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Abstract

Femtosecond laser surface micromachining is a technique in which an ultrashort pulse laser beam is focused to dimensions of a
few microns inside or on the surface of the substrate. In this paper, surface texture transformation behaviour of the SiAION-
SizN, ceramic using the Ti: Sapphire Femtosecond laser system was investigated. Parametric analysis was conducted using
surface drilling, unidirectional and cross-hatching machining procedures performed on the substrate at a varied power and
scanning speeds. A linear relation was observed on the microtexturing dimensions and roughness with respect to laser powers
and this provided optimum micromachining mechanism at the chosen power of 0.25 W. Two roughness regimes characterised by
periodicity and sharp valleys were observed at low pulse overlap and high pulse overlap respectively. Due to the complexity of
the surface transformation chemistry, the necessity of a complementary cleaning procedure to remove the silicates retained by the
laser treated surface was emphasised.
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1. Introduction

Surface texturing of the cutting tools reduces the contact area between the tool and the chip, ultimately reducing
the cutting forces. Surface textures have been produced on the cutting tools by different advanced manufacturing
methods like focused ion beam machining and laser technology. The focused ion beam machining has been the most
preferred method for accurate positioning and dimensions of the surface textures but it is a time consuming process
[1]. The developments in ceramics cutting tool such as silicon nitrides has resulted in considerable increase in
productivity and an increased applications in the manufacturing industry.
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Silicon Nitride (SisN4) based ceramics have undergone numerous advancements in the past four decades, mainly
in an attempt to satisfy the industrial needs for superior structural materials. Some recent advances involve the
optimisation of critical sintering parameters such as temperature, pressure and the incorporation of various impurity
content combinations to re-enforce micro-structural matrices of the components [1-6]. Silicon nitride materials have
further developed through the discovery of the alloys that were possible with alumina (Al,O3) known as SiAIONSs;
the name comes from the combination of Si, Al, O and N. The phase that has found the most use in industry is beta
sialon, which has the formula Si6-zAIzOzN8-z, where z ranges from 0 (pure beta SisN,) to 4 [2]. The resulting
effects have been characterised by other researchers with their findings revealing apparent improvements in
mechanical [5-10], chemical [11] and thermal [12] properties. As a consequence, the attractiveness of SizNy in
tribological [10] and most recently, medical [13] applications has significantly improved. Although these attributes
make silicon nitrides one of the most promising engineering materials, SizN,4 also exhibit low fracture toughness
which is attributed to a combination of high hardness and wear resistance alongside their brittle nature. Hence, this
makes traditional mechanical machining difficult, uncontrollable, labour intensive and expensive.

A solution to this problem may be the adoption of Femtosecond laser systems since they offer a non-abrasive
material removal mechanism at an energy deposition timeframe smaller than the electron-phonon interaction time,
leading to a transient, localised energy propagation profile on the irradiated surface. Due to this unique property,
ultrashort laser systems have been found to enable melt free material processing, translating to a highest degree of
control with minimal damage to the bulk material layers during micromachining of a variety of engineering
materials [14-18]. Like in any laser system, the ease of machining is an intrinsic function of the laser parameters and
the thermo-physical properties of the material [19].

This paper aims to characterise the surface transformation of the SizN, ceramic material using the Ti: Sapphire
Femtosecond laser system at various parameters of power and scanning speed (pulse overlap) during a large area
cross-hatching micromachining procedure. We attempt to achieve this by performing machining threshold estimation
trials using the machining dimensions like the ablation diameter and depth. The full surface texturing of the blank
cutting tool was used to identify the evolution of various roughness profile to quantify the machining with respect to
the chosen parameters. The results and findings highlighted in this paper are important in the fabrication of
engineering tools such SizN,4 based cutting inserts.

