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HIGHLIGHTS
o Parallel laser scans were used to texture the surface of a Silicon Nitride-Silicon Carbide composite (SizNg4-
SiC).

e Material removal rate increased logarithmically with the increasing pulse energy, 0.1-0.6 mJ and lateral

pulse overlap, 50%, 75%, and 88%.

e Material removal threshold was established at ~0.1mJ (0.80x10° J/m?) for the investigated pulse overlap

settings.
e High surface roughness was obtained using the 88% pulse overlap regime.

e Better control of the laser texturing process was obtained within the 0.3mJ energy range and low lateral

pulse overlap.

o Surface morphology and chemistry occurred by dissociation, melting and evaporation which lead to an

increase in surface silicon, oxygen, aluminum and loss of nitrogen and carbon.
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Abstract: - Traditional abrasive techniques such as grinding and lapping have long been used in the surface
conditioning of engineering materials. However, in the processing of hard and brittle materials like Silicon Nitride
(SizNg4), machining is often accompanied by numerous shortcomings which either lead to poor surface quality or
residual surface damage of the workpiece. In this sense, this work focuses on the application of a pulsed mode,
nanosecond Nd:YAG laser system for the surface texturing of SisN,-SiC composites in the fabrication of machining
tool inserts for various tribological applications. The samples were machined at varied laser energy (0.1-0.6 mJ) and
lateral pulse overlap (50-88%) in order to generate a sequence of linear parallel micro-grooves on the sample
surfaces. The results showed a logarithmic increase in material removal as pulse energy and lateral overlaps were
increased. The material removal threshold was established at 0.1mJ (0.80x10° J/m?). Optimum surface texturing was

achieved at a combination of 0.3 mJ (2.38x10° J/m?) and 50%, pulse energy and lateral pulse overlap respectively.
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1. INTRODUCTION

Industrial applications of pulsed laser machining (PLM) as an alternative to traditional surface treatment
techniques like milling, cutting, grinding and lapping have increased considerably in the recent decade [1-3]. The
popularity of pulsed laser systems, particularly in the surface texturing of structural ceramics has been partly
credited to their high precision, flexibility, repeatable and controllable material removal rates which can be attained
with negligible effects on the properties of the bulk material [4-6]. These benefits have encouraged research and
commercial interest in the fabrication of machining tools from hard to machine structural ceramics like alumina

(Al,Q,), silicon carbide (SiC), silicon nitride (SisN,), and other engineering materials [1,7].

In accordance with this research, a pulsed laser system has been utilized in the surface texturing of SisN,-
SiC ceramic components for the fabrication of machining tools. Silicon nitride based ceramics have numerous
superlative properties which make them appropriate for a wide range of engineering applications. For example, their
chemical inertness makes them suitable for corrosive environments and skeletal implants in medical applications.
Their low thermal conductivity and density, high hardness and toughness gives them high thermal stability and
robustness which are prerequisites for machining tools, engine parts and crucibles [8]. However, the surface
texturing of SizN,4 based ceramics by the aforementioned abrasive techniques has been reported to be rather difficult
due to the inherently high fracture toughness and high hardness of these materials. As a result, some of the
drawbacks associated with the abrasive texturing processes include low throughput, labour intensiveness and surface
damage (surface flaws and machining marks). Also, the induced thermal and mechanical damage to the machining
tools often leads to poor repeatability of the surface quality and additional operational costs. In addition, their
restricted plasticity makes them brittle at ambient temperature. This causes them to rupture without appreciable
plastic strain just after the applied tensile load exceeds their yield strength [8, 9]. In light of this, the initial
motivation for this research has been the need for innovative and cost efficient surface treatment solutions that can
allow for better control on quality (surface roughness) and lead to precise and repeatable material removal rates

during the fabrication of complex three-dimensional (3D) structures.

