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Editorial

Uncertainty was high last year and will remain so this year due to 
the global pandemic. This does not stop at the R&D sector. Quite 
the contrary, the current and future challenges will not diminish, 

and therefore the R&D intensity to provide solutions must continue 
and even increase.

Turning to the future of BIAS – Institute of Applied Beam Tech-
nology, I see great potential for lasers in manufacturing technology, 
not only in lightweight construction, for example by producing topog-
raphy-optimized and function-integrated components or realizing 
new multi-material structures, but also in finding and applying new 
alloys through high-throughput alloy development or in establishing 
a complete hydrogen value chain. We want to provide solutions for an 
increasingly resource-efficient, flexible, adaptable and customizable 
production. Combined, these efforts will support an ecological, sus-
tainable transformation.

One contribution to the industrial use of laser applications in pro-
duction technology is the biennial Laser Applications Forum (LAF) in 
Bremen. As a platform for exchange between users, developers, service 
providers, manufacturers and researchers, the BIAS Institute, as the 
organizer, aims to support and increase the transfer between academia 
and business, in particular business-to-business. In my experience, the 
forum’s character is shaped not only by the accompanying exhibition 
and plenty of opportunities for communication and discussion, but 
also by the warm familiarity of the many participants, creating open 
and inspiring discussions while developing new ideas and impetuses 
to take home.   

However, the 12th LAF has had to be postponed until 2022. There-
fore it is great that PhotonicsViews has decided to present the short 
contributions of the young scientists of BIAS, who would otherwise be 
answering questions during the BIAS OpenHouse, within this e-special, 
making them available to all. 

So join me in looking optimistically toward the future: things are 
moving forward, laser material processing is advancing, and the LAF 
will be back stronger than ever in 2022! 

 
Peer Woizeschke

Things Are Moving Forward
No Laser Applications Forum, no face-to-face meetings, but R&D continues!

www.twitter.com/photonicviews

Dr.-Ing. Peer Woizeschke
BIAS – Institute of Applied Beam Technology 
Deputy Director, Material Processing Business Unit 
Head of Department, Joining and Powder Bed  
Processes 

media partner     contributing partners        

www.linkedin.com/company/photonicsviews
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Online Monitoring in WAAM
Using a two colored pyrometric camera for temperature field monitoring 
in wire arc additive manufacturing

Christoph Halisch, Tim Radel, Dieter Tyralla, and Thomas Seefeld

material, which in turn is also dependent 
on the temperature. At BIAS, the appli-
cability of a quotient pyrometric camera 
with a high dynamic range (Pyrocam) in 
an additive arc process was examined. 
Due to its quotient pyrometric principle 
the changes in emissivity are compen-
sated. The calibration for different mate-
rials required for IR thermal cameras is 
not required here. In contrast to the IR 
thermal camera, the Pyrocam measures 
in the visible wavelength range of light 
from 450 nm to 750 nm and is there-
fore susceptible to interference radiation 
from the arc. Using spectroscopic mea-
surements of the arc, it was possible to 
identify a range from 625 nm to 750 nm 
in which the interfering radiation of the 
arc is minimal. 

Using suiting high and low pass fil-
tering, the Pyrocam was integrated into 

solution. The range of process influences 
that can be online monitored is large. 
These include arc current and voltage, 
shielding gas flow and content, wire feed 
speed and torch travel speed, acoustic 
and optical signals, and local tempera-
ture development.

Many weld imperfections are related 
to the temperature history of the part. 
The high heat input of the WAAM also 
induces high local stresses, warpage and 
leads to a very coarse grain in the micro-
structure. Titanium is prone to heat 
build-up due to its poor heat conduc-
tion properties. Therefore, online mon-
itoring of the temperature field in the 
titanium WAAM is of central interest.

The temperature field can be mea-
sured with common infrared (IR) ther-
mal cameras. These systems are depen-
dent on the emissivity of the respective 

An extensive online monitoring of the 
process influences, and a possible regu-
lation of the process parameters is seen 
as a promising solution to reduce the 
qualification effort for additively man-
ufactured components using WAAM. 
Many weld imperfections are related 
to the temperature history of the part. 
Due to its low thermal conductivity 
the online monitoring of the tempera-
ture field in WAAM of Ti-6Al-4V is of 
central interest. This paper shows the 
applicability of a two colored pyrometric 
camera for temperature field monitor-
ing in wire arc additive manufacturing 
process.

The wire arc additive manufactur-
ing (WAAM) of titanium parts offers 
great potential for use in the aerospace 
sector. Due to the high build up rate, 
the process enables the economical pro-
duction of large, near-net-shape milling 
blanks. The ratio of the mass of the mill-
ing blank to the finished component, the 
so-called “buy to fly ratio”, can be dras-
tically reduced. This means significant 
cost savings, especially with expensive 
titanium alloys.

The high potential for cost savings is, 
however, reduced by the additional qual-
ification effort for additively manufac-
tured components. Another challenge 
currently facing WAAM is the reproduc-
ibility of material properties across the 
entire component. An extensive online 
monitoring of the process influences, 
and a possible regulation of the pro-
cess parameters is seen as a promising 
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the WAAM process and the tempera-
ture field was measured over the entire 
weld of a test specimen. Using the melt-
ing temperature, which for Ti-6Al-4V 
is 1650 ± 5 ° C, the solidification line 
and thus the size of the melt pool were 
determined, as shown in Fig. 1. In com-
parison, the same weld was observed 
with a high-speed camera. Based on the 
“freezing” of the melt pool movement, 
the solidification lines and the pool 
size were also determined, as shown in 
Fig. 2. The melt pool length, which was 
determined using the temperature field, 
corresponded well with the values from 
the high-speed camera recordings [1], 
as shown in Fig. 3. These results sug-
gest that temperatures are being mea-
sured correctly. The influence of the 
arc radiation on the measurement was 
sufficiently reduced and its interference 
with the heat radiation of the weld pool 
was significantly reduced.

Fig. 3 shows that the weld pool size 
increases steadily at the beginning of 
the weld until it then reaches a constant 
level. A small periodic increase and 
decrease in the weld pool size can also 
be seen, which correlates to the oscil-
lating torch movement. In a metallo-
graphic longitudinal section of the test 
specimen these reversal points are found 
again, as shown in Fig. 4. A correlation 
between increasing weld pool size and 

an increasing prior beta grain size at 
the beginning of the layer could not 
be found. In the metallographic lateral 
cross-section, the strongly anisotropic 
grain structure known from the liter-
ature could also be found. The grains 
grow over several layers in the direction 
of build-up, as Fig. 5 shows.

*
The results were obtained in the con-
text of the Industrial Collective Research 
IGF (20W1708F), funded by the Fed-
eral Ministry for Economic Affairs and 
Energy (BMWi) on the orders of the 
German Bundestag.

DOI: 10.1002/phvs.202100005

[1] C. Halisch et al.: Measuring the melt pool 
size in a wire arc additive manufactur-
ing process using a high dynamic range 
two-colored pyrometric camera, Weld 
World 64 (2020) 1349–1356.
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Digital Holographic Measurement System
Robust digital holographic measurement system for production environ-
ments

Fabian Thiemicke, Achim Gesierich, Wansong Li, Claas Falldorf, and Ralf B. Bergmann

components with an optically rough sur-
face, the surface structure itself already 
shows height differences in the range 
of the wavelength. The range in which 
the height information can be unam-
biguously assigned must be enlarged to 
be able to measure such components as 
well. For this purpose, two-wavelength 
contouring is used. Two holograms with 
different wavelengths are recorded and 
subsequently evaluated in combination 
[3]. With this method, it is also possible 
to unambiguously measure component 
defects with height differences of more 
than 50 µm at the object surface.

To make the measuring system ade-
quately robust for use in a production 
environment, the entire light path was 
encapsulated. The purpose of this is to 
protect the optical components against 
contamination and to shield the system 
from external light which can influence 
the measuring process. Finally, to com-
pensate for the vibrations that occur in 
the production environment, the inter-
ferograms for the two wavelengths are 
recorded with very short exposure times 
of less than 1 ms. To be able measuring 
also components with a height differ-
ence, which exceeds the depth of field 
of the measuring system, by two holo-
grams, the recorded holograms will be 
refocused during the evaluating process. 

with tactile methods. Fig. 1 shows the 
measuring system with its essential opti-
cal components. The optical light paths 
are completely sealed by a tube system 
inside the measuring system to protect 
them against dust and other ambient 
influences. The light that is used for 
illumination will be divided into two 
separate beams by the beam splitter. 
One light beam is used to illuminate 
the measuring object and is scattered 
on its surface (object wave). The object 
wave is passed through the microscope 
objective, which magnifies the object of 
interest. The second beam acts as the 
reference wave and is reflected by the 
reference mirror and combined with the 
object wave on the camera. The actual 
measurement signal of the system con-
sists of the superposition of the object 
and reference wave. This superposition 
generates an interference pattern on the 
camera, which includes the 3D shape 
information of the measured object. 
This information will be obtained by 
method of digital holography [2] and 
will be provided for further analysis. It 
is possible to achieve height resolutions 
in the nanometer range with a single 
hologram on optically smooth surfaces, 
but these resolutions are only unambig-
uous for height differences up to half 
a wavelength. In the case of technical 

Quality assurance of functional sur-
faces on micro-components is often not 
done in the production cycle due to the 
high production rates. This means that 
testing is usually only conducted on a 
random sample basis. For this purpose, 
tactile shape measurement methods or 
confocal microscopic techniques are 
commonly used. These techniques 
usually provide highly accurate results, 
but in practice they are usually not fast 
enough to handle the production speed 
of the manufacturing line. Furthermore, 
the accessibility of inspected functional 
surfaces, especially with the tactile tech-
niques, creates a limitation. Therefore, 
a 100 % inspection of the manufactured 
parts is usually not possible. To over-
come this gap in quality assurance, a 
robust digital-holographic measuring 
system was developed at BIAS in coop-
eration with VEW-Vereinigte Elektron-
ikwerkstätten GmbH, Bremen, which 
allows the inspection of functional 
surfaces with a diameter up to 2 mm 
and a measurement uncertainty of a 
few micrometers inside within a pro-
duction environment. In addition, this 
measuring system allows quality assur-
ance during the production process with 
a short inspection time of less than 1 s, 
even up to a 100 % inspection.

By using digital holography [1], 
the shape of a measured object can be 
recorded and reconstructed from the 
image of two holograms. The measur-
ing objects can have a lateral extension 
in the millimeter range. The resolution 
of the height values is in the microm-
eter range. This enables fast two-di-
mensional shape detection for in-line 
inspection of microcomponents.

The developed measuring system is 
based on a digital holographic micro-
scope with a working distance of 34 mm. 
Due to the large working distance, many 
different workpiece geometries can be 
measured. These are functional surfaces 
in cavities of deep-drawn components, 
which cannot be adequately measured 

50mm

beam splitter
camera

light source

reference mirror

microscope
 objective

Fig. 1 Photograph of the digital holographic microscope with the essential optical com-
ponents.
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This approach can also help to compen-
sate deviations within the component 
positioning. Furthermore, the evalu-
ation algorithms allow the compari-
son with a nominal component shape 
and the determination of the deviation 
from this shape for the measured object. 
This allows simpler detection of critical 
errors and avoids false rejects.

During tests in vibration stressed 
environments, it was possible to reli-
ably identify component defects with 
a lateral resolution of 5 µm and a depth 
of at least 5 µm. In these tests, the mea-
surement and evaluation time was less 
than 1 s. These tests were carried out in 
the laboratory with specific vibration 
stimulation, and in a real production 
environment.

Fig. 2 shows measurement results of 
the functional surfaces of a hard metal 
cutting insert. Fig. 2a shows the phase 
values of the measurement. The defect of 

the functional surface is clearly visible at 
the tip of the insert. For a better assess-
ment of the dimensions of the defect, 
the shape data were calculated from the 
phase values, and are shown in Fig. 2b. 
This defect at the tip (white area) has a 
diameter of about 225 µm and a height 
difference of more than 200 µm.

The authors especially thank the 
Central Innovation Program for small 
and medium-sized enterprises (ZIM) 
for funding the research work within the 
project “Robuste digitale Holografie in 
der Produktionsumgebung” (RobuHoP) 
with the grant number 4587201LT8.

DOI: 10.1002/phvs.202100007

[1] A. Simic et al.: Inspection of functional 
surfaces on micro components in the 
interior of cavities, in: Cold Micro Metal 
Forming, eds. F. Vollertsen et al., Springer 
Nature Switzerland AG, Cham/CH, S. 275-
288 (2020) 

[2] U. Schnars et al.: Digital Holography and 

Wavefront Sensing, Springer Verlag Berlin 
(2016)

[3] A. Simic et al.: In-line quality control of 
micro parts using digital holography, in: 
Proc. SPIE 10233 (2017) 1023311

a)

-π

+π

0

b)

Fig. 2 Measurement results from the functional surfaces of a carbide insert. Phase 
values of the measurement showing a significant defect of the functional surface at the 
tip (right corner; a). Shape data of the carbide insert with the chipping at the tip of the 
cutting sheath, the chipping has a diameter of about 225 µm and a height difference of 
more than 200 µm. 

