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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

GHz-bursts were reported to be highly efficient for ultra-short pulse laser ablation compared to single pulses. However, most comparisons were 
made for a drilling process or the machining of dimples. We investigated GHz-bursts (5.4 GHz) on copper, brass, stainless steel, silicon, zirconium 
oxide, soda-lime glass and sapphire for surface structuring applications. Inconsistent with the published results neither a higher removal rate, nor 
an improvement in the machining quality in case of the metals and silicon was observed, in the contrary, a tremendous drop in the specific removal 
rate of 90% for the metals and 60% for silicon, compared to single pulses, was measured when a 25 pulse burst (maximum of laser system) was 
applied. The situation differs for zirconium oxide, where only a moderate influence was observed and for soda-lime glass and sapphire where the 
specific removal rate increased by a factor of 2.3 and 6, when the number of pulses per burst were raised from 1 to 25. 
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1. Introduction 

High throughput surface structuring with ultra-short laser 
pulses is still a demanding task. Especially metals, but also 
many other materials, show an optimum point where most 
volume per energy can be removed i.e. the specific removal rate 
shows a maximum value [1-3] going with an optimum peak 
fluence of 𝑒𝑒𝑒𝑒2 times the threshold fluence in case of a Gaussian 
beam. Working at this optimum point also guarantees a high 
surface and machining quality, especially in case of steels, often 
used for industrial applications. For spot radii in the range of 
10 µm – 25 µm, often used for micromachining applications, 
this leads to corresponding pulse energies of some tens of µJ 
and therefore, to very high repetition rates, up into the range of 
several tens of MHz for high average powers [3,4]. With an 
average power of 187 W, 10 ps pulse duration and using 
polygon line scanners removal rates up to 27.8 mm3/min, 

21.4 mm3/min, 15.3 mm3/min and 129.1 mm3/min were 
achieved for aluminum, copper, stainless steel and Al2O3 [5] 
respectively. But this scale-up process is limited by 
particle/plasma shielding [4,6] and/or heat accumulation [7] as 
also shown in [4], where removal rates for steel and copper up 
to 35.4 mm3/min respectively 39.5 mm3/min have been 
achieved with about 300W of average power and a pulse 
duration of 3 ps. 

However, standard galvo-scanners offer much higher 
flexibility and are therefore often preferred for micromachining 
applications. Due to their limited marking speeds, solutions 
enabling high average power at moderate repetition rates are 
highly demanded. Pulse bursts (with 10 ns – 30 ns intra burst 
time intervals) offer such a solution and reduce the 
requirements for a very high repetition rate and marking speed. 
First publications in case of ultra-short pulses denoted the 
bursts to be more efficient compared to single pulses [8] but the 
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1. Introduction 

High throughput surface structuring with ultra-short laser 
pulses is still a demanding task. Especially metals, but also 
many other materials, show an optimum point where most 
volume per energy can be removed i.e. the specific removal rate 
shows a maximum value [1-3] going with an optimum peak 
fluence of 𝑒𝑒𝑒𝑒2 times the threshold fluence in case of a Gaussian 
beam. Working at this optimum point also guarantees a high 
surface and machining quality, especially in case of steels, often 
used for industrial applications. For spot radii in the range of 
10 µm – 25 µm, often used for micromachining applications, 
this leads to corresponding pulse energies of some tens of µJ 
and therefore, to very high repetition rates, up into the range of 
several tens of MHz for high average powers [3,4]. With an 
average power of 187 W, 10 ps pulse duration and using 
polygon line scanners removal rates up to 27.8 mm3/min, 

21.4 mm3/min, 15.3 mm3/min and 129.1 mm3/min were 
achieved for aluminum, copper, stainless steel and Al2O3 [5] 
respectively. But this scale-up process is limited by 
particle/plasma shielding [4,6] and/or heat accumulation [7] as 
also shown in [4], where removal rates for steel and copper up 
to 35.4 mm3/min respectively 39.5 mm3/min have been 
achieved with about 300W of average power and a pulse 
duration of 3 ps. 