Secondly, the challenges associated with the tribological applications of the ceramic tools constitute a
secondary concern that can be addressed by this research. During service, machining is often affected by severe

friction effects which include high surface temperatures and high wear rates, mainly due to the presence of



workpiece chips at the contact surfaces [10]. The effects of these conditions on tool life are often curbed by applying
lubricants during machining. However, the use of lubricating fluids increases operational cost, creates negative
environmental impacts and raises serious health issues [10]. Researchers have investigated alternative methods
towards the reduction of consumption or the elimination of lubrication fluids in abrasive machining processes.
Amongst the various proposed solutions, applications of minimum quantity lubrication (MQL) techniques and
machining under dry and near dry machining conditions have been a subject of investigation by various researchers

[10-15].

Recently, researchers have also demonstrated surface texturing as an effective method of improving the
tribological performance of machining tools [15-21]. Texturing entails the generation of imperfections on the
surface of a component such as “dimples” which are created through the removal of material at patterned or
randomised locations with specific dimensions of removal depth and diameter. Micro-grooves in the form of linear
parallel, cross-hatched or wavy lines are also used [13, 17]. Textured surfaces provide advantages such as the
trapping of debris and this consequently reduces the aforementioned tool-chip friction effects, increases the lubricity
of the tool-chip and tool-work piece interface by providing regions of lubricant storage. This can also increase the
load carrying capacity of the machining component by improving stress distribution and concentration at the contact

interfaces [17].

Hence, this study aims at investigating the application of PLM as an alternative to conventional abrasive
techniques in the fabrication of textured SisN, tool inserts for tribological applications like the machining of cast
iron and related alloys. The specimen under consideration is a SisN4;-SiC composite ceramic, doped with Al,O3 and
yttrium oxide (Y,0s) as densification agents during pressure sintering. The surface texturing method applied was the
micro-grooving of parallel lines onto the insert surfaces. This study considered the following objectives: (i)
profiling of the resulting material removal rates achieved under varied processing parameters in order to obtain a
material removal depth not higher than 10um (keeping in mind the design specifications (thickness) of the tool
insert), (ii) analysing the resulting surface roughness along the micro-grooves to determine if the profiles fit the
criteria of a two-dimensional (2D) mean surface roughness interval of 1.5um < Ra < 2.5um and, (iii) obtaining an
overall three-dimensional (3D) mean surface roughness for the fully textured surfaces within the interval 2.5um <

Sa < 5.0um. The morphology of the laser treated surfaces was also analysed to understand the evolution of surface



topography and surface chemistry upon laser irradiation. This paper illustrates the material response during surface

texturing by PLM without the tribological behaviour of the generated surfaces.

2. MATERIALS AND METHODS

2.1 Materials and Laser System

Laser processing was carried out on the commercially available gas pressure sintered SisN4-SiC ceramic
(14% o- SigNg 76% B- SisNg4, 5% SiC, 3% Al,O; and 2% Y,03), supplied by CeramTec, Germany. The sample
dimensions were 4.8x14x14 mm?® and their material properties are displayed in Table 1. Surface texturing was
performed using a pulsed mode, 25W Neodymium-doped yttrium aluminium garnet laser system (Q-switched, Nd:
YAG, model: DML40 Deckel Maho Gildemeister manufactured by Lasertec, USA) with a wavelength of 1064nm.
The laser system was equipped with Lasersoft 3D computer numerical control (CNC) to enable 3-axis (X, Y, Z)
processing. The laser beam of a pulse duration of 250 ns was delivered through a series of mirrors and focused
through a convex lens as shown by the schematic on Fig. 1. Laser machining was carried out by varying pulse
energy (energy density), pulse overlap by changing the scanning speed alongside pulse repetition rate as shown in
Table 2. The experiments were conducted under atmospheric conditions (air and room temperature) using a

Gaussian spatial laser beam profile of diameter, @ = 40um.

2.2 Machining Methods and Analytical Tools

Prior to laser machining, the mean surface roughness (Ra) of the samples was analysed using a Confocal
Laser Scanning Microscope (CLSM, Model: LEXT OLS3100, Olympus Corporation, USA). The material removal
during surface texturing was conducted using both two-dimensional (2D) machining and three-dimensional (3D)

machining procedures adopted from the work by Samant [1] and Vora et al [3, 5, 26].