F. Thiemicke, C. Falldorf, R. B. Bergmann
BIAS – Bremer Institut für angewandte 

Strahltechnik, Klagenfurter Straße 5, 
28359 Bremen, Germany

e-mail: thiemicke@bias.de
www.bias.de

 
A. Gesierich, W. Li

VEW Vereinigte Elektronik Werkstätten 
GmbH, Edisonstraße 19, 28357 Bremen, 

Germany, www.vew-gmbh.de
  

R. B. Bergmann
University of Bremen,

 MAPEX Center for Materials and 
Processes and Faculty of Physics and 

Electrical Engineering, Otto-Hahn-Allee 1, 
28359 Bremen, Germany

www.uni-bremen.de/mapex/

Save the date

LAF 2022 – 12th Laser Applications Forum 
Nov 23–24, 2022, Congress Center Bremen / Germany

Laser Beam Joining: Processes, Systems, Applications, Trends

www.lafbremen.de



Additive Manufacturing 

6  PhotonicsViews  E-Special LAF2020 ©  2021 Wiley-VCH  GmbH  

Melt Pool Width Monitoring
In-situ measurement of the melt pool width in powder bed fusion pro-
cesses
Raik Dörfert and Dieter Tyralla

to determine the absolute temperature 
values and must be filtered out of the sig-
nal. For this purpose, the following were 
used: a 1064 nm notch filter to protect 
the camera chip from the emissions of 
the processing laser as well as a 625 nm 
long-pass filter, and a 750 nm short-pass 
filter to isolate all emissions that were 
not directly in the range of the camera 
wavelengths. In addition, neutral den-
sity filters were used to suppress stray 
light and prevent the overexposure of the 
camera chip. For the integration of the 
Q-PyroCam, the optical components 
were replaced for the improved reflec-
tion of the returned process emissions 
through the beam path. The pinhole of 
the optical system was replaced with a 
custom-made beam splitter to allow the 
Q-PyroCam to be coaxially integrated 
into the beam path with a dichroic mir-
ror from Precitec GmbH & Co. KG. The 
dichroic mirror had a higher reflectivity 
of the wavelengths of the Q-PyroCam as 
well as a very high transmission of the 
processing laser wavelength of 1070 nm. 
The beam splitter mirror was designed 
for a maximum laser power of 1 kW. 
The x-y mirrors of the scan unit were 
coated with a dielectric metal coating 
for a reflectivity of more than 97 % of 
the processing laser and a higher reflec-
tivity of wavelengths between 600 nm 
and 900 nm for the Q-PyroCam. The 
S4LFT3260/105 F-theta lens from Sill 
Optics GmbH & Co. KG was also coated 

part reproducibility and the dissemina-
tion of this manufacturing technology.

To this end, measurement systems 
must be robust and able to cope with the 
high dynamics and scanning speeds of 
the LPBF process. For the recording of 
the heat dissipation and accumulation 
during the process, the temperature 
field in the process zone must first be 
reliably recorded. For this purpose, an 
HDRC® Q-PyroCam from IMS Chips 
was implemented in a commercial 
Realizer SLM 250 system from Realizer 
GmbH (part of DMG Mori AG) with a 
200 W single-mode 1070 nm fiber laser 
from IPG Photonics. The Q-PyroCam 
is an imaging ratio pyrometer camera 
that facilitates the emissivity-compen-
sated, spatially resolved acquisition of 
temperature and geometry data and has 
been successfully used in laser materi-
als processing, e.g., in laser cladding 
[4]. The Q-PyroCam was integrated 
coaxially into the beam path of the 
LPBF system, allowing a high spatial 
resolution. The camera uses two chan-
nels with the wavelengths λ1 = 661 nm 
and λ2 = 667 nm, respectively [3]. The 
different wavelengths were realized by 
alternating IR filter stacks on the silicon 
camera chip. A particular challenge in 
the temperature field detection during 
the LPBF process is the large number of 
process-induced emission types, such as 
argon plasma, metal vapor, fume, and 
spatter. These emissions make it difficult 

Additive manufacturing processes are 
comparatively new manufacturing tech-
nologies that are becoming increasingly 
widespread due to their unique possi-
bilities in terms of almost free design 
and the efficient production of small 
series and individual parts. In partic-
ular, the process of laser powder bed 
fusion (LPBF, also known as selective 
laser melting, SLM) has become estab-
lished to produce metallic components. 

However, the further widespread use 
of the process is limited by process-in-
duced defects and the lack of reproduc-
ibility of the generated components. 
These defects occur during the process 
in the form of metallurgical pores, cav-
ities, or insufficiently interconnected 
component layers [1], leading to huge 
investments in the necessary quality 
control. Among other things, the use 
of a fixed set of process parameters 
prevents sufficient adaptation to local 
changes in heat dissipation in the case 
of changing component geometries. For 
example, the increased heat accumu-
lation on overhanging structures can 
lead to increased defects in the corre-
sponding areas. Therefore, approaches 
must be developed to reliably detect and 
record local changes in the process con-
ditions. 

To achieve the desired component 
properties, process monitoring can not 
only be used for the early termination 
of defective construction jobs but also 
plays a crucial part in the development 
of in-situ capable control concepts. 
These concepts can make it possible to 
dynamically adapt a parameter set by, 
e.g., reducing the laser power in areas 
of overheating to achieve homogeneous 
part properties rather than selecting a 
global parameter set that does not adapt 
to changing boundary conditions. 

Together with other developed 
approaches like process simulation 
as well as data preparation [5] for the 
identification of such critical compo-
nent areas, the in-situ capable approach 
contributes to the overall goal of high 
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for the maximum possible transmission 
of the processing laser as well as the 
reduced reflectivity for a wavelength 
range of around 660 nm to improve 
the intensity of the returned process 
emissions for the Q-PyroCam through 
the optical system. The calibration of 
the camera system with all filters was 
pixel-based and performed through 
the entire optical system. The calibra-
tion was necessary to measure identi-
cal absolute temperature values for each 
pixel. Due to the significantly different 
wavelengths of the process laser and the 
used wavelengths of the Q-PyroCam, an 
overhaul of the optical system was also 
necessary to minimize the influence of 
chromatic aberration.

With the described method, a Q - 
PyroCam can be coaxially integrated 
into a scanner-guided system. The 
used filters enabled the melt pool size 
to be visually displayed (Fig. 1) without 
overexposure due to large quantities of 
recorded process emissions. The mea-
sured melt pool widths were validated 
with the corresponding metallographic 
cross-sections [2]. With only a notch 
filter to protect the camera against the 
emissions of the processing laser, a high 
degree of spatter and metal vapor was 
detected covering the melt pool area. 
However, the use of long-pass and 
short-pass filters, and especially neu-
tral density filters, significantly reduced 
the number of visible emissions. This 
measuring system allows the melt pool 
width to be recorded as a function of the 
process parameters used for a measuring 
frequency of 200 Hz. Different energy 
inputs lead to increasing or shrinking 
melt pool widths. The average deviation 
of the measured melt pool widths from 
the metallographic cross-sections was 
5 %. The selected resolution of 296 × 296 
pixels provided a high spatial resolution 
of the process zone with 16 µm per pixel. 
Due to the coaxial implementation, this 
resolution can be achieved for any posi-
tion on the build platform. Additionally, 
the resolution can be further reduced in 
exchange for a higher frame rate of up 
to 1 kHz if needed, allowing a trade-off 
between size and spatial resolution to be 
achieved. The system offers a robust and 
fast way to capture transient tempera-
ture fields, providing not only current 
temperatures and temperature gradients 
but also geometric data in the form of 
the melt pool width for further devel-
opment of a control concept based on 
the melt pool width.

*
This work was funded by the Deut-
sche Forschungsgemeinschaft DFG 
(German Research Foundation) under 
project no. 275999847 “Fatigue strength 
of by selective laser melting generated 
samples”, which the authors gratefully 
acknowledge.

DOI: 10.1002/phvs.202100015
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Measurement of High-Precision Components
Testing of specular surfaces with phase-measuring deflectometry
Jonas Bartsch

turning. Toolmarks with amplitudes in 
the range of few tens of nanometers can 
be detected.

Capturing images of series of sinusoi-
dal fringe patterns shifted by constant 
phase angles allows to relate the indi-
vidual camera pixels the observed phase 
angles. This so-called Phase Shifting 
Technique is used to achieve a unique 
mapping of observed positions on the 
displaying surface to the camera pix-
els. Since phase angles repeat with each 
fringe period, this mapping is initially 
ambiguous. Solving this ambiguity is 
called unwrapping and is typically per-
formed by evaluation of multiple phase 
measurements of different fringe peri-
ods. Absolut two-dimensional coor-
dinates of observed positions on the 
display surface are determined by per-
forming two phase measurements with 
perpendicularly aligned fringes while 
combining measured phase angles with 
knowledge of the applied fringe peri-
ods. When measuring optically rough, 
so-called technical surfaces, reflected 
light is scattered into a solid angle 
depending the surface properties. This 
effect can lead to systematic measure-
ment errors which is especially the case 
for anisotropic surface from grinding 
processes, where surface structures 
exhibit predominant direction. At BIAS, 
we investigate the effects of technical 

orientations of the components, these 
recorded patterns provide informa-
tion for determination of local surface 
slope and therefore allow the calcula-
tion of global surface shape. This simple 
approach is excellently scalable. Given 
appropriate setup geometries, measure-
ment fields ranging from square centi-
meters to square meters can be realized. 
Since PMD measures surface gradients, 
it is particularly sensitive towards high 
spatial frequency surface structures like 
scratches and tool marks. Fig. 2 shows 
the measured microstructure of a plane 
mirror manufactured with diamond 

Highly accurate, three-dimensional 
shape measurement is a base require-
ment for manufacturing of high-pre-
cision components. Deflectometry 
is a metrology technique specifically 
suited for specular surfaces. Based on 
the principles of geometric optics, it 
provides fast, full-field, and non-con-
tact measurement and finds worldwide 
applications in testing of optical compo-
nents like mirrors and lenses as well as 
in quality control of varnished surface 
for example in car manufacturing.

Phase-measuring deflectometry 
(PMD), also known as fringe reflec-
tion technique, yields measurement 
resolutions in the range of few nano-
meters. This technique is comparatively 
simple in terms of instrumentation, 
requiring only a commercially available 
CCD camera and a computer monitor. 
As shown in Fig. 1, the surface under 
test is placed in the field of view of the 
camera, enabling it to capture images of 
sinusoidal fringe patterns displayed on 
the monitor in reflection. Local slope of 
the surface under test causes distortion 
and deformation of these patterns from 
the camera’s perspective. In a calibrated 
setup with known relative positions and 

Camera

Surface under test
(specular)

Reference surface
(display)

Virtually distorted
pattern behindthe
surfaceunder test

Fig. 1 Illustration of 
the principle of Phase 
Measuring Deflectometry. 
A camera observes sinu-
soidal fringe patterns 
displayed on a monitor in 
reflection on the surface 
under test. Displayed pat-
terns are distorted due to 
the slope of the specular 
surface. Figure from [4].

Fig. 2 Microstructure 
of a plane mirror 
manufactured with   
diamond turning. 
Measured with PMD. 
Figure from [1].
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surfaces on PMD aiming towards mit-
igation as well as utilizing the effects 
caused by scattered reflection on phase 
measurements for surface characteriza-
tion [1].

Measurement and unwrapping of 
phase angles do not require system 
calibration. However, such measure-
ments already allow a qualitative eval-
uation of the surface under test. This 
is illustrated in Fig. 3 on the example of 
a mirror manufactured with diamond 
turning and subsequently coated with 
nickel-phosphorus. The high spatial fre-
quency components of measured phase 
angles were determined by subtraction 
of a polynomial fit. Microscopic tool 
marks from the machining process of 
the surface are clearly visible.

Measurement of absolute shape using 
PMD is based on tracing the inverse path 
of light received by the individual cam-
era pixels towards the related positions 
on the display while determining those 
positions and local slopes of the surface 
under test yielding a valid path. This 
procedure requires a camera calibration 
which provides a vision ray pointing 
toward the source of received light for 
each camera pixel. At BIAS, we utilize 
displays as calibration targets instead of 
conventional marker plates. Continu-
ous, full field spatial coding of the dis-
play surface by Phase Shifting Technique 
enables determination of independent 
vision rays for each camera pixel. In 
contrast to classical camera calibration 
techniques based on the pinhole model, 
this approach also incorporates locally 
confined errors of the imaging system 
[2].

Transformation of measured dis-
play surface coordinates into the refer-
ence system of the vision rays requires 
knowledge of relative position and ori-

entation of camera and display. Such a 
geometric system calibration is typically 
achieved using a plane reference mirror. 
However, also the shape of the display 
surface needs to be known. Assuming 
a flat display surface as an approxima-
tion causes systematic errors. The effects 
of display flatness deviations as well as 
further non-ideal display properties 
like refraction at the coverglass were 
quantified in investigations at BIAS 
[3]. We demonstrated that systematic 
shape measurement errors are reduced 
by more than 90 % by a simple polyno-
mial model for the shape of the display 
surface. The corresponding polynomial 
coefficients can be determined without 
prior knowledge during system calibra-
tion [4].

*
The authors would like to thank the 
German Research Foundation (DFG) 
for funding the work in the projects 
“Hochgenaue deflektometrische Form-
messung unter Berücksichtigung der 
nicht-idealen Eigenschaften eines Dis-
plays als Referenzebene (MoniKal, proj-
ect no. 298137953)”, “ Deflektometrie an 
technischen Oberflächen (DOTS, proj-
ect no. 381609254)” and “ Ganzheitliche 
Multi-Kamera Deflektometrie (Multi-
Deflect, project no. 411170139)”.
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a) b) c)

1 cm1 cm

Fig. 3 Phase measurement on a mirror manufactured with diamond turning and subsequently coated 
with nickel-phosphorus: image of the surface under test captured with a mobile phone camera. The 
reflection of a sinusoidal fringe pattern can be seen on the surface (a). Single fringe image taken from 
a series of phase-shifted patterns from phase measurement, captured with the measurement setup 
(b). Residuals of measured and unwrapped phase angles after polynomial fit clearly exhibit circular 
tool marks (c).
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Characterization of the Powder Jet in LMD 
Processes
Dieter Tyralla, Annika Bohlen, and Thomas Seefeld

Powder jet-based laser cladding pro-
cesses are more and more used in addi-
tive manufacturing. Laser beam and 
powder jet parameters must match each 
other for a stable welding process and a 
homogeneous quality. Up to now, there 
is only little information on the powder 
jet and few methods for its characteri-
zation and monitoring.