However, standard galvo-scanners offer much higher 
flexibility and are therefore often preferred for micromachining 
applications. Due to their limited marking speeds, solutions 
enabling high average power at moderate repetition rates are 
highly demanded. Pulse bursts (with 10 ns – 30 ns intra burst 
time intervals) offer such a solution and reduce the 
requirements for a very high repetition rate and marking speed. 
First publications in case of ultra-short pulses denoted the 
bursts to be more efficient compared to single pulses [8] but the 

s
o
u
r
c
e
:
 
h
t
t
p
s
:
/
/
d
o
i
.
o
r
g
/
1
0
.
2
4
4
5
1
/
a
r
b
o
r
.
1
2
3
7
3
 
|
 
d
o
w
n
l
o
a
d
e
d
:
 
3
.
6
.
2
0
2
1

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Berner Fachhochschule: ARBOR

https://core.ac.uk/display/337598022?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


	 Stefan M. Remund  et al. / Procedia CIRP 94 (2020) 850–855� 851
2 Stefan M. Remunda / Procedia CIRP 00 (2020) 000–000 

reported benefit was often only due to the reduced peak fluence 
of a single pulse in the burst [9]. A closer look reveals a more 
complex behavior. For surface texturing applications, some 
metals, e.g. copper, show a strongly reduced specific removal 
rate for even numbers of pulses per burst, whereas its values 
increases for uneven numbers [10,11]. This behavior seems to 
be affected by shielding effects and an increase absorptivity of 
the machined surface [12,13]. 

Recently GHz-bursts with very short intra burst time 
intervals have attracted a lot of attention. A first publication 
with 300 fs pulses at a wavelength of 1030 nm reported specific 
removal rates up to approximately 7.6 µm3/µJ for copper and 
13 µm3/µJ for silicon [14]. These values could even be 
increased to 42.2 µm3/µJ for silicon [15] and 11.5 µm3/µJ for 
copper [16]. A so called “ablation cooling” effect was supposed 
to be responsible for these high specific removal rates. 
However, these results were obtained for punching applications 
like drilling or machining of dimples. These processes can 
strongly profit from heat accumulation combined with melt 
ejection. For instance, the latent heat of fusion amounts 
13.3 kJ/mol and the one of vaporization 305 kJ/mol for copper, 
i.e. a process basing only on the melt phase would be a factor 
of 23 more efficient as a process demanding full vaporization. 
Experiments and simulations reported that the high efficiencies 
cannot be transferred from a punching to a milling process due 
to the changed melt flow in the different machining processes 
[17]. The nature of the GHz-burst machining is therefore still 
not clear. Assuming an increase of nonlinear effects in 
dielectric materials, investigations of the behavior of ceramics, 
glasses and crystals when machined with GHz-bursts are of 
interest. As an experimental approach a comparison of ablation 
rates achieved with GHz-bursts and single pulses for the 
machining of squares for some metals as well as for dielectric 
material are given in this work. 

2. Experimental Set-Up 

A PHAROS PH1-20 laser source emitting 230 fs pulses at a 
wavelength of 1028 nm with repetition rates between 1 kHz 
and 1 MHz was used. The system offered a bi – burst mode, i.e. 
the combination of bursts with 5.4 GHz (180 ps intra-burst time 
interval) and 65 MHz (15.4 ns intra-burst time interval). The 
maximum number of pulses per burst was limited to 25 and 8 
for the GHz and the MHz burst, respectively. The energy of the 
single pulses in the burst, in GHz–case, was monitored with an 
ultrafast photodiode and a high bandwidth oscilloscope. As for 
stable operation the last pulse of the burst train had to cover the 
remaining part of the energy stored in the amplifier, an 
operation with identical energy per pulse in the burst was not 
possible. Fig. 1 shows the oscilloscope signals of the shapes set 
for 2, 3, 4, 8, 6 and 25 pulse GHz-bursts. 

The laser was operated at its maximum power of about 
20 W, which was then adjusted by turning a half-wave plate in 
front of a thin film polarizer. A set-up containing a telescope, 
to enlarge and collimate the beam and an excelliSCAN 14 galvo 
scanner with a f = 160 mm f–theta objective was used. The 
corresponding spot size and beam quality factor amounted 
w0 = 16.2 µm with M2 = 1.35. The scanner was fully 
synchronized [18] to the laser system. 