2.2.1  Two-dimensional (2D) laser machining

Three evenly spaced (1.5mm) single pass laser scans were created on the samples for each parameter
combination to reduce the level of uncertainty and minimize the effect of debris on the characterisation outputs
(removal depth, Z and laser scan width, W). Pulse repetition rate (f) was varied alongside scanning speed (v) to

investigate the effect of lateral pulse overlap (OV,) on material removal as illustrated on Fig.2. The lateral pulse



overlap, number of pulses delivered and the average energy density were estimated using the Egs. (1, 2, 4)
respectively as shown in Table 2. The machined samples were then analysed using a CLSM to measure the material
removal depth, laser scan width and mean surface roughness along the centre of the generated tracks. From the three
single pass laser scans per parameter, five values of Ra, Z and W were collected and the average was used for
analysis alongside the standard deviation. The extracted values were then used to estimate the material removal rate

(MRR) per unit length as follows:
MRR = 0.25..Z.W.p (5)

Where: p (kg/m®) denotes the density of the material. The data points were then fitted into model equations
determined using least square regression in order to establish the correlation between the processing outputs (Ra, Z,
and W) and the laser parameters (E,, and OVy). Due to the specifications for the tool insert thickness restricted by the
final tool geometry, a ~10um material removal depth was set as the target for the entire PLM process. Hence, this
value was used as a laser parameter selection criterion for removal depth. The two-dimensional surface roughness
which was measured along the laser tracks was used as a secondary selection criterion whereby the Ra values had to

satisfy the interval of 1.5pum < Ra <2.5um.

2.2.2  Three-dimensional (3D) laser machining

The selection of laser parameters for the fully textured surfaces first had to satisfy the criterion set for 2D
machining. Due to the finite size of the beam diameter relative to the sample dimensions, a unidirectional scanning
strategy was used to generate the parallel micro-grooves on sample surfaces. This machining strategy allowed the
laser beam to move beyond the sample length (14mm) by completing 15mm scan in the x-direction while the

subsequent laser scan began 20 pum away in the y-direction next to the previous scan as shown on Fig. 3.

The shift in the y-direction (S, scan spacing) as illustrated in Fig. 2, allowed for a gradual increase in the
number of scans (P) for complete surface coverage. Moreover, the scan spacing determined the transverse pulse
overlap or overlap in the “y” direction (OV, = 50%) which was calculated as in Eq. 2 in Table 2 and was kept
constant during 3D machining. The fully textured samples were then analysed using the CLSM for the overall 3D
surface roughness. The selection criterion specified for the fully textured surfaces was the mean roughness interval

of 2.5um < Sa < 5.0um. In addition, the scanning electron microscope (SEM) (JSM-7001F, JEOL, Japan) equipped



with energy-dispersive x-ray (EDX) detectors was used to observe the surface morphology and quantify the induced

changes in the chemistry of the fully textured surfaces.

3. RESULTS AND DISCUSSION

3.1 Material Removal

The Figs. 4-7 depict the results of the material behavior during PLM at varied laser pulse energy (0.1-0.6mJ
or 0.8-4.8x10° J/m?) and lateral pulse overlap (OV,=50, 75 and 88%) during 2D machining. On Figs. 4-5, it can be
observed that the material removal depth and scan width of machined tracks generally increased with an increase in
laser pulse energy and lateral overlap. This trend was as a result of the excitation of the majority of the surface
atoms after absorbing laser energy which was above the materials ablation threshold. As shown on Fig. 6a, there was
no significant material removal observed when energy of 0.1mJ pulse (0.80x10° J/m?) was used. These results show
that the minimum energy required to induce surface damage for the SL506-SizN, ceramic (material removal
threshold) is within this energy range. Above the pulse energy of 0.1mJ, it can be inferred that the majority of the
irradiated atoms were evolved from the surface by evaporation as result of the surface temperatures that exceeded
the evaporation or sublimation point (2173-3600K) [1-4]. As a result, a cavity was created on the machined surface

and quantified using removal depth and scan width as shown on Figs. 4-6.

