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Abstract

The authors report on the results of surface treatment experiments using a solid-state amplified laser source emitting laser
pulses with a pulse duration of 10 ps. The laser source allows the generation of pulse trains (bursts) with an intra-burst
pulse repetition rate of 80 MHz (pulse-to-pulse time interval about 12.5 ns) with up to eight pulses per burst. In this study a
wavelength of 1064 nm was used to investigate both ablation of material and laser-induced surface modifications occuring
in metallic implant alloys CoCrMo (cobalt-chromium-molybdenum) and TiAlV (titanium-aluminum-vanadium) in depend-
ence of the number of pulses and fluences per pulse in the burst. By using the burst mode, a smoothing effect occurs in a
certain parameter range, resulting in very low surface roughness of the generated microstructures. It is demonstrated that
at fluences per pulse which are smaller than the material-specific ablation threshold, a self-organized pore formation takes
place if a defined number of pulses per burst is used. Thus, the advantage of the MHz burst mode in terms of a possible

surface modification is established.
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1 Introduction

The structuring and texturing of material surfaces using
ultrashort pulsed laser radiation is a technology allowing
the production of nano- to micrometer-sized structures by
ablation with a considerable control of different surface
properties. These structures can be used to control several
functionalities, including optical properties, hydrophobicity
[1, 2], oleophobia [3, 4] and even the growth of biological
material on the surface [5, 6]. Each specific surface function-
ality requires its own modification of the material surface
and yielding appropriate physical and chemical properties of
the surface material after the irradiation. Currently available
laser beam sources with pulse durations in the femto- and
picosecond regime provide sufficient intensity for ablating,
shaping or modifying a wide range of different materials,
including stainless steel and biological tissue.

By using ultrashort pulsed laser radiation at fluences
above the material-specific ablation threshold, material is
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ablated, resulting in a characteristic surface structure. These
laser-induced periodic surface structures (LIPSS) [7, 8]
form regular patterns and mainly occur with ultrashort laser
pulses and fluences near the ablation threshold [9, 10]. These
structures can change the wettability characteristics of the
material surface, as well as optical and tribological proper-
ties. Heat accumulation, caused by very high pulse repetition
frequencies, has been avoided as far as possible during the
generation of LIPPS [11, 12].

In this paper the authors present a study on metallic
implant material that focuses on the influence of pulse trains
(bursts) with an intra-burst pulse repetition frequency of
80 MHz on heat accumulation induced surface modification.
Furthermore, the aim of the study was to investigate the pos-
sibility of adjusting the surface morphology by a systematic
variation of the number of pulses and fluence per pulse in
the burst. The results of this study are supposed to evaluate
possible fields of applications, which are based on the sur-
face modification using ultrashort pulses in the burst mode.
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2 Materials and methods

A solid state laser (Fuego, Time Bandwidth Products) with
a pulse duration of 10 ps and an emitting wavelength of
1064 nm was used for the experiments. The laser can gen-
erate pulse trains (bursts) with a certain number of pulses
N ranging from one (single pulse mode) up to eight in the
MHz burst mode (Fig. 1). The intra-burst pulse repetition
frequency was 80 MHz, which corresponds to the time
delay 7, , between subsequent pulses of about 12.5 ns.
The spatial intensity distributions nearly equals an
ideal spatial gaussian profile (diffraction coefficient M? <
1.1). A spherical lens with a focal length of 100 mm (Sill
Optics) was used for focusing the laser radiation (wave-
length 1064 nm) to a beam waist radius of 14.1 um on
the material surface. With ten unidirectional scan levels
(Fig. 2) and a tracked focus position, square structures
with an edge length / of 500 pm and a geometric burst
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Fig. 1 Schematic representation of the burst mode in comparison to
the single pulse mode [13]
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Fig.2 Schematic representation of the generated structures [13]
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and TiAlV. The experiments were conducted in air at a
constant ambient pressure. Using a burst repetition rate
of 100 kHz and a burst hatch of 6 um resulted in a scan
speed of 0.6 m/s.