Additive manufacturing is a key 
technology in production and is an 
energy-efficient type of manufactur-
ing. Laser powder bed welding (LPBF) 
is already commercially used in many 
applications but is limited by the deposi-
tion rate and in the component dimen-
sions due to the protective gas chamber. 
Powder jet-based additive manufactur-
ing enables larger component dimen-
sions and a hybrid manufacturing, 
in which functional elements can be 
applied to existing, large semifinished 
products. 

In laser powder cladding, the energy 
of a laser beam is used to create a molten 
pool on the workpiece. A powder-shaped 
filler material is fed into the process zone 
through a powder nozzle using a gas 
flow. A welding bead is generated on 
the surface by the relative movement 
between the processing head and the 
workpiece. If several beads are placed 
next to each other, a continuous layer is 
formed. If the process is repeated layer-
by-layer, 3-dimensional geometries are 
also possible.

The introduced energy and the pow-
der quantity must be exactly matched 
to obtain a stable process and to pro-
duce well-defined weld beads. Although 
laser powder cladding is a manufactur-
ing process that has been used for many 
years, the direction-independent mul-
tilayer process of additive manufactur-
ing requires the development of new 
characterization methods for measur-
ing the powder flow. Here, we see a lack 
of measurement methods and uniform 
standardization.

BIAS ID 200572Tyralla 2020

Beam splitter

Illumination source

Camera

z

Fig. 1 Experimental setup of powder jet measurement.

BIAS ID 200573Tyralla 2020

At nozzle: z = -0,1 mm

At powder jet focus: z = -10 mm

Below powder jet focus: z = -16 mm

Fig. 2 Powder jet analysis: Particle distribution in x-y-plane at different distances to 
nozzle.
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Therefore, a measuring principle 
was developed that allows the charac-
terization of the powder jet. These mea-
surements obtain a validation base for 
accurate process simulation and are 
supposed to expand scientific knowl-
edge of particle flow and LMD process. 
Thus, a new method is developed that 
will allow the optimization of powder 
nozzles and the prediction of applicable 
process parameters.

Fig. 1 shows a measurement setup 
that uses a commercial industrial cam-
era, which is coupled into the laser pro-
cessing optics via a beam splitter. This 
enables a coaxial observation of the pro-
cess zone along the laser axis. A simple 
line laser is aligned perpendicular to the 
powder nozzle to illuminate one plane 
of the powder jet. The line laser or the 
processing head must be moved verti-
cally in steps and illuminate the shape 
slice by slice to obtain a complete mea-
surement of the entire powder jet. When 
the laser beam hits a powder particle, the 
light is reflected. The higher the particle 
population at one point, the brighter the 
corresponding area in the camera image. 
Thereby, the measured brightness distri-
bution can be used to infer the particle 
density in the x-y-plane of the powder 
jet, as Fig. 2 shows. The line width of the 
laser determines the vertical resolution 
of one of these planes, while the number 
of pixels of the camera determines the 
lateral resolution.

Up to now, the method has been 
successfully tested with typical nozzle 
geometries and has been used to char-
acterize the powder jet and to extract 
characteristic values. Most important 
values of the jet are the particle density 
and distribution in different x-y-planes, 

the powder focus, the rel. position and 
the tilt of the jet, the jet diameter, the 
aperture (divergence) and the alignment 
of jet and laser beam axis. In addition, 
the measurement also enables an assess-
ment of the nozzle condition. Defects 
and damages to the nozzle, which have 
an influence on the powder jet and 
often cause imperfection during pro-
cess. They can be analyzed, and detected 
based on the jet characteristics. Fig. 3 
shows a damaged nozzle and the result-
ing jet analysis.

Further, a method was developed 
which can also measure the powder jet 
during laser processing. Thus, a per-
manent online-monitoring provides 
information to the nozzle condition and 

detects deviations as quickly as possible.
*

This work was funded by the Deutsche 
Forschungsgemeinschaft (DFG) under 
contract no. 424886092 “Adaptive pow-
der nozzle for additive manufacturing 
processes”, which the authors gratefully 
acknowledge. 
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Fig. 2 Powder jet characterization of a annular gap powder nozzle. The measurement 
enables the recognition of nozzle damages that cause tilted jets or faulty powder distri-
butions and may affect the weld quality.
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Closed-Loop Control of Penetration Depth in 
Wire-Based Laser Cladding
Dieter Tyralla, and Thomas Seefeld

like width, length and size which are 
used to recognize variations in the pro-
cess behavior and forms the valuation 
basis for the control algorithm. 

In the present case, a LabView-based 
algorithm was developed to connect 
and control the different components 
of the system. The algorithm maintains 
the melt pool length constant to a given 
sat-value by an adjustment of the laser 
power to generate a homogeneous pen-
etration depth and thus, achieve consis-
tent layer properties. The set-value is 
determined in a reference process.

Fig. 1 shows the results of the men-
tioned control approach compared to 
the reference without control. Melt 
pool length and penetration depth are 
shown. In Fig. 1a, the process applies a 
constant laser power of 3,5 kW. In this 
case, the low wall thickness of 5 mm 
leads to heat accumulation in the part 
and increases the melt pool size which 
results in higher melt pool length and 
penetration depth. In the second case 
that is shown in Fig. 1b, the laser power 
is controlled by the algorithm. The vari-
ations of melt pool length are recog-
nized, and the laser power is adjusted 
to a lower level to prevent heat accumu-
lation. Thus, the penetration depth can 

energy over the process zone. Thus, 
an applicable energy distribution can 
be achieved in the process zone which 
introduces most of the energy directly 
into the wire and only a small part into 
the substrate material. Thereby, more 
wire can be melted without increasing 
the size of the melt pool as is common 
with the conventional method. This 
enables high deposition rates and low 
dilution in the same process. In the pres-
ent case, laser beam oscillation enables 
a deposition rate of more than 5 kg/h 
and a dilution of less than 10 % with a 
laser power of 4 kW. The new method 
has been successfully tested on the two 
most common filler materials stainless 
steel (316L) and a nickel-based filler 
(inconel625). Initial tests suggest sim-
ilarly promising results for stellite and 
hardfacing wires.

As a further innovation, process 
monitoring is used in the project to 
monitor and control the LHWC pro-
cess. A special two-channel-pyrometer 
camera observes the process with a high 
frequency of up to 1000 frames per sec-
ond. The camera detects special thermal 
based indicators to evaluate the process. 
The melt temperature is used to deter-
mine different melt pool related values 

Up to now, powder based cladding pro-
cesses are used to produce high-quality 
coatings with low dilution. However, 
the productivity of the process is limited 
and is accompanied by complex han-
dling and the health hazards of pow-
der materials. In comparison, the wire-
based cladding process allows higher 
deposition rates, and the wire-shaped 
filler material is much cheaper com-
pared to powder. However, the dilution 
and the geometrical shape of the layer 
usually fail to comply higher quality 
standards.

Laser cladding is a well-established 
production technique for the generation 
of functional layers on a parts surface 
and for the reconditing of worn work 
pieces. The process uses the energy of 
a laser beam to create a melt pool on 
the surface of the substrate. The filler 
material is fed into the melt pool, where 
it melts and mixes with the substrate. 
The additional material forms a welding 
bead on the surface by the relative move-
ment between processing head and the 
workpiece. If several welding beads are 
placed side-by-side, a consistent layer 
is formed.

In most applications, the layer should 
provide the properties of the filler mate-
rial and thus, as little substrate material 
as possible must be melted and mixed to 
achieve a high purity of the layer. How-
ever, enough must be melted to create a 
metallurgical bond. The relation of sub-
strate and filler material is called dilu-
tion which is one of the most important 
quality features in laser cladding. 

In the AiF project “Kontrolliertes 
Laser-Heißdrahtbeschichten” a new 
variant of wire cladding processes was 
developed that provides low dilution 
and high deposition rate in once [1]. 
For this purpose, a laser hot-wire clad-
ding (LHWC) setup is used where the 
wire is fed at a 45° angle in a trailing 
arrangement. In addition, a laser beam 
oscillator is used to distribute the laser 

BIAS ID 200279Tyralla 2019

Set value Melt pool length
Laser power Penetration depth

BIAS ID 200278 Tyralla 2019

Melt pool length Penetration depth

a) b)

Fig. 1 Comparison of laser cladding process with online-monitoring (a) and closed-
loop control system (b). In the first case, the process applies a laser power of 3.5 kW, 
whereas the power is adjusted to maintain a constant melt pool length in the con-
trolled case.
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be maintained constant to the given set-
value. In addition, the control achieves 
a significant lower standard deviation 
in melt pool length, which commonly 
indicates a stable, homogeneous melt-
ing process. The starting behavior of 
the process can also be significantly 
improved by the control which is illus-
trated by the images of the specimen. In 
contrast to the reference which applies 
constant laser power, the controlled case 
adjusts the laser power to a higher level 
at the beginning to preheat the cold part 
and thus, the layer comply the require-
ments from the beginning.

The prototypically setup was trans-
ferred during project to a common laser 
cladding system in an industrial envi-
ronment to demonstrate the applicabil-
ity of the new principle for small and 
medium-sized companies. Therefore, 
the components were integrated into the 
system technology of the project part-
ner LaserCladding Germany GmbH. 
The cladding of a real component in 
form of a 300 kg shaft was performed 
as functional demonstration of a com-
mon application of a job shop manufac-
turing task. Fig. 2 shows the setup. The 
demonstration proofs the transferability 
of results regarding high deposition rate 
and accessibly dilution.

*
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Laser-Heißdrahtbeschichten” of the 
“Forschungsvereinigung Schweißen 
und verwandte Verfahren e.V.” of 

the German Welding Society (DVS), 
Aachener Str. 172, 40223 Düsseldorf 
was funded by the Federal Ministry for 
Economic Affairs and Energy (BMWi) 
via the German Federation of Industrial 
Research Associations (AiF) in accor-
dance with the policy to support the 
Industrial Collective Research (IGF) 
on the basis of a decision by the Ger-
man Bundestag. 

Furthermore, the authors gratefully 
acknowledge the collaboration with the 
members of the project affiliated com-
mittee regarding the support of knowl-
edge, material, and equipment over the 
course of the research.

DOI: 10.1002/phvs.202100006

[1] D. Tyralla, T. Seefeld: Temperature field 
based closed-loop control of laser hot wire 
cladding for low dilution, Procedia CIRP 
94 (2020) 451-455.

Tyralla 2020 BIAS ID 200286

Fig. 2 Experimental setup at project part-
ner LaserCladding Germany GmbH.
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Directed Energy Deposition with Aluminum 
Alloy
Directed energy deposition of high-strength aluminum alloy with local 
hard particle reinforcement 
Anika Langebeck

which can cause the porosity when it is 
re-melted during the process of the sub-
sequent welding track. Therefore, the 
smaller the overlapping area between 
two individual welding tracks, the lower 
the porosity. A degree of overlap in the 
horizontal direction of about 30 % can 
be recommended to produce surfaces 
that are as even as possible with low 
porosity in the cross-section. For the 
offset in vertical direction, a degree of 
overlap of about 13 % is advantageous. 
Higher values can lead to clogging of 
the powder nozzle due to the reduced 
distance to the specimen’s surface. 

Directed energy deposition of 
EN AW-7075 with local rein-
forcement by spherical fused 
tungsten carbide
To locally reinforce areas with hard par-
ticles during the DED-process, spheri-
cal fused tungsten carbide particles are 
also fed to the process zone in addition 
to the aluminum powder. The powder 
flow of the two materials can be adjusted 
independently of each other. The aim is 
to ensure that the hard particles do not 
melt and are homogeneously distrib-
uted in the solidified aluminum alloy. 
Due to their high density of 16 g/cm³ to 
17 g/cm³, the tungsten carbide particles 

spherical fused tungsten carbide is 
carried out with a solid-state laser. The 
experimental setup is schematically 
shown in Fig. 1.

By adjusting the process parame-
ters via a parameter study, the alumi-
num alloy EN AW-7075 with a poor 
weldability can be processed by DED 
with low imperfection. An additional 
shielding gas shroud, coaxial to the pow-
der nozzle, reduces the pore volume. 
The remaining porosity in the welding 
track can be reduced to less than 0.1 % 
by increasing the energy input per unit 
length from 3000 J/cm to 6000 J/cm at 
a constant feed rate (400 mm/min) and 
a defocused laser spot with a diameter 
of 4.5 mm.

The DED-manufactured parts are 
made up of many individual welding 
tracks with a horizontal and vertical 
overlap in between. It can be shown that 
a high degree of overlap significantly 
increases the porosity. Compared to a 
single track with a pore volume less-
than 0.1 %, the porosity of several tracks 
with a horizontal overlap of about 50 % 
is larger than 2.0 %. The reason for 
the increase in porosity is most likely 
attributed to the surface of the preced-
ing welding track. This surface is very 
rough and covered by an oxide layer, 

Directed energy deposition (DED) is an 
open space process of additive manu-
facturing (AM) technologies. Due to its 
high deposition rates, DED processes are 
well suited to produce large components 
in small quantities or for customer-spe-
cific individual production. During the 
manufacturing process the laser is used 
to create a melting pool on the substrate 
and to melt the added powder as well. 
Welding tracks are manufactured from 
which the large AM component is built. 

As powder material steel powders 
like 316L or aluminum alloys from the 
4xxx series with a good weldability are 
used. The use of high-strength 7xxx 
aluminum alloys in particular meet 
the increasing demands for energy-ef-
ficient lightweight construction of com-
ponents. However, 7xxx alloys have a 
poor weldability, which makes their pro-
cessing by DED a challenge. In addition 
to the use of a single powder material 
in DED-based additive manufacturing, 
process setup also allows the tailored 
use of powder mixtures. These material 
combinations include MMC materials 
(metal matrix composite), in which a 
metallic matrix material is reinforced 
with hard particles. This is done, among 
other things, for wear protection pur-
poses.