Nomenclature

D Average crater diameter

Fo Gaussian beam maximum fluence

f Pulse repetition rate

P Laser beam power

Wo Laser beam radius at e of the maximum intensity
fin Micromachining threshold fluence

ov Pulse overlap

\Y Scanning speed

2. Experimental Details
2.1. Material

The commercial sintered SiIAION-SizN,4 ceramic (Ceramtec International, Germany) was selected as the test
material in this study. The properties of the sample are listed in Table 1. The used 4.8x14x14 mm?® samples had an
average as-received surface roughness of R, ~ 0.7 £0.05 um (measured using a Confocal Laser Scanning
Microscope, CLSM).
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Table 1. The material properties of the as received SisN,.

o/p SiAION Density Conductivity @ 20°C Diffusivity @ 20°C
Material Wt % Additives glem® W/m.K 1/um
SIAION-SizN, 19.1 Y,03, MgO, SiC 3.244 23.58 9.69

2.2. Laser system optimisation and Micromachining tests

A regenerative Ti: Sapphire Femtosecond laser system (Spectra Physics, Spitfire) was used to investigate
the fundamental conditions for surface roughness modification of the as-received samples. The generated laser
pulses (1 kHz) were transported through a series of compensating mirrors. The configured optical system maintained
approximately 100 fs as the pulse duration of absorber recovery time in the infrared wavelength of 795 nm with a
16 um focused beam spot diameter. During the tests, samples were placed on a three-dimensional automated
motorized Aerotech stage at a focal length of 45 mm while the beam incident angle was along the normal with
respect to the sample. An attenuator was used to obtain proper pulse energy while a power meter was also used to
affirm the generated energy. For system optimisation, craters were drilled on the samples at twelve power inputs
within the range of 0.2 - 0.75 W using 10 pulses of a fixed laser heat source. These were then used to determine the
Micromachining threshold and the machining power range for the experimental design. A Nikon Optical
Microscope was used to measure crater diameter, D and observe the quality of the drilled craters. Since the craters
resembled an elliptical beam distribution in XY domain, the diameter D, and D,, were measured in the X and Y axis
respectively and an average D, Was also calculated. Micromachining threshold was calculated using the equations
below [20]:

_ 2Pff
o=t @
2 _ g2y FO

th

In equation 1, Fy (J/em?) is the Gaussian beam maximum fluence, f (Hz) represents the pulse repetition rate, P
(W) is the laser beam power and lastly wy is laser beam radius at e of the maximum intensity. In equation 2, a
relation of the machining crater to Fy, (J/cm?), the machining threshold fluence is represented. All the measured
machining craters were used to generate a D? versus F, plot to estimate Fy, at D=0 by the equation 2 for 10 pulses
used.

After system optimisation, a large area was ablated at varied power and scanning speed using parameters
displayed in Table 2. Different programs were written to enable the patterning strategies using cross-hatching at a
two dimensional scan spacing of 0.0128 mm. The samples were created using two scan speeds, 8 and 4 mm/s, by a
unidirectional scanning strategy to achieve 50% overlap (2 successive pulses per spot) and 75% overlap (8 pulses
per spot) respectively. In equation 3, the overlap, (OV) between pulses is defined from laser operated at 1 kHz with
a fixed focused laser spot diameter (2w,) of 16 um as in equation.

v

ey, @)

Where v (mm/s) and f (Hz) are scanning speed and laser pulse repetition rate respectively. For all tests, only the
scanning speed was altered to change the pulse overlap.

ov=(1-

In order to optimise machining threshold for removing a 5 — 10 um layer on the material on full machining of the
surface. The interactions between processes variables were analysed using the response surface method in a factorial
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design on numeric factors (see Table 2). The numeric factors were laser power and scanning speed. Process
characterisation was performed using roughness parameters Ra, Rsk, Rz for overall surface profiling measured by
the Confocal laser Scanning Microscope (CLSM).

Table 2. The machining design summary extracted from Design Expert 8.
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Factor Name Units Type Minimum Maximum Mean Std. Dev
A Power W Discrete 0.1 0.5 0.28 0.18

B Speed mm/s Discrete 4 16 10 3.34
Response Name Units Analysis Minimum Mean Maximum
Y1 Ra um Polynomial 0.40 0.65 0.90

Y2 Rz um Polynomial 1.50 3.25 5.00

Y3 Rsk um Polynomial -0.74 -0.22 0.30

3. Results and Discussions
3.1. Laser system optimisation

The ablated craters at 10Hz frequency, (10 pulses) at power range between 0.2 W and 0.75 W providing linearity
in crater diameter, D with an increase in fluence calculated form the various laser power inputs as displayed on the
plot on fig 1. An extrapolations was conducted in fig 1 at D,=0 indicated that the machining threshold for the
SiAION- SizN,4 was about 26 J/cm2 (0.05 W) for the utilized femtosecond laser system. The machining was due to a
single mechanism which is characterized by gentle material removal rates due to particle vaporization i.e Coulomb
explosion phase was exhibited [21-22]. The combination of high peak intensity and ultrashort energy dissipation
time frame induced sufficient energy distribution in the form of heat during absorption on the irradiated zone
causing localized direction phase transition from solid to vapor at energies around the machining threshold [23].
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Fig. 1. Squared crater diameter of SIAION-Si3N, sample.