In line with the targeted removal depth of 10um, the results show that this value was achieved within a
pulse energy range 0.15-0.30mJ (1.19-2.38x10° J/m?). The actual co-ordinates for the intersection of the removal
depth line and lateral pulse overlap curves can be observed at parameter combinations of pulse energy and lateral
overlap (E,: OVy) of [0.15mJ (1.19x10° J/m?): 88%)], [0.20mJ (1.59x10° J/m?); 75%) and [0.30mJ (2.38x10° J/m?);
50%). On Fig. 5, it is also shown that with an increase in pulse energy, the values of the laser scan width approached
the range of 80-90um which is more than double the average beam diameter of 40um. However, the effect of pulse
overlap became less significant at higher pulse energies around 0.44-0.60 mJ (3.50-4.77x10° J/m?) where an average
maximum laser scan width of ~90 pm was obtained. The observed surface response can be due to the fact that the
beam diameter was kept constant (@=40um) and this causes the region in the beam profile at which the laser energy
density is above the material removal threshold to remain constant. Hence, a consequential plateau of the diameter
of the irradiated zone is reached regardless of an increase in the number of pulse delivered on single spot. These

results are congruent with findings presented by Dunn et al [16].



However, the opposite was observed on the material removal depth values as they increased with an
increase in lateral pulse overlap as highlighted earlier. These results are in agreement with the findings reported by
Vora et al [3, 5] where it was shown that when the number of pulses delivered on a single spot is increased (for 50,
75, 88%, N=2, 4, and 8 respectively), the surface temperature history induced by the first pulse is gradually elevated
by subsequent pulses due to heat accumulation. If the energy delivered by the first pulse is sufficient to induce
melting, the repeated deposition of energy causes the material to remain in the liquid state for a prolonged period of
time, thus leading to a continuous surface deformation and even material removal by evaporation if the surface
temperatures reach above the evaporation temperatures. The subsequent increase in crater depth was attributed to an
increase in recoil pressure which is a downward load exerted onto the molten material by the condensing vapors as

they return back to the surface due to gravity.

This causes the molten material to be pushed outwards and thus increasing the material removal depth as
evidenced on Fig. 4. A detailed account of the observed surface morphology is presented in Section 3.3. To predict
the values of laser scan width and material removal rate at these chosen machining parameters, the data was fitted
into the logarithmic equations as determined using least square regression. The fitting curves for the process,

removal depth (Z, um) and laser track width (W, um) are as follows:
Z = a.exp(b. OVX).ln(Ep) + c.exp(d. OVy) (6)

W = g.exp(h. 0V,) .ln(Ep) + m. exp(p. OVy) (7

Where: a, b, ¢, d, g, h, m and p are the fitting curve coefficients, Ep (mJ) and OV, (%) are the pulse energy
and lateral overlap respectively. The values of the fitting curve constants are displayed on Table 3. The predicted
removal depth and laser scan width values were then substituted into the Eq. 5 to calculate the material removal rate
depicted on Fig.7. The plots followed a similar logarithmic trend exhibited on Figs. 4-5 whereby material removal
rate (MRR) is a function of both laser pulse energy and lateral overlap for the selected processing parameters. From
the fitting curves on Fig.5, the corresponding scan width values for the parameter combinations that produced that
required material removal depth of 10um which are E,: OV, = (0.15mJ; 88%), (0.20mJ; 75%) and (0.30mJ; 50%)
are 76.5um,75.5um and 76.3um respectively. From Fig.7, the corresponding MRR values were estimated to be

2.4mg/m, 2.2mg/m and 2.15mg/m respectively. Thus, the results show that the generated parallel micro-grooves of a



10pm depth will had an average scan width of 76.10+0.529um which lead to an average material removal rate of

2.250+0.132mg/m as a function of the aforementioned laser parameters.