The combination of a high-strength 
aluminum alloy as a matrix material 
with a highly hard reinforcement mate-
rial, such as spherical fused tungsten 
carbide, makes it possible to combine 
lightweight construction and wear resis-
tance in an outstanding way. One appli-
cation for these components are rolling 
bearings, which must be lightweight for 
energy-efficient operation and highly 
wear-resistant for a long service life.

Directed energy deposition of 
EN AW-7075
The implementation of directed energy 
deposition of large components made 
of a high-strength aluminum alloy with 
a local hard particle reinforcement of 

BIAS ID 200268Schinderling (Langebeck) 2020
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focusing module
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powder nozzle

Fig. 1 Sketch of experimental setup directed energy deposition of large components 
made of a high-strength aluminum alloy with a local hard particle reinforcement. The 
optical unit used is shown enlarged on the right



www.photonicsviews.com  

©  2021 Wiley-VCH GmbH PhotonicsViews  E-Special LAF2020 15 

sink down in the melt pool. At a volume 
fraction of the hard particles of about 
50 vol% and more in the powder jet, the 
embedding of the hard particles to the 
aluminum alloy matrix is disrupted. At 
lower volume fractions the hard parti-
cles are better embedded in the matrix. 
In multilayer specimens manufactured 
with 26 vol% tungsten carbide, a dis-
tinction can be made between three 
zones in the cross-section (Fig. 2). In 
the first layer of the additively manu-
factured specimen, the hard particles 
are well distributed in the aluminum 
matrix, but this area (Fig. 2, blue frame) 
shows an increased porosity. In each of 

the last welding tracks of the subsequent 
layers above, a high hard particle con-
tent is achieved. Additionally, this area 
shows nearly no imperfections such as 
pores (Fig. 2, red frame). This condition 
of the reinforced layer is desirable. The 
mentioned two areas are separated by 
a third area (Fig. 2, green frame). This 
one contains no spherical fused tung-
sten carbide particles and shows a very 
low porosity.

In conclusion, directed energy depo-
sition is a suitable technology for additive 
manufacturing of larger parts with local 
hard particle reinforcement, although 
the process control is challenging. 

*
The ZIM-projec t  number 

ZF4063003SU7 was funded by the Fed-
eral Ministry for Economic Affairs and 
Energy (BMWi) via the German Fed-
eration of Industrial Research Associa-
tions (AiF) in accordance with the policy 
to support the Central Innovations of 
Medium-Sized Enterprises (ZIM) on 
the basis of a decision by the German 
Bundestag. 

Furthermore, the author grate-
fully acknowledges the collaboration 
with the company IBO GmbH and the 
Leibniz Institute for Material-oriented 
Technologies regarding their support 
of knowledge over the course of the 
research. The author would also like 
to thank HIGHYAG Lasertechnologie 
GmbH for the loan of the laser pro-
cessing head.

DOI: 10.1002/phvs.202100004

BIAS ID 200348Langebeck 2020

200 µm

200 µm

200 µm

process parameters
laser
optical unit
laser spot diameter
laser power
welding speed
build structure
horizontal overlap
vertical overlap
powder feed rate EN AW-7075
powder feed rate spherical fused tungsten carbide

TruDisk 12002
BIMO MZ

1.8 mm
4 kW

400 mm/min
3 layers à 3 tracks

30%
15%

7.3 g/min
14.9 g/min

2 mm

Fig. 2 Cross-sections of a specimen manufactured by directed energy deposition from 
the high-strength aluminum alloy EN AW-7075 and spherical fused tungsten carbide 
particles in a single process step (Source: D. Loske) 
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Hard Particle Reinforcement for Micro-
forming Tools 
Hard particle reinforcement of microforming tools via laser melt injection 
for improved wear resistance
Anika Langebeck

load of 98 N is used, to obtain an inden-
tation as large as possible, to determine 
the hardness of the MMC microstruc-
ture and not of an individual hard par-
ticle or the matrix material. During the 
test, the hard particles can break out of 
the matrix, which makes it difficult to 
measure the length of the diagonal left 
by the indenter (Fig. 1). The results as a 
function of the set powder feed rate are 
shown in Fig. 1. No significant change in 
the measured hardness can be detected. 

MMC surface for micro injec-
tion molding tools 
The path planning for the laser melt 
injection of a functional model of a 
micro injection molding component is 
carried out using the Fusion 360 CAD 
software from Autodesk and a Mat-
Lab-based program for creating the 
specific G-code. Fig. 2 shows the CAD 
model of the functional model and the 
planned path for laser melt injection. 
To best reproduce the surface geometry 
of the functional model, a smaller laser 
spot diameter of 1.5 mm was used, and 
the power applied was reduced accord-
ingly. The MMC layer (Fig. 2) can then 
be reworked, for example, using micro 
milling. This provides surfaces on the 
micro injection molding tool with hard 
particle reinforcement for increased 

cused laser spot with a diameter of 
3  mm and with a laser power of 2 kW. 
The powder material, spherical fused 
tungsten carbide, was fed to the process 
zone via a powder nozzle from GTV.

The hard particle volume fraction 
within the MMC layers can be adjusted 
via the powder feed rate, with all other 
process parameters remaining constant. 
With an increase in the powder feed rate 
from 12 g/min to 29 g/min, not only the 
layer thickness but also the hard particle 
volume fraction within the MMC layer 
increases from (44.5 ± 4.8) % to (59.2 ± 
2.6) % (Fig. 1). For the spherical fused 
tungsten carbide, the apparent density 
determined according to DIN EN ISO 
3923-1:2018-10 is (10.2 ± 0.1) g/cm³. 
This corresponds to 60.0 % to 63.8 % 
of the bulk density of spherical fused 
tungsten carbide, which is specified by 
the manufacturer with 16 g/cm³ to  17 g/
cm³. Therefore, it can be assumed that 
a further increase in the hard particle 
content above (59.2 ± 2.6)% is hardly 
feasible.

In addition to the hard particle vol-
ume fraction, the overall hardness of 
the MMC layer can also be determined. 
Since the microstructure of the MMC 
layer is very heterogeneous in its prop-
erties, only a limited statement on the 
layer hardness can be made here. A test 

Microinjection molding is an import-
ant manufacturing technology for the 
mass production of small plastic parts. 
In this industry, the molding tools are 
undergoing locally high loads and wear, 
which significantly reduce the service 
life of the tool and thus also the max-
imum service life. One approach is to 
reinforce the microinjection mold’s sur-
face by laser melt injection to achieve a 
metal matrix composite (MMC) with a 
high wear resistance.

A typically used material for mold-
ing tools is hardened steel. Machining 
hardened steel is problematic due to 
the severe chemical wear of micro-
milling tools. Alternative materials for 
micro injection molding tools are easily 
machinable copper-based alloys. How-
ever, molding tools made from these 
materials have significantly shorter 
service lives due to their lower wear 
resistance. This is particularly evident 
when processing plastics with fillers. 
Via laser melt injection a wear-resis-
tant MMC surface can be obtained. 
During this process, hard particles are 
introduced into the melt pool at the 
workpiece surface without melting the 
particles themselves. Typically, carbides 
such as titanium carbide, chromium 
carbide or tungsten carbide are used 
as hard particles [1]. Investigations on 
MMC surfaces made of an aluminum 
bronze with spherical fused tungsten 
carbide showed a significant decrease in 
abrasive wear mass due to hard particle 
reinforcement [2]. Further experiments 
show that increasing the hard particle 
content can lead to an increase in wear 
resistance [3]. 

Increasing the hard particle vol-
ume fraction in MMCs
A solid-state laser was used to gener-
ate MMC surfaces. The laser beam was 
guided to the processing optics via an 
optical fiber. A melt pool was generated 
in the aluminum bronze with a defo-
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12 g/min
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29 g/min

process parameters
laser
laser spot diameter
laser power
welding speed
number of tracks
horizontal overlap
substrate
powder

TruDisk 12002
3 mm
2 kW

300 mm/min
5 to 6

2.1 mm
aluminum bronze

spherical fused
tungsten carbide

hard particle volume fraction
Vicker‘s hardness

indentation

Fig. 1 Cross section of MMC layers with different powder feed rates; hard particle vol-
ume fraction and Vicker’s hardness with respect to powder feed rate; indentation of 
Vicker’s hardness measurements in MMC surface
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wear resistance, which also have a high 
surface quality.

*
The IGF-Project-No.: 19.941 N / 
DVS-No: 06.3046 of the “Forschungs-
vereinigung Schweißen und verwandte 
Verfahren e. V.” of the German Weld-
ing Society (DVS), Aachener Str. 172, 
40223 Düsseldorf was funded by the 
Federal Ministry for Economic Affairs 
and Energy (BMWi) via the German 
Federation of Industrial Research Asso-
ciations (AiF) in accordance with the 
policy to support the Industrial Col-
lective Research (IGF) on the basis of 

a decision by the German Bundestag. 
Furthermore, the author gratefully 
acknowledges the collaboration with 
the members of the project affiliated 
committee regarding the support of 
knowledge, material and equipment 
over the course of the research.

DOI: 10.1002/phvs.202100018

[1] J. Nurminen, J. Näkki, P. Vuoristo: Micro-
structure and properties of hard and wear 
resistant MMC coatings deposited by 
laser cladding. In: International Journal of 
Refractory Metals and Hard Materials 27 
(2009) 2, 472-478

[2] H. Freiße et al.: Dry strip drawing test on 

tool surfaces reinforced by hard particles. 
In: Dry Metal Forming Open Access Jour-
nal 2 (2016) 1-6

[3] K. van Acker et al.: Influence of tungsten 
carbide particle size and distribution on 
the wear resistance of laser clad WC/Ni 
coatings. In: Wear 258 (2005) 1-4, 194-202

BIAS ID 201066Langebeck 2020

process parameters
laser
laser spot diameter
laser power
welding speed
number of tracks
horizontal overlap
substrate
powder

TruDisk 12002
1.5 mm
0.9 kW

300 mm/min
19

30%
aluminum bronze

spherical fused
tungsten carbide

Fig. 2 CAD model of functional model as well as planned path for laser melt injection; 
MMC surface on micro injection molding component after laser melt injection
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Laser Chemical Machining with High Process 
Pressure 
Increase of the removal rate in laser chemical machining by increasing 
the process pressure

Marcel Simons and Tim Radel

at ambient pressure (1 bar; max. laser 
power: 1.4 W).

Furthermore, it can be stated that 
the increase in process pressure has no 
effect on the characteristics of the laser 
chemical cavities. The resulting cav-
ities at elevated process pressures are 
comparable in terms of shape accuracy 
and surface roughness to the resulting 
cavities at ambient process pressure, 
see Fig. 3 and 4. As mentioned above, 
the widening of the process window is 
due to the reduction of the electrolyte 
solution boiling process. This reduction 
of the laser-induced electrolyte solution 
boiling process is described in partic-
ular by the reduction of the gas bubble 
diameters as well as the adhesion time 
of the gas bubbles to the workpiece sur-

cess pressure was chosen. the boiling 
temperature of the electrolyte solution 
rises with an increase of the process 
pressure, which minimizes the electro-
lyte solution boiling process. As shown 
in Fig. 3, the process window increases 
with increasing process pressure. The 
increase of the process pressure allows 
the laser chemical process to be per-
formed at increased laser power. Due 
to the correlation between removal rate 
and surface temperature of the work-
piece, which is directly determined by 
the applied laser power, the removal rate 
increases with increased laser power. 
By increasing the process pressure to 
6 bar (max. laser power: 2.2 W), the 
removal rate could be increased by a 
factor of 2.46 compared to machining 

In order to meet the increasing demands 
on complexity and multifunctionality 
of the components to be produced, 
so-called non-conventional machin-
ing processes are being developed [1], 
including laser chemical machin-
ing (LCM). Laser chemical machining is 
a surface treatment that removes mate-
rial by the effect of laser induced ther-
mal activation of heterogenous chemical 
reactions between the electrolyte solu-
tions and a metallic surface [2].

Laser chemical machining depend 
on raised temperature at the interface 
of laser radiation, material, and electro-
lyte solution to function. The quality of 
the LCM process is largely determined 
by boiling in the interaction zone due 
to local overheating [3]. The resulting 
laser-induced boiling bubbles, see 
Fig. 2, adhere to the workpiece surface 
and shield it. The transition of the 
laser radiation from an optically dense 
medium (electrolyte solution) to an 
optically thin medium (boiling bubble) 
causes a deflection of the laser radia-
tion [4]. The adhering gas bubbles act 
as scattering centers which deflect part 
of the incident laser radiation, resulting 
in a reduction of the removal quality, 
in terms of surface quality, shape accu-
racy etc.

To minimize the formation of boiling 
bubbles during laser chemical machin-
ing, the approach of increasing the pro-

Fig. 1 Schematic representation of the laser chemical test setup

Fig. 2 High-speed shadow image of a laser-induced boiling bub-
ble

Fig. 4 Exemplary laser chemical cavity, generated with a process 
pressure of 3 bar
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face. By increasing the process pressure, 
the boiling bubble diameter could be 
reduced by up to 27 %, when machined 
at 6 bar process pressure, see Fig. 5. In 
addition, Fig. 5 shows the adhesion time 
of the boiling bubbles to the workpiece 
surface in percent of the total machining 
time. At increased process pressures the 
workpiece surface is free of the gas bub-
bles for a longer period of time.

In summary, increasing the process 
pressure during laser chemical machin-
ing minimizes the laser-induced elec-
trolyte solution boiling process, thus 
enabling an increase in the removal rate.
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Generating MMC Coatings by Laser Melt 
Injection at High Process Speeds
Reinforcing highly thermally conductive copper tools for pressure die 
casting by fused tungsten carbide particles

Philipp Warneke

occurred due to stronger interactions 
with the laser beam. At a laser power of 
7000 W, not only deformations but also 
agglomerates of several particles were 
formed. These agglomerates were ori-
ented on the geometry of the individual 
weld seam.