The specific removal rate γspec i.e. the removed volume per 
energy unit was deduced for the number of pulses per burst 
nb = 1, 2, 3, 4, 8, 16 and 25. Squares with a side length of 
s = 1.6 mm were machined into copper DHP, brass, steel 
1.4301, silicon, zirconium oxide (ZrO2), soda-lime glass and 
sapphire with a repetition rate of frep = 100 kHz. For defined and 
reproducible starting conditions, the surface of the metal targets 
was lapped whereas the silicon target was a (100) single side 
polished p – type wafer of 650 µm thickness and having a 
surface resistance of ρ = 1 – 100 Ωcm. 

 

Fig. 1. Oscilloscope signals for 2, 3, 4, 8, 16 and 25 pulses per burst. 

The average power Pav was increased, so the fluence reaches 
values from below the threshold to several J/cm2. In case of 
higher number of pulses per burst the applicable fluence was 
limited by the maximum average power of the system. The spot 
to spot distances in scan and cross-scan direction were set to 
px = py = 8 µm. The number of repetitions nr was chosen 
accordingly to obtain a constant number of individual pulses 
per area i.e. 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 ∙ 𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 amounted 192 for steel, 96 for copper, brass 
and silicon respectively 48 for ZrO2, soda-lime glass and 
sapphire. Only for the 25 pulse burst this condition could not be 
fulfilled and the corresponding numbers amounted 200, 100 
and 50. After cleaning in an ultrasonic bath the depth d of the 
squares and the surface roughness sa were measured with an 
interferometric white – light microscope smartWLI from GBS. 
The specific removal rate was then deduced by 

𝛾𝛾𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑝𝑝𝑝𝑝𝑥𝑥𝑥𝑥 ∙ 𝑝𝑝𝑝𝑝𝑦𝑦𝑦𝑦 ∙ 𝑑𝑑𝑑𝑑 ∙ 𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏 ∙ 𝑛𝑛𝑛𝑛𝑟𝑟𝑟𝑟 ∙ 𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

 
(1) 

To verify the hypothesis of ablation cooling additional 
calorimetric experiments [7,13] were performed to deduce the 
energy remaining in the material for copper. For this special 
cooling effect, most of the heat is assumed to be carried away 
by ablation, before it diffuses into the material [14]. This should 
lead to a reduced residual heat ηres when the material is 
machined with GHz-bursts. In general, the specific removal rate 
and many other measures will be presented as a function of the 
mean peak fluence of a single pulse in the burst which is given 
by: 
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𝜙𝜙𝜙𝜙0 =
2 ∙ 𝑃𝑃𝑃𝑃𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

𝑓𝑓𝑓𝑓𝑟𝑟𝑟𝑟𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝜋𝜋𝜋𝜋 ∙ 𝑤𝑤𝑤𝑤02 ∙ 𝑛𝑛𝑛𝑛𝑏𝑏𝑏𝑏
 (2) 

3. Experimental Results 

3.1. Metals 

All metals show a similar behavior, namely a strong drop in 
the specific removal rate for an increasing number of pulses per 
burst as shown for copper in Fig. 2. The maximum specific 
removal rate drops from about 3.1 µm3/µJ for single pulses 
down to about 0.25 µm3/µJ for the 16 pulse burst which is a 
drop of more than 90%. The corresponding surface roughness 
values as a function of the specific removal rate are shown in 
Fig. 3. For a 1 pulse burst the surface roughness amounts 
sa = 1.15 µm at the optimum point, whereas this value drops 
down to 200 – 260 nm for the 2, 3 and 4 pulse burst. But 
comparing the sa values at identical specific removal rates 
reveals that even lower values are obtained with the 1 pulse 
burst i.e. the GHz burst mode has also no advantage concerning 
the surface roughness. 

 

Fig. 2. Specific removal rate as a function of the sub – pulse mean peak 
fluence for the squares machined into copper with GHz – bursts. 

 

Fig. 3. Surface roughness dependent on the achieved specific removal rate 

Steel and brass show similar behavior [19] and are therefore 
not discussed in detail here. The obtained maximum removal 
rates as well as the corresponding surface roughness values are 
summarized in Tab. 1. For all metals the maximum drop in the 
specific removal rate is tremendous and exceeds 90%. 