The applied fluences in the range between 0.2 and 0.75
J/em® per pulse in a burst were chosen to ensure that the
absorbed laser radiation is smaller but also larger than the
ablation threshold of the investigated materials [13, 14].
Experiments at fluences per pulse above the ablation thresh-
old are designated in this paper as “ablation regime” and
the fluences below the ablation threshold as “non-ablation
regime”. In this study only the heat accumulation due to the
high intra-burst pulse repetition frequency will be consid-
ered and discussed. To avoid heat accumulation due to multi-
burst laser ablation [15], a relatively low burst repetition
frequency fi,,. of 100 kHz was preferred for the experiments
performed in this study. The dimensions of the produced
structures as well as the structure depth z and the surface
roughness S, have been determined by confocal laser scan-
ning microscopy (Olympus model Lext 3D OLS4100). The
energy dispersive X-ray analysis (EDX) and further image
recordings were performed by scanning electron microscopy
(SEM) (Jeol model JISM-6512V). For a better visualization
of the results, the data points in the presented figures in this
work are interpolated with a cubic spline function and plot-
ted as dashed lines.

Two materials are investigated, CoCrMo (cobald chro-
mium molybdenum) and TiAlV (titanium aluminum
vanadium) alloy that meets the chemical and mechanical
requirements of ISO 5832 and ASTM F1537 for CoCrMo
and ASTM F136 for TiAlV. To ensure a homogeneous diffu-
sion of the laser-induced heat, all investigated material sam-
ples have a thickness of 5 mm. Furthermore, for an accurate
measurement of the resulting surface roughness S,, the mate-
rial surface is polished to S, =10 nm prior to the structuring.

3 Burst mode induced heat accumulation

Due to the short intra-burst pulse repetition time of 12.5 ns,
the laser-induced heat induced by each laser pulse in the
interaction zone cannot completely dissipate within the
material before the subsequent pulse interacts with the mate-
rial surface [13, 16]. As a result, heat is accumulated and
the temperature in the interaction zone increases with an
increase in the number of pulses in the burst. Above a certain
number of pulses the melting temperature can be exceeded
by heat accumulation and a melt film is formed. This effect
can occur in the ablation and in the non-ablation regime. By
using an eight-pulse burst with an intra-burst pulse repeti-
tion time of 12.5 ns, the burst has a time width of 87.5 ns. In
conclusion, melting films can be formed which, depending
on the number of pulses and fluence per pulse in the burst,
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remain for a period of a few picoseconds to over 100 ns until
they solidify [13, 16]. The movement within the melt film is
described in terms of melt convection [17, 18]. Free convec-
tion describes, thereby, the movement within the melt film
without external impact, which is influenced by the surface
tension induced by the temperature gradient, also called the
Marangoni effect, and the depth of the melt film [19, 20].
Due to the Marangoni effect, bubbles can be formed within
the melt film which can be stabilized to a foam-like structure
[21, 22]. In the case of a forced convection, an external force
(e.g. the ablation pressure of the pulse or the boiling vapour
pressure in the case of evaporation) influences the motion of
the melt film [23]. In conclusion, different surface structures
caused by the dynamics of the melt film can be produced.
These melting dynamics can induce a smoothing effect to
obtain structured surfaces with a very low roughness [13,
24, 25]. In the case of a further increase of the surface tem-
perature by accumulated heat, the boiling temperature can
be exceeded even in the non-ablation regime and material
can be removed by evaporation [16].

4 Results and discussion
4.1 Ablation depth

With the determined ablation depths on CoCrMo, presented
in Fig. 3, it is apparent that at a fluence of 0.25 J/cm? per
pulse, a structure depth is first measurable starting from the
sixth pulse and at 0.5 J/cm? from the fifth pulse in the burst.