Hardness measurements on the SFTC 
particles and agglomerates showed that 
the deformations of SFTC particles and 
the formation of agglomerates did not 
result in a decrease in hardness. The 
micrographs in Fig. 2 also show that the 
dispersing rate has an influence on the 
MMC layer thickness. To investigate this 

20 °C and 300 °C) with infrared laser 
radiation. Homogeneous coatings 
with an SFTC particle content between 
20 vol% and 40 vol% could be produced. 
Process speeds of up to 8.75 m/min – 
corresponding to a dispersing rate of 
8750 mm²/min – were achieved. Typi-
cally, process speeds below 1 m/min are 
used for laser melt injection. Fig. 2 shows 
three micrographs at different dispers-
ing rates. The energy per unit length and 
the powder mass per unit length were 
constant in all tests. Increasing the laser 
power from 3000 W to 5000 W showed 
that deformations of individual particles 

Highly thermally conductive copper 
alloys are used for various tools in form-
ing and joining technology. In pressure 
die casting, pistons made of these alloys 
are used. The pistons press the melt 
into a mould and dissipate a part of the 
process heat. Due to the high thermal 
conductivity, short process times can 
be achieved. A decisive disadvantage of 
these alloys is their low wear resistance, 
which results in short piston service lives 
and high set-up costs.

By dispersing extremely wear-resis-
tant spherical tungsten carbide particles 
into the rim zone of the workpiece, a 
significant improvement in wear resis-
tance can be achieved. While a layer of 
a foreign coating material is applied 
to the base material in most wear pro-
tection processes, laser melt injection 
generates a coating of a metal-matrix 
composite (MMC). The base material 
works as matrix material. Fig. 1 shows 
the principle of the process. Thanks to 
this process, it is possible to combine 
the properties of the filler material 
with those of the base material within 
the rim zone of the part. Copper alloys 
pose a special challenge in laser material 
processing because of their very high 
reflectivity in the infrared wavelength 
range. In addition, due to the large dif-
ference between the absorption coeffi-
cients in the solid and liquid state, there 
is a risk that an unstable melt pool and 
thus irregularities in the coating occur. 
A further challenge is the realization of 
large dispersing rates, which are neces-
sary to achieve a sufficient productiv-
ity. As an approach to overcome these 
challenges, high laser beam intensities 
of up to 223 kW/cm² were applied. To 
avoid damage due to back reflections, 
the processing optic is tilted by 20° from 
the vertical.

These changes in the process made 
it possible to process the copper alloy 
Hovadur® CNCS (thermal conductiv-
ity 220 W/mK, average value between 

Warneke 2020 BIAS ID 200711

feed powder nozzle

workpiece

hard particles
transported by
argon

laser beam
weld pool

MMC layershielding gas 
(argon)

n

Fig. 1 Principle of laser melt injection. A laser beam generates a weld pool on the work-
piece in which a powdered filler material is fed by a powder nozzle. 
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dispersing rate 8750 mm²/min
powder feed rate 105 g/min
laser power 7000 W

dispersing rate 6250 mm²/min
powder feed rate 75 g/min
laser power 5000 W

dispersing rate 3750 mm²/min
powder feed rate 45 g/min
laser power 3000 W

1 mm

Fig. 2 Cross sections at three different dispersing rates. The dispersing rate was 
increased at a constant energy per unit length and powder mass per unit length. At a 
high laser power, more SFTC particle deformations and agglomerates could be detected.
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relationship in more detail, dispersing 
rates between 3750 mm²/min and 8750 
mm²/min at a constant energy per unit 
length and powder mass per unit length 
were investigated. Two opposite effects 
can be used to explain the course of the 
diagram shown in Fig. 3. By increasing 
the dispersing rate and thus the process 
speed, the process efficiency increases. 
At high process speeds, a greater pro-
portion of the energy absorbed in the 
workpiece is used to produce the weld 
seam than at low speeds. This increases 
the layer thickness. A further effect is 
the shadowing of the weld pool by the 
powder material. The powder feed rate 
is increased proportionally with the dis-
persing rate to keep the powder mass per 
unit length constant. However, the vol-
ume flow of the powder feed gas remains 
constant. Therefore, the shadowing of 
the weld pool by the powder material 
increases with an increasing dispersing 
rate, which has a diminishing effect on 
the layer thickness.

A model test in a tribometer was 
carried out in order to investigate the 
wear behavior. At a test load of 30 N 
and a test time of 4 h, counter bodies 
made of the tool steel 1.2343 in a hard-
ened and gas-nitrided condition with a 
spherical surface oscillated on uncoated 
Hovadur® CNCS samples as well as on 
samples with an SFTC particle content 
of 23 vol% and 40 vol%. With the help of 
a confocal microscope, the wear height 
and wear volume were determined. The 
SFTC particle reinforcement made it 
possible to reduce the wear height of the 
Hovadur® CNCS samples to one third 
and the wear volume to half, see Fig. 4. 
An increase in the SFTC particle con-
tent from 23 vol% to 40 vol% showed no 
further improvement in wear resistance. 
The wear of the counter bodies that had 
been moved on uncoated samples was 
minimal. The SFTC particle reinforce-
ment of the Hovadur® CNCS samples 
led to a significant increase in wear of 
the counter bodies.
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Increased Laser Polishing Rates of LPBF 
Components
High path overlaps to reduce surface features at laser polishing of LPBF 
components with high process speeds
Lucas-H. Beste, Florian Schadewald, Tim Radel, Brodan Richter, Patrick J. Faue, Frank E. Pfefferkorn, 
and Frank Vollertsen

and in Fig. 2 for the CoCr-LPBF-manu-
factured surfaces. 

The mild steel 1.0122 surfaces show 
significant influence of the overlap 
rate. A path overlap of 15 % leads to an 
increased surface roughness Sa, while 
the surface roughness then decreases 
with growing path overlap. Hence, 
the lowest surface roughness for these 
experiments is achieved with a path 
overlap of 80 %. The spatial wavelengths 
show that the micro- and meso-rough-
ness decrease to similar levels below 
0.25 µm depending on the overlap. 
Regarding the long wavelength surface 
features, there is a much more signifi-
cant dependency on the path overlap. 
For these wavelengths, the waviness was 
reduced using a path overlap of 80 %, 
while path overlaps of 15 % and 38 % 
lead to significant increases of the high 
spatial wavelengths.

The results of the laser polished 
LPBF surfaces show a reduced sur-
face roughness Sa at both 80.5 % and 
90 % path overlaps compared to the 
as-built surface. The examination of 
the different spatial wavelength sec-
tions has shown that the micro- and 
meso-roughness as well as the wavi-
ness are reduced compared to the ini-
tial surface depending on the overlap. 

The laser polishing was done with 
a TruDisk 12002 by Trumpf with a 
cw-wavelength of 1030 nm. The beam 
diameter on the material surface was 
652 µm and the laser power was set to 
1 kW. The influence of the path over-
laps on the surface topography of mild 
steel 1.0122 was analyzed. Subsequently, 
the obtained results were transferred 
to cuboids made of CoCr-alloy (Stel-
lite-21), which were produced via LPBF. 
The process speed was set to 200 mm/s, 
while the path overlap was varied 
between 15 % and 80 %. With the results 
obtained here the LPBF components 
were processed afterwards. For this 
purpose, the laser polishing parame-
ters were a process speed of 1000 mm/s, 
a power of 1.25 kW, and path overlaps 
of 80.5 % and 90 %. Surface topography 
measurements were made by confocal 
microscopy to analyze the results of the 
laser polishing process. These micro-
scopic images were processed using a 
fast Fourier transformation (FFT) to 
determine the amplitude of the spatial 
wavelengths of the surfaces with a focus 
on the waviness as well as the micro- and 
meso-roughness. 

The results of the FFT analysis of the 
surface topography measurements are 
shown in Fig. 1 for the mild steel surfaces 

The production of components using 
laser powder bed fusion (LPBF) offers a 
wide range of applications. The selective 
local energy input and layer-by-layer 
melting of powder particles allows high 
design flexibility and a wide range of 
component geometries. It is often nec-
essary to apply post-processing steps 
in the process chain to meet the design 
requirements. Besides metallurgical rea-
sons, which may, for example, require a 
heat treatment, a subsequent treatment 
may be necessary due to the surface 
topography. During the LPBF process, 
partially-melted powder particles often 
remain on the surfaces. Additionally, the 
layer-by-layer melting of the powder 
particles can contribute to the waviness 
of the surface. Therefore, LPBF com-
ponents usually have a process chain 
with post-processes such as machin-
ing, grinding, mechanical polishing, 
shot peening and similar techniques. 
Laser polishing is an alternative that 
allows complex surfaces to be polished 
contact-free and non-abrasively without 
tool wear. Thus, it is not only possible to 
smooth the surfaces by remelting, but 
also to reduce the porosity close to the 
surface. Typical polishing rates are in 
the range of a few mm²/s. The melt pool 
dynamics and the associated waviness 
limit the melt pool size and processing 
speed and therefore the achievable pol-
ishing rates. Nevertheless, an increase of 
the polishing rate is desirable. 

The polishing rate depends on beam 
diameter, process speed and path over-
lap. According to the literature different 
approaches to increase the polishing rate 
are possible. For example, this problem 
can be countered by beam shaping or 
adjusted intensity distribution. Within 
this study, the approach of using high 
process speeds in combination with high 
path overlaps is investigated. It is based 
on the hypotheses that the high path 
overlaps can limit the resulting waviness 
and therefore enable high polishing rates. 
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For both polishing rates, the micro and 
meso-roughness are reduced to 0.1 µm, 
while the waviness can be reduced to 
1.6 µm at a polishing rate of 127.2 mm²/s 
and up to 0.76 µm for a polishing rate 
of 65.2 mm²/s. An image of an as-built 
and a polished LPBF-cuboid made of 
CoCr-alloy is shown in Fig. 3.

The results show that a high path 
overlap can lead to a reduction in wav-
iness on rolled surfaces and on the sur-
faces of components based on LPBF. In 
combination with high process speeds, 
the polishing rate can be increased while 
the resulting waviness due to the melt 
pool dynamics can be limited.

Overall, it is shown that the long 
wavelength surface features created 
during the laser polishing process by 
high process speeds can be limited 

by a high path overlap (90 %) in such 
a way that not only the micro- and 
meso-roughness but also the waviness 
of LPBF-components can be reduced 
at high polishing rates. The evaluated 
scan strategies give the opportunity 
to perform subsequent treatment of 
LPBF-surfaces via laser polishing in a 
high mm²/s range.
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Laser Structuring of PVD Multilayer Systems
Enhancement of tribological properties by generation of dimple arrays

Andreas Stephen and Tim Radel

layer systems. The laser used (Trumpf 
TruMicro 5050) has a pulse length of 
less than 10 ps with a maximum output 
power of 50 W and a pulse repetition rate 
of 200 kHz. The laser beam was guided 
over the workpiece by a Galvano scan-
ner with a focus diameter of 45 µm. The 
laser processing was performed without 
protective gas supply.

Results
A defined diameter of the cavities could 
be set using a circular irradiation strat-
egy, as shown, for example, applying a 
diameter of 80 µm (Fig. 2). By choosing a 
suitable pulse energy and pulse repetition 
rate, the ablation could be set in such 
a way that the MoS2:Ti:C and a-C:H:Ti 
layers are removed (depth of 2 µm) and 
the TiN layer is retained on the substrate. 
The remainder of the TiN layer serves 
to protect the hardened steel substrate 
underneath from corrosion. The depth 
can be reproducibly set with an absolute 
deviation of less than 0.2 µm. The even-
ness of the cavity is ± 0.1 µm. Burr forma-
tion or melt residue cannot be observed.

*
The authors thank the support from the 
Clean Sky 2 initiative within the frame-
work of the Horizon 2020 program of 
the European Union (GA No. 821344).
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the load-bearing capacity of the gear box 
parts is therefore pursued as an approach.

Procedure
Structured multilayer systems, as 
low-friction and low-wear surfaces, pro-
vide a way of increasing the load-bearing 
capacity of the gear box parts. A suit-
able laser system and the process con-
trol suitable for the layer system must 
be developed for laser structuring. The 
individual layers of the system must be 
able to be removed selectively. PVD-syn-
thesized TiN/a-C:H:Ti/MoS2:Ti:C was 
used as a multilayer system with the 
necessary tribological properties (Fig. 1). 
The surface structuring by means of 
laser processing then serves to form 
lubrication pockets during operation 
of the engine, which leads to a further 
reduction in friction and wear on the 
highly stressed gear wheel flanks.

Experimental
An ultrashort pulse laser with a wave-
length of 1030 nm was used as the laser 
beam source for structuring the multi-

The selective laser structuring of the 
layer system TiN/a-C: H:Ti/MoS2:Ti:C 
developed for tribological applications, 
including in the aviation industry, by 
PVD synthesis can be achieved pre-
cisely with depth deviations of less than 
0.2 µm almost without any burrs or melt 
residues.