Table 1: Maximum specific removal rates and surface roughness values as a 
function of the number of pulses per burst for all investigated metals. 

Cu / # 1 2 3 4 8 16 25 

γmax / µm3/µJ 3.12 1.15 0.69 0.47 0.31 0.24 0.3 

sa / µm 1.15 0.23 0.20 0.26 0.35 0.12 0.25 

Brass / # 1 2 3 4 8 16 25 

γmax / µm3/µJ 4.25 1.66 0.99 0.63 0.35 0.36 0.49 

sa / µm 0.47 0.24 0.29 0.27 0.42 0.14 0.17 

Steel 1.4301 / # 1 2 3 4 8 16 25 

γmax / µm3/µJ 4.87 0.85 0.50 0.48 0.31 0.33 0.39 

sa / µm 0.27 0.13 0.12 0.12 0.23 0.25 0.25 

 

 

Fig. 4. Specific removal rate (blue circles) and residual heat (orange squares) 
as a function of the number of pulses per burst for copper at a mean peak 
fluence of 1.5 J/cm2. Complete shielding is represented by the black dash-

dotted line. 

For all investigated mean peak fluences the residual heat in 
copper increases from about 25% for the 1 pulse burst to above 
30% for higher numbers of pulses per burst [19] illustrating that 
no ablation cooling effect is taking place or that it is at least not 
more pronounced compared to other situations. Fig. 4 shows 
the specific removal rate γspec and the corresponding residual 
heat ηres for a mean peak fluence of about 1.5 J/cm2 (the 
maximum value for 25 pulse burst). The strong drop in the 
specific removal rate is expected to be caused by shielding 
effects and re-deposition of material [6,10]. Assuming a 
complete shielding of the 2 and all consecutive pulses in the 
burst with identical absorptance of the surface, would lead to 
specific removal rates, indicated by the black dash-dotted line 
in Fig. 4. If the measured value is above this line at least one of 
the subsequent pulses contributes to the material removal 
process. In contrast, if the measured value is lower, the 
subsequent pulses even hinders the material removal process of 
the first one i.e. they re-deposit material [12,13]. It can clearly 
be seen that this re-deposition occurs up to 8 pulses per bursts 
and from about 10 pulses on the subsequent pulses start to 
contribute to the ablation process again. Exactly from this point 
on the residual heat starts to slightly decrease i.e. the re-
deposited material is expected to be responsible for the high 
increase of the residual heat.If for copper the removed material 
is assumed to be fully vaporized, a completely molten state at 
1358 K as starting point, a vaporization temperature of 2870 K, 
a specific heat capacity of 385 J/kg/K and a specific 
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vaporization enthalpy of 4'730 kJ/kg the demanded energy per 
unit volume for this process would amount 0.0473 µJ/µm3. 
Ellipsometry showed a reflectivity of Rs = 0.966 for a polished 
copper surface and Rl = 0.94 a surface slightly above the 
melting temperature [20]. With calorimetric experiments a 
reflectivity of a machined surface of about Reff,s = 0.55 was 
measured for the 25 pulse burst. From this the reflectivity of 
the molten surface can be estimated by 
Reff,l = Reff,s*Rl/Rs=0.438. But for a Gaussian beam and the 
Lambert-Beers law for absorption, a maximum part of 
2/e2 = 0.27 of the energy can really be transferred to removed 
material [3]. Taking this into account a maximum volume of 
3.21 µm3 per µJ of incoming energy can be evaporated. 
Specific removal rates of copper above this value can therefore 
only be achieved if a relevant part of the removed materials is 
only melted and not vaporized i.e. melt ejection is responsible 
for the higher rates. The reported values of 7.6 µm3/µJ [14] and 
11.5 µm3/µJ [16] are definitively above the value of the 
calculated threshold of 3.21 µm3/µJ and therefore a high 
amount of melt ejection and not an ablation cooling effect is 
assumed to be responsible for this reported high removal rates. 