Both fluences are smaller than the ablation threshold of
CoCrMo [13] and thus in the non-ablation regime. Due to
the high intra-burst pulse repetition rate of 80 MHz, residual
heat is accumulated, which exceeds the boiling temperature
in this regime after a certain number of pulses and material
is removed by evaporation. At a fluence of 0.75 J/cm?, the
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Fig.3 Structure depth of the machined CoCrMo as a function of the
fluence and the number of pulses in the burst
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Fig.4 Structure depth of the machined TiAlV as a function of the flu-
ence and the number of pulses in the burst

ablation threshold is exceeded with the first pulse (ablation
regime) in the burst which explains the much deeper struc-
tures compared to 0.25 J/cm? and 0.5 J/cm?.

For the determined structure depths on TiAlV,

illustrated in Fig. 4, a similar ablation behaviour can be
observed compared to those on CoCrMo. The threshold flu-
ence of TiAlV is slightly lower compared to CoCrMo [14],
resulting in an ablation of material at a fluence of 0.5 J/cm?
starting with the first pulse in the burst (ablation regime).
At fluences in the non-ablation regime, such as 0.25 J/cm?
and 0.2 J/cm?, material is removed by accumulated residual
heat induced evaporation each starting with the sixth pulse.

4.2 Surface roughness and pore formation

The surface roughness S, of the structure bottoms as a func-
tion of the number of pulses and of the fluence per pulse
in the burst have been measured with confocal laser scan-
ning microscopy and are visualized in this section. Further-
more, for a qualitative estimation of the obtained surface
structures, SEM images of the treated structure bottoms are
presented.

Based on the determined surface roughness on CoCrMo,
shown in Fig. 5, it is evident that different values of surface
roughness

can be obtained by using the burst mode depending on
the number of pulses in the burst and on the fluence per
pulse. Considering the surface roughness of the untreated
bulk material of 10 nm, an increase of the surface roughness
to approx. 150 nm is observed for all investigated fluences
in the single pulse mode (one pulse per burst). The SEM
images in Fig. 6 for 0.25 J/cm?, Fig. 7 for 0.5 J/cm?, and
Fig. 8 for 0.75 J/cm? illustrate that the increase in the surface
roughness in the single pulse mode is caused by generated
LIPPS. In the ablation regime (0.75 J/cm?), an increase in
the number of pulses in the burst generates a melt film in
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Fig.5 Surface roughness of the irradiated areas on CoCrMo as a
function of the fluence and of the number of pulses in the burst
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the interaction zone as a result of the accumulated heat. The
Marangoni effect and the convection forced by the ablation
pressure leads to a smoothing effect, which reduces the sur-
face roughness to 90 nm up to the sixth pulse in the burst.
The corresponding SEM images in Fig. 8 illustrate that the
LIPSS are flattened.

With a further increase in the number of pulses, the melt
film gets deeper and as a result of the melt dynamics, melt
is pressed out of the interaction zone and solidifies as bulge
volume [13, 26]. This can be seen in Fig. 8 with the eighth
pulse in the burst. In consequence, the surface roughness
increases with the seventh and eighth pulse in the burst.

In the non-ablation regime, the surface roughness, shows
in Fig. 5, indicates a considerably different dependence on
the number of pulses in the burst compared to the ablation
regime. When using a higher number of pulses in the burst,

10um 10um

Fig.7 SEM images of the irradiated CoCrMo surface as a function of the number of pulses in the burst at a fluence of 0.5 J/cm? per pulse
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Fig.9 Pore formation on CoCrMo alloy with four pulses in burst and
a fluence of 0.5 J/cm? per pulse

the surface roughness increases up to the fifth pulse in the
burst compared to the single pulse mode. As can be seen in
Fig. 6 for 0.25 J/cm?J/cm? and in Fig. 7 for 0.5 J/cm?, the
LIPPS generated in the single pulse mode is modified by
the melt convection to a self-organizing pore structure. The
pore structure which is illustrated in Fig. 9 demonstrates
that the pores are not only a formation of pits on the surface
of the material, but rather a foam structure which extends
into the depth.