3.2 Surface Roughness Analysis
3.2.1  Two-dimensional (2D) laser machining

On the generated laser tracks, surface roughness was measured at 5 random regions along the center of the
laser track to determine the average quality of the micro-grooves produced by each laser parameter. The results for
the 2D mean surface roughness (Ra) as a function of pulse energy and lateral overlap are displayed on Fig.8. It can
be seen that, at pulse overlaps of 50% and 75%, no significant change in Ra values was observed at lower pulse
energy (0.1- 0.2 mJ) where values were within a range of Ra=1.80+0.51um. Hence, within the near energy threshold
range of the material, pulse overlap did not have a significant influence of the surface roughness profile of the laser
tracks. However, when pulse energy was above 0.2mJ, Ra values of the respective curves increased except for those

of the 50% overlap.

The Ra values for the 50% lateral overlap plot remained within a mean of Ra=1.6+£0.45um while a
moderate increase was observable for the 75% overlap from Ra=1.80+0.92um at 0.2mJ (1.59x10° J/m?) to
maximums of 2.25+0.12um at 0.6mJ (4.77x10° J/m?). When considering the 88% pulse overlap, the results showed
a linear increase in roughness values from an average of Ra=1.80+0.42um at 0.2mJ to maximums of 4.75+0.58um
at 0.60mJ. This increase can be attributed to the reasons highlighted in Section 3.1. Also, the micro-pores created on
the sample surface shown on Fig. 10(e) which were formed on the surface as the pulse energy was increased can
also contribute to an increase in surface roughness. Compared to the surface as-received with roughness interval of
Ra=0.53%0.422um, the results show that the PLM process increased the surface roughness in all the laser parameters
investigated. When considering the process objective regarding target surface roughness of Ra €[1.5,2.5um], the
results show that this condition was satisfied at all lateral pulse overlaps when a pulse energy range of E; €

[0.10,0.30 mJ] or average energy density of F € [0.80x10° J/m?, 2.38x10° J/m’] was used.



3.2.2  Three-dimensional (3D) laser machining

For 3D machining (or full surface texturing), four combinations of processing parameters within the
mentioned pulse energy interval were selected to accommodate the near and above threshold laser energy settings.
These included combinations of 0.1mJ and 0.3mJ with 50% and 88% lateral pulse overlap as shown on Fig. 9. These
settings were also selected so as to provide insight on the microstructural evolution of the material surfaces when the
gentle and intense material removal was induced. The Fig. 9 shows that all surfaces were successfully machined
using the selected parameters. However, the differences in the quality of the parallel micro-grooves indicated that
each processing parameter induced a unique surface morphology upon laser impact. On Fig. 9(a), it can be seen that
at low pulse energy (0.1mJ, 0.80x10%J/cm?), the linear micro-groves were not successfully generated as exhibited by

the low intensity of the laser tracks.

As shown on Fig. 9(b), an increase in lateral pulse overlap to 88% did not produce the intended texture as
evidenced by the poor distinction between the laser tracks. Although the surface roughness increased from Sa =
1.85+£0.09um to Sa = 2.13+0.12um which was slightly below the desired limits of 2.5pm < Sa < 5.0um, this was
considered as an unsatisfactory outcome. The surfaces textured using the above threshold laser energy settings
(0.3mJ, 2.38x10° J/m?) for material removal and varied lateral pulse overlap are exhibited on Figs. 9(c-d). The
results showed an improvement in the quality of the surface texture at 50% lateral overlap whereas an increase to
88% created a distorted texture with no clear separation between the micro-grooves. In addition, the surface
roughness was increased by an increase in pulse energy and lateral overlap from Sa = 4.03+£0.27um to Sa =

24.95+0.81um.

These findings were considered as a positive outcome since the surface roughness of the generated profiles
was within the desired limits. From these results, it can be deduced that the control of the surface texture parameters
(roughness and material removal) was achievable at lower lateral pulse overlap. In this way, the effects of heat

accumulation were be minimized even when pulse energy is increased.