 

Fig. 5. Maximum specific removal rates for copper (triangles) and 
steel 1.4301 (circles) for one pulse bursts (filled) and bursts with 2-25 pulses 
per burst (white) as a function of the pulse and burst duration, respectively. 

If the obtained maximum specific removal rates for copper 
and steel 1.4301 of the presented burst experiments are 
compared with the equivalent values for single pulses (1 pulse 
bursts) of different pulse duration, an identical trend is 
observed as illustrated in Fig. 5 thus for the presented milling 
application, the GHz bursts follow exactly the same trend as 
single pulses of corresponding pulse duration. This is also the 
case for punching applications in copper, aluminum and steel 
with 200 pulses of a 1.76 GHz burst compared with a single 
pulse of 100 ns pulse duration [16]. 

3.2. Silicon 

For silicon the maximum specific removal rate drops less 
pronounced up to 8 pulses per burst and then increases from 
about 1.0 µm3/µJ to 1.6 µm3/µJ for the 25 pulse burst. 

Table 2: Maximum specific removal rates and surface roughness for silicon. 

Si / # 1 2 3 4 8 16 25 

γmax / µm3/µJ 4.46 1.68 1.17 1.12 1.01 1.09 1.60 

sa / µm 3.86 0.24 0.38 0.47 0.56 0.57 0.71 

 
The surface roughness is very high due to cavity formation 

for single pulses, then strongly decreases for a 2 pulse burst and 
increases up to the 25 pulse burst. All values are summarized 
in Tab. 2. 

3.3. Zirconium Oxide, ZrO2 

The results for the specific removal rate of ZrO2 are shown 
in Fig. 6 and its maximum values summarized in Tab. 3. Its 
maximum value increases by about 10% when the number of 
pulses per burst is raised from 1 to 4 and the decreases to 85% 
for the 25 pulse burst, variations which are much lower than for 
the investigated metals. The optimum fluence, where the 
maximum specific removal rates are obtained, continuously 
decrease from 5.60 J/cm2 for a 1 pulse burst down to 0.65 J/cm2 
for a 25 pulse burst. The surface roughness values at these 
optimum points are given in Tab. 3. The lowest roughness is 
obtained for the 3 and 4 pulse burst, where the highest specific 
removal rates are obtained. 

 

Fig. 6. Specific removal rate as a function of the sub – pulse mean peak 
fluence for the squares machined into ZrO2 with GHz–bursts. 

Table 3: Maximum specific removal rates and surface roughness for ZrO2. 

ZrO2 / # 1 2 3 4 8 16 25 

γmax / µm3/µJ 9.20 10.0 10.2 10.1 9.63 8.68 7.88 

sa / µm 1.21 0.76 0.69 0.66 0.72 0.77 0.81 

3.4. Sapphire and Soda-lime Glass 

Sapphire and soda-lime glass both show a tremendous 
increase of the specific removal rates for increasing pulses in 
the burst. As indicated in Fig. 7 for both materials this increase 
follows nearly a linear trend for the investigated number of 
pulses per burst. Furthermore, a massive reduction of the 
optimal fluence and the threshold fluence is observed. 
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Fig. 7. Maximal specific removal rates for sapphire and soda-lime glass as a 
function of the number of pulses per GHz – bursts. 

For sapphire a maximum specific removal rate of 
46.7 µm3/µJ is achieved for the 25 pulse burst. This value 
exceeds the maximum obtained for single pulses by nearly a 
factor of 6 and is reached at an optimal fluence of 0.5 J/cm2. 
Higher fluences lead to a drastic reduction of the specific 
removal rate whereas for lower ones no direct ablation, but the 
induction of cracks is observed. Likewise, high maximum 
specific removal rates are reached with 16 and 8 pulses per 
bursts and a similar behavior is observed as shown in Fig. 8. 

 

Fig. 8. Specific removal rate as a function of the sub – pulse mean peak 
fluence for the squares machined into Sapphire with GHz – bursts. 

Microscopy images indicate the quality obtained at the particular maximum 
specific removal rates. 

