect in a direct way, the
divergence angle at constant focus diameter has been
varied by changing the imaging ratio and the core
diameter of the optical fiber. In this way three differ-
ent angles for a focus diameter of 100 # have been
realized, see Table 2.

Table 2 Combination of core diameter and imaging
ratio to get different divergence angles at de= 100 #} .

d, i fr imaging de div.
ration angle
(¥ 1 | [mm] [ [mm] [# ] [

200 200 100 1:2 100 11,31

1:0,5 100 2,86

The influence of the different divergence angles on the
welding depth for steel and aluminium are clearly seen
from Figure 6. The continuous decline of the diver-
gence of the focused beam affects the lines with con-
stant power density in such a way that the welding
depth raised in the whole range of applied welding
speed.

For lower welding speeds (v <6 m/min), where heat
conduction plays a major role, the curves approach
each other especially for aluminium. For high welding
speed the smallest divergence angle leads nearly to a
doubling of the welding depth for the both materials.
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Figure 6 Welding depth as a function of the welding
speed for the three divergence angles in steel (above)
and aluminium (below) (P = 3 kW; d¢ = 100 #1 ).

The considerable influence of the divergence angle on
the welding depth and the shape of the seam at the
same focus diameter of 100 %t can bee seen in Figure
7. For both materials the decrease of the divergence of
the focused beam yields an increase of the welding
depth and a decrease of the seam width at the same
time. This relationship leads to a constant cross sec-
tional area of the weld seam independent of the di-
vergence angle at constant focus diameter. The im-
pression of a constant cross sectional area which is
obvious in Figure 7 is shown in Figure 8 for steel in
more detail. If only the divergence angle is the varied
parameter the energy per section and therewith the
cross sectional area is at the same value. That means
that in the investigated parameter range the process
efficiency of keyhole welding is in fact independent of
the focusability of the laser device [5].
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Figure 7 Cross sections for the focus diameter
de =100 #t at varying divergence angles at a welding
speed of 5 m/min in steel and aluminium.
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Figure 8 Cross sectional area as a function of the
welding speed for the three divergence angles in steel
(PL=3 kW; d;= 100 #t ).

Dependence of welding depth on focus diameter

At this point the dependence of welding depth on 1/d¢
as mentioned in [1, 2] shall be examined for the results
obtained in the present experiments. For two repre-
sentative welding speed values and both materials,
steel and the aluminium, Figure 9 summarizes the
findings: For diameters down to 200 #t the welding
depth is in fact proportional to 1/d; in accordance with
earlier statements. At about 150 to 200 ¥} , however,
a rather abrupt change becomes evident leading to
even a decrease in welding depth. That could be ex-
plained with the intensity distribution along the beam
propagation. It is shown that, in conjunction with very
small focus diameters, the divergence angle of the
focused beam does play a considerable role in the way
energy is deposited under these conditions. Along this
line clear evidence is given that, by reducing the di-
vergence of the focused beam (e.g. by a lower beam
parameter product), the welding depth can be raised.
Therefore, with a further reduction of the beam pa-



rameter product it appears possible to obtain an addi-
tional increase of the welding depth.

Recent experiments with a 4 kW fiber laser allowed
the further reduction of the divergence angle as a
consequence of the lower beam parameter product of
the laser device (BPP ~ 2,5mm-mrad). The stronger
focusability enabled a divergence angle of about 2,867
at a focus diameter of 100 #t . The resulting increase
is shown for the focus diameters of 100 # and 75 #}

(6,=3,82?7 in Figure 9. Additionally the results
achieved by a focus diameter of 50 #t (8, =15,717

are shown in that figure.
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Figure 9 Welding depth for steel and aluminium as a
function of the inverse focus diameter at a welding
speed of 5 m/min (above) and 10 m/min (below) at

PL =3 kW.

Influence of the Focusability
on the Process Efficiency

In addition to the influence of the focusability on the
seam geometry also its importance on the process
efficiency is useful for the comparison of the laser
devices. Figure 10 show instead of the process effi-
ciency the specific melt pool volume (proportional to
each other) as a function of the aspect ratio of keyhole
(welding depth/focus diameter).
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Figure 10 Specific melt pool volume of steel (above)
and aluminium (below) as a function of the aspect
ratio of keyhole at varying focus diameters (Keyhole
Welding (KW), Cross Over (CO), Conduction Weld-
ing (CW)).

Figure 10 demonstrate the specific volume as a func-
tion of the aspect ratio of keyhole (Ag) for steel in the
upper diagram. Because there is no changing of the
aspect ratio (A = 0,5) during conduction welding all
the results are concentrated on one point.

The range from shaping a lentoid cross section at
Ag = 0,5 to Ak = 3 is called the cross over (CO). For a
focus diameter of 450 #t at v>10m/min and
dr=600 # at v=6 m/min the specific volume in-
creases from about 16 mm?kJ up to 40 mm?kJ when
passing trough the cross over. Minor changes of the
process parameters (e.g. welding speed and/or laser
power) in the range of the cross over are leading to
marked variations of the welding result Due to the fact
that already at the cross over a vapor capillary is
formed this range belongs to the keyhole welding as
well.

Beyond the CO region the specific volume remains
essentially constant at a value of about 40 mm?kJ.
With a focus diameter of 50 #t (FL) the aspect ratio