In the aviation industry, supported by 
European as well as numerous national 
initiatives, there is an effort to reduce 
emissions in aviation significantly 
to achieve extensive climate neutral-
ity. There are various approaches to 
this, ranging from a weight reduction 
through lightweight construction, to a 
reduction in air resistance through the 
“hybrid laminar flow control” technol-
ogy, to an increase in the efficiency of the 
engine technology. The latter is based 
on an increase in the bypass ratio in jet 
engines, the so-called UHBR technology 
(ultrahigh bypass ratio), which leads to 
a significantly better efficiency and thus 
a reduction in emissions. This concept 
requires a reduction gear between the 
fan and the turbine to be able to reduce 
the fan speed, since the speed of sound 
must not be exceeded, and thus to enable 
the implementation of a larger fan diam-
eter. These reduction gears are exposed 
to extreme loads due to strong friction 
caused by high local contact pressures 
when the lubrication is temporarily 
interrupted. A surface treatment in the 
form of a structured multilayer system 
to reduce the risk of wear and to improve 
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Implementation of a Synchronized Multi-
method Process Observation in Deep 
Penetration Laser Welding
Ronald Pordzik and Peer Woizeschke

of the determined temporal courses of 
the wall temperature with the fluctu-
ations of the capillary depth, changes 
of the capillary opening, and process 
phenomena like blow-outs or splashes. 
The most accurate temporal allocation 
of the different measurements’ places 
high demands on the synchronicity 
between the measurement signals. It 
is not sufficient to simply sample the 
signals synchronously to achieve this, 
since the internal runtimes of the signal 
processing can already lead to a signif-
icant time shift. The synchronization 

between different material phases, the 
process can only be comprehensively 
investigated by combining several 
measurement methods. The tempera-
ture distribution at the capillary wall 
is considered a central parameter for 
the process behavior and can be ana-
lyzed pyrometrically with the novel 
test setup and sample design presented 
here. These measurements are supple-
mented by high-speed images and depth 
measurements of the vapor capillary by 
means of optical coherence tomogra-
phy (OCT). This enables the correlation 

To understand or even control the pro-
cess of deep penetration laser welding, it 
is essential to gain insight into the phys-
ical behavior of the highly dynamic sys-
tem comprising the vapor capillary and 
the melt pool. This paper introduces a 
synchronized multi-method approach 
for process monitoring including the 
measurement of the wall temperature 
and the depth of the vapor capillary as 
well as the characterization of the pro-
cess stability by means of fluctuating 
keyhole opening and spatter occurrence.

Deep penetration laser welding 
is a joining process that can produce 
high-quality welds with a small heat-af-
fected zone due to the high aspect ratio 
of the weld [1]. This high aspect ratio is 
achieved through the formation of the 
so-called vapor capillary, which is a long, 
needle-shaped cavity in the melt pool 
surface at the approximate position of 
the laser beam. It is created by the recoil 
pressure of the laser-induced material 
evaporation, which leads to the local dis-
placement of the melt and thus succes-
sively causes the formation of the vapor 
capillary. Within this capillary, which is 
filled with metal vapor and partly with 
ambient gases, multiple reflections of 
the laser radiation on the capillary walls 
lead to an increased absorption along 
the entire depth of the cavity, so that a 
corresponding heat input by the laser 
is also achieved deep below the mate-
rial surface [2]. However, this system, 
consisting of melt pool and vapor cap-
illary, is highly dynamic [3], and thus a 
quasi-stationary equilibrium does not 
occur on the capillary walls at any time 
during the process. 

The dynamics of the system are 
characterized by fluctuations on very 
short time scales, requiring the use of 
high-speed measurements to fully map 
the essential characteristics of the pro-
cess. Since various physical phenomena 
are involved and there are interfaces 
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must therefore be realized by means of 
an event which, by its nature, can be 
detected by all measuring instruments 
involved and is simultaneous in all its 
measurable properties. The shorter the 
generated event, the more precisely the 
measurement signals can be synchro-
nized. The experimental realization of 
the setup can be seen in Fig. 1. A rotating 
disk with semicircular notches simul-
taneously opens the beam path of the 
pyrometer and the illumination laser. 
For the pyrometer, the measurable sig-
nal consists of the thermal radiation of 
a tungsten lamp, while the high-speed 
camera detects the projection of the 
illumination laser spot on a screen. 
The measuring spot of the OCT is posi-
tioned on the edge of the rotating disk. 
The detectable event is the change in 
the depth of the edge of the disk rela-
tive to the detector due to the notches 
opened towards the edge. The accuracy 
of the synchronicity can be varied by the 
rotation speed of the disk. At maximum 
rotational speed, a maximum accuracy 
of δtmin = 40 µs can be achieved for the 
given dimensions of the disk aperture, 
which is less than the exposure time of 
a high-speed exposure. 

The synchronized measurement 
setup was used for process observation 
during laser beam deep penetration 
welding. The pyrometric measurements 
of the capillary wall temperatures were 
in the center of the performed investiga-
tions. To perform these measurements, 
a tantalum tube, which was closed on 
one side by a tantalum foil, was inserted 
through a hole in the front of the weld 
specimen, thus forming a high-melting 
measuring channel (see Fig. 2). The radi-
ation measurement by the pyrometer 

was carried out on the inside of the foil, 
which served as a temperature screen 
and, thus, as a grey radiator, mapping 
the process temperatures on the outside 
of the tantalum probe. By drilling holes 
at various depths below the sample sur-
face, it was possible to record an axial 
temperature profile in several measure-
ments. Since the capillary depth is sub-
ject to strong temporal fluctuations, the 
correlation between temperature and 
depth determined in this way is not 
absolute, and thus the experimental 
setup needed to be supplemented by an 
additional measurement of the welding 
depth by OCT. The OCT measurement 
was performed paraxially to the process-
ing laser in the capillary opening, deliv-
ering the maximum detected measuring 
depth as a result. In addition, high speed 
recordings were made transverse to the 
welding direction to assess the process 
stability. The test setup is depicted in 
Fig. 2 and shows the arrangement of the 
measuring instruments around the weld 
sample. The experiments were carried 
out at a welding speed of vweld = 50 mm/s, 
using a laser power of P = 5 kW. The 
drill holes for the tantalum probes were 
located at a depth of d = 4 mm below the 
sample surface.

The measurements, as shown in Fig. 3, 
exhibited fluctuations of the capillary 
depth between 3 mm and 6 mm. The fil-
tering of the OCT signal was previously 
calibrated by means of metallographic 
cross sections of the weld penetration. 
In the area of the front wall of the vapor 
capillary, temperatures of Tmax = 2640  ... 
2960 K were measured, thereby support-
ing the widespread assumption in the 
literature that the melt overheats in the 
vicinity of the capillary wall [4]. The 

calculation of the temperature values 
from the pyrometer signal as well as 
the evaluation of the error influences 
were performed according to Pordzik 
et al. [5].
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lary wall temperature, capillary depth, and high-speed images
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Laser Brazing with Wire Oscillation
A new approach for increasing the optical seam edge quality
Thorsten Mattulat and Peer Woizeschke

tion collapses. This results in an optical 
seam edge quality defect in each oscilla-
tion cycle, leading to wavy seam edges. 
However, with reduced wire amplitude, 
the wetting progress per cycle can also 
be reduced. For this purpose, frequency 
and amplitude must be coordinated. 
For a process velocity of 3 m/min, for 
example, the combination of the high-
est adjustable frequency of 250 Hz and 
an amplitude of 0.11 mm was shown 
to be suitable to significantly reduce 
the wetting progress. Suitable combi-
nations are characterized by the fact 
that the step size and the frequency are 
sufficient to keep the wetting process 
in a constant position while the process 
progresses consistently. This reduction 
of the step size per cycle homogenizes 
the wetting process during laser brazing, 
directly affecting the achievable opti-
cal seam edge quality. A direct compar-
ison between two seam edges – on the 
one hand without oscillation and on 
the other hand with oscillation and a 
reduced step size per oscillation cycle – 
is shown in Fig. 2. Here, the oscillation 
was able to significantly reduce the wavy 
parts of the seam. Finally, it was con-
cluded that while the abrupt progression 

motor. Using this novel wire feed unit, 
brazing tests were carried out on hot-dip 
galvanized material.

Under conventional process control, 
the wetting process during laser brazing 
is cyclic, with the wetting first taking 
place beside the wire in the preheated 
areas. The process was recorded later-
ally with a high-speed camera to analyze 
the wetting behavior more closely. In 
these recordings, the wetting progress 
can be seen as the progression of wet-
ting fronts (see Fig. 1). At a constant wire 
feed, melt pool constrictions are created 
in the area of the wetting fronts, which 
collapse from a critical size and cause an 
abrupt and stepwise wetting progress. By 
imposing wire oscillation on the braz-
ing process, this wetting behavior can 
be significantly influenced. The result-
ing effects were described in detail in 
[1]. It was shown that wire oscillation 
can impose a frequency on the wetting 
progress that matches the frequency of 
the wire oscillation while also influenc-
ing the step size of the wetting progress. 
If the amplitude of the wire oscillation 
is comparatively high, the step size of 
the wetting progress can be increased 
compared to the step size by constric-

The technology of laser brazing is fre-
quently used to produce seams with the 
highest optical requirements, making 
them good enough to remain visible in 
in areas accessible to the customer. To 
increase these optical qualities, exter-
nal wire oscillation was imposed on a 
conventional constant wire feed, offer-
ing a feasible method for homogeniz-
ing the wetting process and increasing 
the straightness of the seam edges. The 
technology is easy to integrate into 
existing systems, thereby increasing the 
quality of laser brazed seams also on an 
industrial scale. The following presents 
an in-depth insight into the effects of 
external wire oscillation.

In laser brazing in automotive pro-
duction, a laser beam melts a filler 
wire that is continuously fed into the 
process zone. Hereby, beam diameters 
greater than the wire diameter are used 
to simultaneously preheat the substrate. 
Seams are created through the relative 
movement between the processing 
optics and the substrate. The process is 
predominantly used to connect zinc-
coated car body parts in areas visible 
to the customer using seams made of 
a copper-based filler material. As these 
seams are often not reworked before 
painting, high optical seam qualities are 
required in addition to the requirements 
of strength and tightness. However, this 
requirement is frequently not fulfilled, 
especially in the case of hot-dip galva-
nized material and conventional process 
control. We have developed the novel 
approach of additional filler wire oscilla-
tion to increase the optical seam quality. 
The oscillation of the wire is intended 
to influence the movement of the melt 
pool and the wetting progress, thereby 
increasing the straightness of the seam 
edges. A “High Dynamic Drive” (HDD) 
wire feed unit from the company Dinse 
GmbH was used to superimpose a wire 
oscillation onto the constant wire feed 
rate. This enabled the impressing of a 
longitudinal oscillation via a dynamic 
change of the feed direction by the wire 
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of the wetting process can cause a defect 
in the seam edge, this can be effectively 
prevented by forcing a small-step wet-
ting progress. 

The investigations have shown that the 
currently highest achievable frequency 
of 250 Hz is most suited to increasing the 
seam edge quality. An evaluation of the 
seam edge roughness, analogous to the 
root mean square roughness value of a 
line roughness measurement, showed a 
maximum reduction of the seam edge 
roughness by 26% compared to the ini-
tial state. A further increase of the seam 
edge quality is conceivable through an 
increase in the oscillation frequency, 
which is currently limited by the wire 
feed unit. At higher oscillation frequen-
cies, a lower wetting progress per oscil-
lation cycle would be sufficient to keep 
the wetting process constant relative to 
the process zone, further homogenizing 
the wetting process.

The presented solution for increasing 
the optical seam edge quality is particu-
larly relevant for the users of laser braz-
ing as well as technology manufacturers, 
such as the manufacturers of wire feed 
units and processing optics, which are 
often SMEs and could develop and sell 
new products adapted to laser brazing 
with wire oscillation. The simple inte-
gration into existing production lines 
in particular makes laser brazing with 
wire oscillation innovative, whereby 
existing laser brazing systems can be 
shifted to brazing with wire oscillation 
without structural changes. Only the 
conventional wire feed unit needs to 
be replaced by a wire feed unit that can 
impose an oscillation on the wire via 
the feed motor. Furthermore, the phase 
position of the oscillation is not relevant 
to the brazing process, so no additional 
communication between the wire feed 
unit and laser system is necessary.
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material with and without wire oscillation.
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Laser Keyhole Brazing 
Energy-efficient brazing using the deep penetration effect in combination 
with two-dimensional beam oscillation
Insa Henze and Peer Woizeschke

1400 °C. Both one-dimensional linear 
and two-dimensional circular oscilla-
tion strategies were used [5].

The oscillation strategy influences 
the geometrical expansion of the oscil-
lation and the effective trajectory length 
of the laser beam pathway. This influ-
ences the movement path and the move-
ment speed of the laser beam, and thus 
the local interaction time between the 
laser beam and the material as well as 
the temperature distribution in the melt 
pool and at the interface. The latter is 
important regarding both unwanted 
melting in the substrate and the wetting 
process. Therefore, knowledge of the 
influence of the oscillation parameters 
on the temperature field is essential to 
controlling the process. Measuring the 
temperature distribution at the interface 
is only possible to a limited extent, if at 
all. However, it is possible to measure the 
temperature distribution on the surface 
of the molten pool to indicate the tem-
perature distribution both within it and 
at the interface [6]. For the considered 
process, it is thus assumed that a more 
homogeneous temperature distribution 
on the surface correlates with a more 
homogeneous temperature distribu-
tion at the interface. For the determi-
nation of the temperature distribution 
on the molten pool surface, non-contact 
measuring systems based on a measure-

local movement speed, or rather short-
ens the local dwell time, of the laser 
beam. The latter reduces the melt pool 
depth compared to processes without 
oscillation at otherwise constant laser 
power and brazing speed.

Another important aspect of brazing 
is the wetting process. Preheating the 
substrate favors wetting [4]. In conven-
tional processes, this is realized through 
the direct irradiation of the substrate by 
the laser spot, whose diameter is selected 
to be significantly larger than the wire 
diameter. This is not possible when 
brazing with the deep penetration effect 
because the focused laser beam would 
melt the substrate material due to the 
high intensity. Preheating must, there-
fore, be realized via heat conduction 
through the molten brazing material.

By combining the keyhole brazing 
process with beam oscillation, a bead-
on-plate brazing test (brazing material 
application on a flat substrate) with a 
complete melting of the brazing mate-
rial and without melting in the substrate 
material was successfully realized (see 
Fig. 1, right). For this purpose, an AlSi12 
brazing material was used with galva-
nized steel as the substrate material. 
Temperature measurements showed 
that the temperatures in the molten pool 
were well above the melting temperature 
of the solder material (580 °C) at over 

Laser beam brazing is one way of pro-
ducing seams with high visual quality. 
Conventional methods are based on 
melting the brazing material using the 
simple Fresnel absorption of the laser 
beam on its surface. Conventional cop-
per and aluminum-based brazing mate-
rials reflect a high percentage of the laser 
beam, leading to decreased process effi-
ciency as only a low proportion of the 
laser beam is absorbed and contributes 
to the process. 