The surface roughness presented in Fig. 5 directly com-
pared with the corresponding structure depths from Fig. 3
proves that the pore formation is most pronounced if no
material is removed by evaporation in the non-ablation
regime. The pores disappear starting from the sixth pulse in
the burst, induced by the boiling vapour pressure (Figs. 6, 7).
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Fig. 10 Surface roughness of the irradiated areas on TiAlV as a func-
tion of the fluence and of the number of pulses in the burst

In the case of TiAlV, the measured surface roughness,
shown in Fig. 10, indicates a similar trend as the result-
ing roughness of CoCrMo. The surface roughness of the
untreated material of 10 nm increases up to 160 nm due to
the generation of LIPPS in the single pulse mode. The cor-
responding SEM images are illustrated in Fig. 11 for 0.2 J/
cm?, Fig. 12 for 0.25 J/cm?, and Fig. 13 for 0.5 J/cm?. In the
ablation regime (0.5 J/cm?) the LIPPS are smoothed by the
melt dynamics, resulting in a reduction of surface roughness
up to the sixth pulse (compared to the single pulse mode).
By using a higher number of pulses in the burst, the surface
roughness increases due to the bulge volume generated with
the seventh and eighth pulse.

In the non-ablation mode, the surface roughness increases
with a higher number of pulses and reaches a maximum
with the fourth pulse as shown in Fig. 10. This maximum
can be explained on the basis of Figs. 11, 12 to the effect
that the generated pores reach their maximum dimension
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Fig. 13 SEM images of the irradiated TiAIV surface as a function of the number of pulses in the burst at a fluence of 0.5 J/cm? per pulse
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when four pulses in the burst are used. In comparison to
the corresponding structure depth (see Fig. 4) of the param-
eter range, where the pore formation on TiAlV occurs and
reaches its maximum dimension, it is evident that, analo-
gous to CoCrMo, pores are formed when no material is
evaporated. The SEM image in Fig. 14 presents the biggest
dimension of the pores in the investigated parameter range
with a fluence of 0.25 J/cm? per pulse and four pulses in the
burst. Compared to the dimension of the pores in CoCrMo
(Fig. 9), the pore structure in TiAlV is slightly smaller and
the foam structure is thinner. The different dimensions of
the pore can be explained in terms of the material-specific
thermal conductivities. TiAlV has a thermal conductivity
of 6.5 W/mK at room temperature [27]. In comparison, the
thermal conductivity with 13 W/mK of CoCrMo is twice
as high [13]. In consequence, a much deeper melt film can
be produced in the non-ablation regime of CoCrMo up to
the point where evaporation begins and the pore formation
decreases again.

4.3 EDX analysis

By using the burst mode, heat is accumulated as a result of
the high pulse repetition frequency and a melting film with
complex melting dynamics is formed. The individual ele-
ments of the alloys have different melting and boiling tem-
peratures, therefore the treated area of the material surface
is examined by means of an EDX analysis. The results of the
qualitative EDX-mapping analysis, presented in Fig. 15 for
CoCrMo and in Fig. 16 for TiAlV,

visualize the element distribution in a region of the
untreated bulk material (left half of the figure) and the modi-
fied region (right half of the figure) where the dimensions of
the pores in the respective material are at their maximum.

Fig. 14 Pore formation on TiAlV alloy with four pulses in the burst
and a fluence of 0.25 J/cm? per pulse
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Fig. 15 SEM images of he EDX-Mapping analysis on CoCrMo alloy
with an electron acceleration voltage of 10 keV. The individual ele-
ments refer to the reference picture on the top left. The left half-
image of the individual mapping images represents the untreated bulk
material and the right half-image the modified surface with a fluence
of 0.5 J/em? per pulse and four pulses in the burst (maximum dimen-
sion of the pore formations)

The individual colours represent the concentration of the
elements in the respective area. The EDX mapping anal-
ysis shows that because of the homogeneous distribution
of the main alloy partners over the entire analysis range,
the stoichiometry of the material surfaces in CoCrMo and
TiAlV tends not to change after the modification in the burst
mode. This qualitative result of the EDX mapping is sup-
ported quantitatively by the elements considered in the EDX
analysis with their concentrations, presented in Table 1 for
CoCrMo and 2 for TiAIV.