Fig 2 a-c represents the machining depth (Hz) from the results obtained for the 3x3mm? regions using the
unidirectional scanning strategy. This was a moving laser heat source instead of the stationery heat source used
during machining crater creation. When a moving heat source is used, the material is subjected to a transient thermo-
physical phenomena which result in a physical texture determined by laser parameter induced for material removal
(power, pulse repetition, scanning speed and the pulse over overlap) [24] . Due to a higher pulse overlap of 88%
obtained at 2 mm/s scanning speed, a steeper machining depth creation slope of 69.89um/W was obtained while a
32.88 um/W was estimated when a 50% overlap at 8 mm/s. This relation demonstrated that longer laser-material
interaction time results to high material removal profiles while at the lowest pulse overlap the opposite was
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observed. Thus, this concluded that there was a high dependency of the material removal rate on both power and
pulse overlap machining factors [24-26].
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Fig. 2. Machining depth results obtained from the 3x3 mm? ablated regions with a unidirectional scanning strategy at 0.3 W and a scanning speed
of (a) 8 mm/s, (b) 2 mm/s and (c) the plots of all the measured machined depths.

Fig 3 represents the overall surface topography with respect to Ra (3D arithmetic mean roughness), Rz (mean
depth of the valleys) and Rsk (skewness of the peaks for the formed profile) at different combinations of laser power
and scanning speed. Surface transformation by a laser power of 0.25 W at a scanning speed of 4 to 16 mm/s was
also observed. The rougher surface evolution was obtained when scanning speeds of 4 — 8 mm/s were used. There
was an increase in the periodicity of the profile at a scanning speed of 8 mm/s characterised by sharper peaks and
lower valleys. This regime can be attributed to the high laser-surface interaction time accompanied by high material
removal.

An increase in the Rz values from 4.668um to 5.391um (see fig 4b) is indicative of the surface transformation
that leans towards an increase in the sharpness of the valleys observable from a 12-16mm/s regime. At high
scanning speeds, there was a reduction in the wavy character of the surface while the Rsk values (fig 4c) increment
was indicative of the sharpness of the valleys. The observed surface profiles show the evidence of the two
machining regimes induced by the laser system which have high sensitivity to the chosen scanning speed and laser
power.
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Fig. 3. The Confocal Laser Scanning Microscope images of the fully ablated surfaces by cross hatching at 0.25 W using
speeds of 4 - 16 mm/s (0.88 down to 0 pulse overlap).
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Fig. 4: Mean surface roughness profiles [a) Ra, b) Rz, c) Rsk] created using a Ti:Sapphire femtosecond laser at different power (0.1 - 0.5 W) and
scanning speed (4 - 16 mm/s) on a SIAION-Si;N, sample by cross-hatching scanning strategy.

4. Conclusion

Surface transformation of SiAION-SizN4 sample using a femtosecond Ti: Sapphire in air was successful. After

machining the following conclusions were drawn:

. The craters drilled using 10 pulses at a power range of 0.1 - 0.75 W showed linearity to an increase in laser
power.

. A single machining regime attributed to coulomb explosion was exhibited at the chosen machining laser
power range with the machining threshold was estimated to be 26 J/cm?® (0.05 W).

. At low scan speeds (high pulse overlap), high material removal slopes could be obtained while the opposite
was true for high speeds (low pulse overlap). Although high powers induced high material removal, in
large area micromachining by cross-hatching, two roughness regimes were observed: at low scan speeds (2
-8 mm/s), the transformed surface had high periodicity while of the sharp valleys were observed at high
scan speeds (12-16 mm/s). Thus the resulting topography showed high dependence to pulse overlap.
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