It is known from laser beam welding 
that the absorption, and thus the effi-
ciency, of the welding process can be 
increased by using the so-called deep 
penetration effect [1]. For this purpose, 
small beam diameters are used, which 
lead to a high intensity. If a material-de-
pendent threshold value is exceeded, 
a local vaporization of the material 
occurs, resulting in the formation of 
a vapor capillary (called a keyhole) in 
which the laser beam is absorbed and 
reflected multiple times. This increases 
the absorption and hence, the process 
efficiency; see e.g. [2] on the approach of 
keyhole brazing. Due to the formation of 
the vapor capillary, the energy is intro-
duced much deeper into the material in 
keyhole processes than in processes with 
simple absorption on the workpiece sur-
face. The depth of the resulting melt pool 
is significantly deeper than the width 
and, therefore, does not seem suitable 
for melting a brazing material with a 
round cross-sectional shape. Hence, the 
simple transfer of the deep penetration 
effect to laser beam brazing would lead 
to an insufficient melting of the brazing 
material or to melted areas in the sub-
strate material (see Fig. 1, left). Instead, 
the energy must be distributed over the 
width of the brazing material. This can 
be achieved by oscillating the laser beam 
transversely to the brazing direction by 
using scanning optics, as is used, for 
example, to increase the gap-bridging 
ability or in buttonhole welding [3]. This 
widens the melt pool and increases the 
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brazing parameters:
laser
scanoptic
focal diameter
laser power
brazing speed
wire material

substrate
shielding gas
wire speed
oscillation:
oscillation frequency
oscillation width
oscillation strategy

IPG YLR 1000 SM
SCANLAB WelDYNA (2D)

34 μm
470 W

1.0 m/min
AlSi12 (Ø 1.2 mm)

DC 01 ZE 25/25
Ar

1.8 m/min

200 Hz
1.2 mm

line

500 μm

without oscillation: with oscillation:

500 μm
melted area in the substrate 
material

Fig. 1 Microsections of bead-on-plate seams brazed with keyhole formation without 
oscillation (left) and with superimposed linear oscillation of the laser beam transverse 
to the brazing direction.
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ment of the infrared radiation emitted 
by the surface are particularly suitable 
as they do not influence the process 
and allow high measuring rates. To be 
able to consider the molten pool sur-
face completely, a line pyrometer was 
positioned transversely to the brazing 
direction. The pyrometer’s position 
was fixed, while the brazing optic – and 
hence the brazing process – was moved 
at brazing speed in the brazing direction. 
Thus, the local temperature-time curve 
across the cross-section of the molten 
pool could be recorded (see Fig. 2). Using 
these measurements, the homogeneity 
of the temperature field and its tempo-
ral course were evaluated and the dif-
ferent beam strategies were compared 
with each other. 

It was shown that compared to tests 
without oscillation, the beam oscillation 
widened the melt pool and precluded 
the melting of the substrate material. 
Circular oscillation strategies led to a 

further homogenization of the tempera-
ture field. This is important, especially 
regarding the use of the process for 
material combinations of brazing and 
substrate materials with only slight dif-
ferences in terms of melting tempera-
ture, since a uniform temperature dis-
tribution at the interface is crucial for 
successful brazing.
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BIAS – Bremer Institut für angewandte Strahltechnik GmbH 
is an independent Institute of Applied Beam Technology and a reliable part-
ner in the field of research and development of laser-based technologies 
and optical metrology since 1977. The fascination of being able to make life 
safer, healthier and more comfortable through innovation is what drives the 
work of researchers and students at the institute. BIAS aims at transferring 
innovative technologies into industrial application and is a partner of SMEs, 
international companies, research institutes and universities. Clients come 
from all areas of business including automotive, aviation and space, medical 
devices, consumer electronics, ships and offshore, energy sector or security 
technology.

The business area ‘Material Processing and Processing Systems’ uses laser 
beams primarily as an energy source with a research focuses on interactions 
of laser processes and materials and on suitable system technology to improve and monitor laser processes. Current research 
topics include laser processes for ablation, cutting, structuring, forming, and heat treatment, laser welding, brazing, and hybrid 
joining processes, directed energy deposition processes for overlay welding and additive manufacturing, and laser powder bed 
fusion processes.

The business area ‘Optical Metrology and optoelectronic Systems’ focuses on optical metrology and non-destructive testing 
mainly for industrial applications. BIAS researchers are working on new concepts for 3D imaging and information processing and 
develop customer-specific measuring devices and practical prototypes for industry and academia.
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Components and  
accessories   

 
Cooling systems  

 

KKT chillers 
Industriestraße 3 • 95359 Kasendorf  
T +49 9228 9977 0 
F +49 9228 9977 149 
E  info@kkt-chillers.com 
W www.kkt-chillers.com

PELTRON GMBH Peltier-Technik 
Flurstr. 74, D-90765 Fürth 
Tel.: 0911/79057-09, Fax: -21 
www.peltron.de, info@peltron.de

 
termotek GmbH 
Gottlieb-Daimler-Str. 3-9  
76532 Baden-Baden 
Tel.: +49 7221 9711-0 Fax.: -111 
www.termotek.de 
info@termotek.de

Extraction systems, AIR 
PuriFication  

 
Fuchs Umwelttechnik P+V GmbH 
Gassenäcker 35-39 
89195 Steinberg 
Tel.: +49 (0) 7346 / 9614-0 
Fax: +49 (0) 7346 / 8422 
E-Mail: info@fuchs-umwelttechnik.com 
www.fuchs-umwelttechnik.com

 
TBH GmbH 
Extraction & Filtration Technology 
Heinrich-Hertz-Str. 8 
DE-75334 Straubenhardt 
Tel. +49(0)7082 9473 0 
Fax. +49(0)7082 9473 20 
info@tbh.eu · www.tbh.eu

 
 

 
TEKA Absaug- und Entsorgungstechnologie 
GmbH 
Industriestraße 13 
46342 Velen 
Tel: +49 (0) 2863/9282-0, Fax: -72 
E-Mail: info@teka.eu 
Web: www.teka.eu 
Facebook: www.facebook.com/TEKAGmbH

Laser beam sources:  
Solid-state lasers  

 
Diode lasers, for material process-
ing 
Laserline GmbH 
56218 Mülheim-Kärlich 
Tel. 02630/964-0, Fax 02630/964-1018 
www.laserline.com, info@laserline.com

Fiber lasers up to 100 W 
PHOTON ENERGY GMBH 
Bräunleinsberg 10, 91242 Ottensoos 
Tel. +49(0)9123-99034-0, Fax. –22 
info@photon-energy.de, www.photon-energy.de

Nd:YAG lasers, diode-pumped
PHOTON ENERGY GMBH 
Bräunleinsberg 10, 91242 Ottensoos 
Tel. +49(0)9123-99034-0, Fax. –22 
info@photon-energy.de, www.photon-energy.de

Nd:YAG lasers, pulsed 
PHOTON ENERGY GMBH 
Bräunleinsberg 10, 91242 Ottensoos 
Tel. +49(0)9123-99034-0, Fax –22 
info@photon-energy.de, www.photon-energy.de

Nd:YAG lasers, up to 500 W 
PHOTON ENERGY GMBH 
Bräunleinsberg 10, 91242 Ottensoos 
Tel. +49(0)9123-99034-0, Fax. –22 
info@photon-energy.de, www.photon-energy.de

Short-pulse lasers 
PHOTON ENERGY GMBH 
Bräunleinsberg 10, 91242 Ottensoos 
Tel. +49(0)9123-99034-0, Fax –22 
info@photon-energy.de, www.photon-energy.de

Laser optics and  
components

  
Beam splitters 
 
 

 
Optics Balzers AG 
Balzers, Liechtenstein 
Phone +423 388 92 00 
www.opticsbalzers.com 

 
Zünd precision Optics ltd 
Prismastr. 5 
CH-9444 Diepoldsau 
Tel. +41(0)71 737 74 00 
Fax +41(0)71 737 74 10 
info@zuendoptics.com 
www.zuendoptics.com

Filters, optical 
Optics Balzers AG 
Balzers, Liechtenstein 
Phone +423 388 92 00 
www.opticsbalzers.com

LOGO?
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Galvanometer Scanning Systems

 
SCANLAB GmbH 
Siemensstr. 2 a 
82178 Puchheim 
Tel. +49 (0) 89 800 746-0 
Fax +49 (0) 89 800 746-199 
info@scanlab.de 
www.scanlab.de

Microoptics 

 
Zünd precision Optics ltd 
Prismastr. 5 
CH-9444 Diepoldsau 
Tel. +41(0)71 737 74 00 
Fax +41(0)71 737 74 10 
info@zuendoptics.com 
www.zuendoptics.com

Mirror coatings 
LASEROPTIK GmbH 
Gneisenaustr. 14, 30826 Garbsen 
Tel. 05131/4597-0, Fax: -20 
www.laseroptik.de, service@laseroptik.de

Optics Balzers AG 
Balzers, Liechtenstein 
Phone +423 388 92 00 
www.opticsbalzers.com

Mirrors 
B&M Optik GmbH 
Am Fleckenberg 20, 65549 Limburg 
+49 (0) 6431 9860 – 0  
info@bm-optik.de / www.bm-optik.de

Optics Balzers AG 
Balzers, Liechtenstein 
Phone +423 388 92 00 
www.opticsbalzers.com

 
Zünd precision Optics ltd 
Prismastr. 5 
CH-9444 Diepoldsau 
Tel. +41(0)71 737 74 00 
Fax +41(0)71 737 74 10 
info@zuendoptics.com 
www.zuendoptics.com

Mirros, UV 
Optics Balzers AG 
Balzers, Liechtenstein 
Phone +423 388 92 00 
www.opticsbalzers.com

Optical Components
B&M Optik GmbH 
Am Fleckenberg 20, 65549 Limburg 
+49 (0) 6431 9860 – 0  
info@bm-optik.de / www.bm-optik.de

LASEROPTIK GmbH 
Gneisenaustr. 14, 30826 Garbsen 
Tel. 05131/4597-0, Fax: -20 
service@laseroptik.de, www.laseroptik.de

Optics Balzers AG 
Balzers, Liechtenstein 
Phone +423 388 92 00 
www.opticsbalzers.com

 

 
Zünd precision Optics ltd 
Prismastr. 5 
CH-9444 Diepoldsau 
Tel. +41(0)71 737 74 00 
Fax +41(0)71 737 74 10 
info@zuendoptics.com 
www.zuendoptics.com

Prisms 
B&M Optik GmbH 
Am Fleckenberg 20, 65549 Limburg 
+49 (0) 6431 9860 – 0  
info@bm-optik.de / www.bm-optik.de

Optics Balzers AG 
Balzers, Liechtenstein 
Phone +423 388 92 00 
www.opticsbalzers.com

 
Zünd precision Optics ltd 
Prismastr. 5 
CH-9444 Diepoldsau 
Tel. +41(0)71 737 74 00 
Fax +41(0)71 737 74 10 
info@zuendoptics.com 
www.zuendoptics.com

Windows, optical 

B&M Optik GmbH 
Am Fleckenberg 20, 65549 Limburg 
+49 (0) 6431 9860 – 0  
info@bm-optik.de / www.bm-optik.de

 
Zünd precision Optics ltd 
Prismastr. 5 
CH-9444 Diepoldsau 
Tel. +41(0)71 737 74 00 
Fax +41(0)71 737 74 10 
info@zuendoptics.com 
www.zuendoptics.com
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Material processing 
systems 

 
Laser welding 
LPKF WeldingQuipment GmbH 
Tel. +49-911-669859-0, Fax: -77 
www.lpkf-laserwelding.de

Marking systems 
PHOTON ENERGY GMBH 
Bräunleinsberg 10, 91242 Ottensoos 
Tel. +49(0)9123-99034-0, Fax. –22 
info@photon-energy.de, www.photon-energy.de

Optical components 

 
3D Anti-Glare-Spray 

 
Helling GmbH, 25436 Heidgraben 
3D-Laserscanning-Entspiegelungsspray 
Tel.:  04122/922-0, Fax: 922-201 
info@helling.de 

Optical metrology

 
Acceleration sensors
POLYTEC GmbH 
76337 Waldbronn 
www.polytec.de 
info@polytec.de

Dimensional gauging
POLYTEC GmbH 
76337 Waldbronn 
www.polytec.de 
info@polytec.de

Film thickness measurements
POLYTEC GmbH 
76337 Waldbronn 
www.polytec.de 
info@polytec.de

Interferometric measurements
POLYTEC GmbH 
76337 Waldbronn 
www.polytec.de 
info@polytec.de

SmarAct GmbH  
Tel.: +49 441 - 800 87 90  
E-Mail: info@smaract.com 
www.picoscale.com

Surface quality measurements
POLYTEC GmbH 
76337 Waldbronn 
www.polytec.de 
info@polytec.de

Velocity measurement
POLYTEC GmbH 
76337 Waldbronn 
www.polytec.de 
info@polytec.de

Vibration measurement
POLYTEC GmbH 
76337 Waldbronn 
www.polytec.de 
info@polytec.de

SmarAct GmbH  
Tel.: +49 441- 800 87 90  
E-Mail: info@smaract.com 
www.picoscale.com

Services  

 
Application development/ 
Application laboratories 
Fraunhofer-Institut für Lasertechnik 
Steinbachstraße 15, 52074 Aachen 
Tel: 0241/8906-0, Fax: 0241/8906-121 
www.ilt.fraunhofer.de

Optical development and  
engineering companies 
Fraunhofer-Institut für Lasertechnik 
Steinbachstraße 15, 52074 Aachen 
Tel: 0241/8906-0 Fax: 0241/8906-121 
www.ilt.fraunhofer.de

System consulting 
Fraunhofer-Institut für Lasertechnik 
Steinbachstraße 15, 52074 Aachen 
Tel: 0241/8906-0, Fax: 0241/8906-121 
www.ilt.fraunhofer.de
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PhotonicsViews.
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wavelength regions in the visible range 
are around 405, 488, 561 and 640 nm. 
These wavelength regions are not a co-
incidence, but the result of a focused 
fluorophore development, that used 
to be driven by the “available” laser 
lines mainly from argon-ion and kryp-
ton-ion lasers. A laser source that pro-
vides high-quality light at these wave-
lengths would be highly favorable for 
many multicolor microscopy users. 