The two tables also indicate that carbonization of the
material surface after pulsed laser modification using burst
mode is almost non-existent, even in the parameter range of
the maximum dimensions of the pores.

Table 1 Normalized mass concentration of the elements considered
in the EDX analysis for CoCrMo on untreated bulk material and on
the modified area at a fluence of 0.5 J/cm? per pulse and four pulses
in the burst

Element Bulk (%) Modified (%)
Cobalt 51.74 + 1.56 47.14 +1.37
Chromium 20.35 +0.61 20.29 + 0.61
Molybdenum 2.92+0.13 3.24+0.15
Silicon 0.41 +0.04 0.46 +0.05
Carbon 24.58 +2.66 28.87 +3.36
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Fig. 16 SEM images of he EDX-Mapping analysis on CoCrMo alloy
with an electron acceleration voltage of 10 keV. The individual ele-
ments refer to the reference picture on the top left. The left half-
image of the individual mapping images represents the untreated bulk
material and the right half-image the modified surface with a fluence
of 0.25 J/em? per pulse and four pulses in the burst (maximum dimen-
sion of the pore formations)

Table2 Normalized mass concentration of the elements considered
in the EDX analysis for TiAlV on untreated bulk material and on the
modified area at a fluence of 0.25 J/cm? per pulse and four pulses in
the burst

Element Bulk (%) Modified (%)
Titanium 90.08 +2.90 89.19 +3.52
Aluminum 6.29 +0.29 5.43+0.23
Vanadium 1.04 +0.87 2.17 +0.30
Carbon 2.39 +0.45 3.21 +0.67

5 Summary and outlook

Results of the laser-induced treatment of cobalt and tita-
nium based alloys by ultrashort pulses with a pulse duration
of 10 ps and a wavelength of 1064 nm in the burst mode
were presented. The ablation depth, the surface roughness
and the stoichiometry were investigated and discussed in a
variation of up to eight pulses in the burst. Regarding to the
single pulse ablation threshold of CoCrMo with 0.64 J/cm?
[13] and TiAlV with 0.37 J/cm? [14], the fluence range con-
sidered in this work from 0.2 J/cm? to 0.75 J/cm? per pulse
classifies an ablation regime and a non-ablation regime.
Based on the results, it is demonstrated that by using
the burst mode as a function of the fluence per pulse and
the number of pulses in a burst, a significantly lower but
also higher surface roughness can be obtained compared to
conventionally pulsed laser radiation (single pulse mode).
It was demonstrated that using the burst mode with its high
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intra-burst pulse repetition frequency of 80 MHz heat is
accumulated in the interaction zone, which creates a melt
film and the melt dynamics primarily influence the resulting
surface roughness. In the ablation regime, the LIPSS gen-
erated in the single pulse mode were smoothed at a higher
number of pulses in the burst. In the non-ablation regime,
a self-organizing, statistically distributed pore system with
pore dimensions in the nano- to micrometer range was iden-
tified in a parameter range in which no material has been
removed by the accumulated heat induced evaporation. An
EDX analysis proved that the stoichiometry in the parameter
variation, where the dimensions of the pores are maximum,
tends not to change.

The realizable dimension of the pore size is comparable
to pore formations obtained in other studies, produced by
additive methods like plasma chemical oxidation [28, 29],
or ablative methods like SLA (sandblasted, large-grit, acid-
etched) [30, 31] and SBF (simulated bubble fluid) [6, 32,
33]. In the above-mentioned studies it was shown that the
use of such a pore system significantly improves the growth
of bone tissue on endosseous implants. The use of the burst
mode on the investigated metallic implant materials offers
the possibility to generate a natural, self-organizing pore
formation without any measurable material being removed
from the surface and without changing the stoichiometry.

As an outlook on further studies, clinical investigations
with this patent-pending process will be performed and dis-
cussed in upcoming publications. Furthermore, these pores
could be used as liquid reservoirs to change the gliding prop-
erties of possible functional surfaces.
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