By analyzing the surface roughness and the visual 
inspection, a reduction of the quality is observed for increasing 
number of pulses per burst. Especially for squares 
corresponding to the maximum specific removal rates for 8 to 
25 pulses per burst higher sa values are measured as listed in 
Tab. 4. Furthermore, splitting and cracking of the surface and 
border is observed for these parameters as shown in the 
microscopy images in Fig 8. Therefore, it is assumed, that 
machining in this regime, induces tension and stress which lead 
to spallation of relatively big material parts. 

 

Fig. 9. Specific removal rate as a function of the sub – pulse mean peak 
fluence for the squares machined into soda-lime glass with GHz – bursts. 

Microscopy images indicate the quality obtained at particular specific 
removal rates. 

For soda-lime glass a maximum specific removal rate of 
32.7 µm3/µJ is achieved at an optimal fluence of 0.5 J/cm2 for 
the 25 pulse burst, as illustrated in Fig 9. This rate exceeds the 
value for single pulse by a factor of more than 3.2. A similar 
behavior with a strong decrease is observed for 25, 16 and 8 
pulses per bursts as described for sapphire. However, cracks in 
the surface and border are much less pronounced and appear 
mainly for 25 and 16 pulses per burst. Furthermore, no 
significant increase of the surface roughness is indicated. 

Table 4: Maximum specific removal rates and surface roughness values as a 
function of the number of pulses per burst for sapphire and soda-lime glass. 

 
As illustrated on the right-hand side of Fig. 9 soda-lime 

glass shows a special behavior for fluences above the optimum 
for 1 to 4 pulses per burst. Around the drop of the specific 
removal rate, flat surfaces with reduced scattering properties, 
but horizontal cracks are obtained. A similar behavior was 
already reported [21] and the occurrence of melting during the 
process was demonstrated by SEM images. 

Conclusion 

Copper, brass, steel, silicon, ZrO2, soda-lime glass and 
sapphire were machined in a milling application with 5.4 GHz 
bursts and up 25 pulses per burst. For the metals and silicon, 
the previously reported very high removal rates for punching 
applications could definitively not be confirmed, on the 
contrary, the specific removal rate tremendously dropped down 
by 90% or more for the metals and 60% for silicon for a 
25 pulse burst, as illustrated in Fig. 10. The experiments 
disproved the existence of an enhanced ablation cooling effect. 
The fact that for both, milling and punching applications, the 
removal rates equals the ones of single pulses with 

Sapphire / # 1 2 3 4 8 16 25 

γmax / µm3/µJ 7.86 8.80 9.95 12.3 21.5 31.3 46.7 

sa / µm 0.77 0.52 0.75 1.02 1.87 3.85 6.52 

Soda-lime / # 1 2 3 4 8 16 25 

γmax / µm3/µJ 10.1 15.6 16.8 17.1 19.3 26.0 32.7 

sa / µm 1.15 1.48 2.11 1.54 1.46 1.80 2.77 
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corresponding pulse durations further indicates, that the 
reported high removal rates for punching applications are 
caused by increased melt ejection. 

  

Fig. 10. Relative specific removal rate in logarithmic scale as a function of 
the number of pulses per burst for all investigated materials. 

The situation differs for ZrO2, soda-lime glass and sapphire. 
For ZrO2 the specific removal rate was only minor influenced 
by the number of pulses per burst and the lowest surface 
roughness was achieved at the bursts with the highest specific 
removal rate. Thus, GHz bursts with 3 to 8 pulses could ideally 
be suited to machine this ceramic, but experiments with 
standard MHz bursts should be performed first to foster this 
assumption. 

Soda-lime glass and sapphire show both a significant 
increase of the specific removal rate when they are machined 
with GHz bursts (see Fig. 10). For both material the optimum 
fluence going with the highest specific removal rate drops with 
the number of pulses per bust. The two glasses differ 
concerning the surface roughness. Whereas for sapphire these 
values at the optimum fluence almost linearly increase with the 
number of pulses per burst, no significant difference was 
measured for soda-lime glass. Further experiments with single 
ns pulses of corresponding duration and conventional MHz 
bursts with equivalent number of pulses per burst are demanded 
to gain a clearer picture of GHz ablation. The influence of 
nonlinear absorption is assumed to be significant in GHz burst 
processes for glasses and other transparent materials. 
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