 Until recently, the important wave-
length of 561 nm could not be provided 
by standard diode laser technology in 
a direct way. The only practical way to 
reach this wavelength were DPSS lasers 
with a major drawback for microscope 
applications. DPSS lasers cannot be 
modulated (turned on and off) quick-
ly. In order to support applications like 
scanning confocal microscopy, these la-
sers require a modulator like an AOM 
or AOTF (acousto-optic modulator, or 
acousto-optic tunable filter). While these 
components enable modulation, their 
major drawback is the limited extinction 
ratio, i.e. the off state is not really “off ”, in-
stead it corresponds to a very low power 
setting. Some advanced microscopy tech-
niques are dependent on “complete off ”, 
i.e. the emission of zero photons in the off 
state. This “complete off ” is required to 
reduce crosstalk between individual laser 
channels and to reduce unwanted photo-
bleaching. Other microscopy techniques 
require high modulation frequencies, so 
it is necessary to switch power on and off 
in a fast pace, which is not possible with 
acousto-optic devices.

Fast switching is generally also re-
quired to blank the laser during fly-
back in scanning systems to reduce pho-
to-bleaching. Furthermore, this feature 
is advantageous for microscopy tech-

niques such as FRAP (fluorescence re-
covery after photo-bleaching) or CLEM 
(controlled light exposure microscopy), 
techniques that require rapid switching 
of wavelengths and intensity modulation.

Additional optical elements can have 
a negative influence on the quality of the 
transmitted laser beam. This could cor-
rupt microscopy signals or even render 
some techniques impossible. As stated 
above, AOMs / AOTFs have a limited 
contrast, which in turn leads to “leakage 
signals” even in the state when they de-
flect the laser beam. Therefore, they do 
not really fulfill the condition for “zero 
photons in the off state”. Furthermore, 
each active element in a complex setup 
can fail and thus lead to downtimes, as 
well as cost for service and maintenance. 
If an AOM (or AOTF) is used for mod-
ulation, the incident laser has to run 
continuously without any interruption. 
This leads to unnecessary extra operating 
hours and cost because during its actual 
“off time” for the microscopy experiment, 
the laser source is still running. This con-
tinuous operation of this laser line also 
leads to unnecessary heat that has to be 
dissipated for a reliable operation of the 
laser engine. 

Toptica has developed an alternative 
solution for a reliable 561 nm laser source 
that also supports fast modulation and 
“complete off ”. It is based on a diode laser 
emitting light at 1122 nm that is convert-
ed into light at 561 nm by frequency dou-
bling using a doubling crystal. With this 
FDDL, a direct modulation of the 1122 
nm diode is possible which circumvents 
any complex and active workaround. 

Since frequency doubling via non-
linear crystal is a completely passive 
technique, its combination with a direct 
diode modulation is much more stable 

Fig. 1 Image of a lily pollen that was recorded using a confocal microscope with 
Airyscan (Courtesy of Carl Zeiss Microscopy)

Schäfter+Kirchhoff develop and manu-
facture laser sources, line scan camera 
systems and fiber optic products for 
worldwide distribution and use.

info@SukHamburg.de www.SuKHamburg.com
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Laser Sources 

Four-Color Laser Engine for 
Efficient Confocal Microscopy
Direct modulation at 561 nm using FDDL technology enables unique  
performance
Tim Paasch-Colberg and Konstantin Birngruber

Frequency-doubled diode laser tech -
nology (FDDL) enables direct modu-
lation of 561 nm lasers with unprec-
edented speeds. It also reaches an 
ultimate high on/off contrast with 
zero photons in the off state, which 
is favorable for laser scanning micro-
scopes and multicolor microscopy 
techniques.

Lasers play an invaluable role in instru-
mentation for biophotonics. Especially 
modern microscopy techniques have a 
high demand for advanced light sources. 
Compared to other light sources lasers 
provide high brightness, a small diver-
gence and they are highly monochromat-
ic – which makes them ideal for confocal 
microscopy. 

Flexible microscopy setups require 
various laser colors to support the exci-
tation of different fluorophores. There-
fore, gas lasers such as argon-ion or kryp- ton-ion, as well as dye lasers have been 

widely used in confocal microscopy for a 
long time. They provide the colors, beam 
quality and output power levels that are 
required for this demanding application. 

For many years, diode and DPSS (di-
ode-pumped solid state) lasers that reach 
similar specifications as gas or dye lasers 
are commercially available. Diode and 
DPSS lasers are usually more compact 
and easier to maintain compared to gas or 
dye lasers. In addition, they have a lower 
price tag and require less electric power, 
no water cooling and offer a longer life-
time. As a consequence, diode and DPSS 
lasers increasingly replace antiquated la-
ser systems like gas or dye lasers. 

To fulfill the requirement for multi-
ple laser colors in one setup, so-called 
multilaser engines (or laser combiners) 

have been developed and introduced to 
the market. They combine several laser 
colors in one device to enable flexible ex-
citation of different fluorophores without 
changing the light source. Although some 
models integrate six to eight individu-
al laser colors, most multi laser engines 
have four different laser colors. If these 
four colors are selected in a reasonable 
combination, they support the most 
common microscope techniques and 
fluorophores. 

There are several “wavelength re-
gions” that are of interest in the most 
typical microscope applications. In 
these regions a variety of popular fluo-
rophores have their absorption maxi-
mum, i.e. light from these wavelength 
regions will be very effective for mi-
croscope studies. The most important 

TOPTICA Photonics
TOPTICA develops and manufactures high-end laser 
systems for scientific and industrial applications. The 
portfolio includes diode lasers, ultrafast fiber lasers, 
terahertz systems and frequency combs. The prod-
ucts provide an ultra-broad laser wavelength cov-
erage: 190 nm – 0.1 THz (corresponding to 3 mm). 
They enable a large variety of demanding applica-
tions in quantum optics, spectroscopy, biophotonics, 
microscopy, test & measurement, as well as mate-
rials inspection. With a global distribution network, 
TOPTICA provides exceptional service worldwide.

www.toptica.com

Meet us at Photonics Europe, Strasbourg, Booth G327

Company

FDDL technology enables direct modulation of 561 nm lasers with 
unprecedented speeds and an ultimate high on/off contrast with 
zero photons in the off state, which is favorable for laser scanning 
microscopes and multicolor microscopy techniques.

Application Report

Addressing the use of a device / technology with 

a customer / partner. Text: 6,000 to 10,000 char-

acters, 2 – 4 figures including one opening graph-

ic or photography (300 dpi, or vector format)

Product Report
Addressing a new device / technology with tech-

nical details / application example(s). Text 2,000 

to 5,000 characters, 2 – 3 figures including one 

large format opening photography (300 dpi, or 

vector format)

Technical Article

“Full Paper” including company informa-

tion box, author biographies, and contact 

addresses. Text 10,000 to 16,000 charac-

ters, 4 – 6 figures including one opening 

graphic or photography (300 dpi, or vec-

tor format)

www.photonicsviews.com  

bridge enables the machine to achieve a 
high jerk (the rate of change of accelera-
tion). Dieter Bulling clarifies the impor-
tance of this, “No machine can instantly 
reach an acceleration of 4 or 6 g from a 
standstill – that is physically impossible. 
The key to high productivity with tight 
contours is therefore how quickly the 
machine reaches the jerk.”

Bulling adds that a high degree of 
synchronization between the laser out-

put and gantry movement is equally 
essential to both machine accuracy and 
throughput. All corners are cut with a 
small radius, because this eliminates the 
need to bring the beam to a complete 
stop at the vertex. This corner radius 
can be 40 µm in Stiefelmayer Effective 
machines, or as big as 0.2 mm. Bulling 
explains, “There are two reasons we can 
achieve such a small edge radius. One 
is the high motion dynamics.

Coherent Inc.
ROFIN-SINAR Laser GmbH, 

Berzeliusstraße 87, 22113 Hamburg, 
Germany

phone: 040-73363-0, www.coherent.com

STIEFELMAYER-Lasertechnik 
Rechbergstraße 42

73770 Denkendorf, Germany
phone.: +49 (0)711 / 93 440-600

vertrieb@stiefelmayer-lasertechnik.de

Stiefelmayer‘s Effective cutter series 
(Source: Stiefelmayer)
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Laser Materials Processing 

Electrical steel is a thin (typically 0.1 to 
1 mm), laminated material that is 
shaped and then stacked to make the 
stators and rotors of electric motors and 
generators, and the cores of transform-
ers. It’s not uncommon for these stacks 
to consist of several hundred individual 
layers, each coated with a non-conduc-
tive outer lamination. 

Typically, these parts are stamped in 
high quantity. Stamping achieves high 
repeatability, but limited absolute accu-
racy. Repeatability is important because 
it provides a smooth edge surface when 
a large number of these parts are stacked 
together. Also, stamping does not pro-
duce edge burrs which would keep the 
parts from coming into complete con-
tact when they are stacked. Grinding to 
remove burrs is not desirable, because 
it could remove the material’s outer 
lamination. Finally, stamping does not 
heat the part. Heating electrical steel 

can also remove its outer lamination 
or affect the magnetic characteristics 
of the bulk material, both of which are 
undesirable effects. 

The main limitation of stamping is 
that it requires costly fixed tooling. This 
is acceptable in volume production, but 
can present a problem during prototyp-
ing, or for low quantity production runs.  

Lower power, higher through-
put
Stiefelmayer-Lasertechnik builds laser 
machine tools and performs contract 
manufacturing, with an emphasis on 
cutting thin sheet metal to tight tol-
erances. Their Effective series laser 
cutters are specifically optimized to 
produce high precision cuts with high 
throughput; their design philosophy 
favors finesse over brute force power. 
Managing director Dieter Bulling 
explains this approach with a racing 

analogy. “We have tuned our machine 
for the tight city course in Monaco, not 
for the huge oval of Indianapolis. Our 
design aim was to achieve the highest 
possible average speed through all the 
tight curves, rather than maximum top 
speed on the straightaways. For the type 
of parts we typically produce, this yields 
greater throughput.”

There are two overall aspects that 
enable this performance in the Effec-
tive cutters – superior mechanics and 
precise synchronization of the laser to 
these mechanics. Stiefelmayer-Laser-
technik uses direct drive linear motors 
to provide both x and y motion of the 
cutting head. This eliminates the back-
lash associated the rack and pinion 
drives used in other systems. Also, the 
bridge which holds the beam delivery 
head is built from carbon fiber, rather 
than metal, to minimize its inertia with-
out sacrificing rigidity. This lightweight 

High Precision Laser Cutting of 
Electrical Steel
Improved mechanics and laser synchronization provide a unique combi-
nation of precision, high overall throughput, and guaranteed part repeat-
ability
Corinna Brettschneider

In the laser cutting market, it is common to assume that laser power is the 
dominant factor in determining throughput. And, when cutting straight lines 
in thick materials, especially at lower tolerances, higher power does deliver 
faster speed. However, there are many applications, especially cutting thinner 
materials at tighter tolerances.
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Product Report 

Edmund Optics Features New 
Products 
Beamsplitters and 
aspheric lenses

Edmund Optics (EO), the premier provider of optical components, continuously 
expands its product offering to reflect market developments and customer 
needs. On a monthly basis, new products added to even better serve the in-
dustry. Learn more about our recent additions TECHSPEC ultrafast harmonic 
separators with designs for Ti:sapphire and Yb:doped femtosecond lasers and 
TECHSPEC λ/40 aspheric lenses. 

Edmund Optics TECHSPEC ultrafast 
harmonic separators, also known as 
ultrafast harmonic beamsplitters, reflect 
second or third harmonic wavelengths 
from femtosecond lasers and transmit 
the fundamental pulse. The reflective 
surface is designed to be highly reflec-
tive and to minimize dispersion with a 
GDD of ±20 fs2, while the back surface is 
coated with an anti-reflection coating to 

maximize transmission. Manufactured 
from low wavefront distortion, 10-5 
surface quality fused silica substrates, 
TECHPSEC Ultrafast Harmonic Sep-
arators are available in two designs for 
separating harmonics of either 800 nm 
or 1030 nm lasers.

 New TECHSPEC λ/40 Aspheric 
Lenses feature a high numerical aper-
ture design and an aspheric figure error 

of λ/40 or better, achieved via precision 
magnetorheological finishing (MRF). A 
range of diameters from 15 to 50 mm are 
available as standard and are ideal for 
a variety of imaging and low light level 
applications. These aspheres are also 
available coated for specific Nd:YAG 
laser wavelengths as the TECHSPEC 
λ/40 laser grade aspheric lenses. These 
coated versions provide less than 0.25 % 
reflection, improved surface quality, and 
diffraction limited performance at their 
design wavelength. Each TECHSPEC 
λ/40 aspheric lens is individually mea-
sured for 3D surface profile and test data 
is provided for each lens. 

To view these products and the many 
more exciting new products offered at 
Edmund Optics, visit the new products 
page at edmundoptics.eu.

Edmund Optics GmbH
Isaac-Fulda-Allee 5

55124 Mainz, Germany
Phone: +49 (0)6131 5700 0 

e-mail: info@edmundoptics.eu
Web: www.edmundoptics.eu
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Aspheric lenses
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