3.3 Surface Morphology and Chemistry

As a thermally based machining process, the material removal during PLM occurs a result of numerous

physical mechanisms which are dictated by the duration or width of the laser pulse. Since the utilized laser system



delivered longer pulses (250ns), based on the research by various scholars, material removal was expected to occur
by melting, dissociation and evaporation due to longer laser-material interaction time [16, 22, 23]. This assumption
was confirmed by the microstructures depicted on Fig. 10, which show the residual surface deformation as a result

of PLM.

In addition, various researchers [2, 25-26] demonstrated that the processing conditions (temperature,
pressure, and surrounding atmospheric gases) can also be used to influence the residual properties of the surface.
The machining environment can be used to promote reactions of any form (oxidation or gas forming) with the
activated surface elements or be designed to be chemically inert in order to preserve the formed surface constituents
during surface deformation. From the SEM and EDX results presented in Fig. 10, it is shown the PLM process
which was carried out in air, did not only influence the residual surface topography but a significant change in the

surface chemistry was induced as well.

The effect of the changes in microstructure and chemistry on the functionality of the processed
components was however not evaluated as this was beyond the scope of this work. Nonetheless, these observations
will provide insight for future studies. With regards to the changes in surface chemistry, the proposed equations that
describe the physical mechanisms that occurred on the surface of SisN,;-SiC samples are summarized in Table 4.
When refering to the as-received samples displayed on Fig. 10(a-b), it can be observed that the samples had a high
surface nitrogen (N, 54.10%), followed by silicon (Si, 19.74%), oxygen (O, 12.97%), carbon (10.41%) and lastly,
aluminium (Al, 2.79%) by mass. The microstructures and corresponding EDX results for the surfaces that were

treated using of the near threshold pulse energy are represented in Fig. 10(c-d) and 10(g-h).

The irradiated surface showed evidence of re-solidification after laser irradiation and this shows evidence
of melting which generally occurs in the form of Egs. 8-10. The equations describe the dissociation SisN,4, SiC and
Al, O3 into their constituents. The decomposition of SisN, and SiC contributes to the increase in surface Si (43.39-
52.02%) and Al (3.02-3.36%). Moreover, a significant loss of N (7.39-11.00%) also substantiates the dissociation

reaciton which assumes this reduction by the evolution of this gas into the atmosphere.

Since all machining was conducted under atmospheric conditions (air), the solid C which originates from

the decomposition and oxidation (at low temperatures) of SiC additive reacted with the oxygen from the atmosphere

10



to form carbon dioxide gas (CO,) which was then lost to the atmosphere as represented in Eqgs. 15-16. As a result,
the C content of the surface was resduced (6.62-8.25%). It is also shown that there was a significant increase in
surface O (27.79-39.24%) due to PLM. The Egs 11-15 show that the oxidation of SisN, and SiC may have formed

vapours of silicon oxide (SiO) which were later oxidised into solid silicon dioxide (SiO,) by the atmosphere.

The SiO, was then re-deposited onto the surface in the form of fine particulates (debris) which as a result
increased the O content of the surface as shown on Fig. 10(d, f, h, j). According to Tian et al [25], the surface SiO,
can also react with the residual Al,O5 to form mullite particles (Al,Os. SiO,) (Eq. 13). It is important to note that the
evidence of the re-solidification was not considered as good result since the surface also presented microcracks
shown on Figs. 10(c) and 10(g). According to Vora et al [3], the presence of the lateral (OV,) and transverse overlap
(OV,) increases the number of pulse per laser spot which increases the induced thermal stresses. As a result of the
thermal expansion difference between the laser interaction region and the surrounding bulk material, microcracks

are then nucleated.

The presence of microcracks on the surface may compromise the performance of the tool during
machining, hence this was considered undesirable on the textured surfaces. As also highlighted Section 3.3.2, the
parameter combination 0.1mJ and 50-88% lateral produce the desired texture as shown on Fig. 9(a-b). Evidence
presented on Fig. 10(b, g) show that the distortion in poor micro-grooves observed were due to the fact the delivered
laser energy was insfuccient for material removal by evaporation but surface melting was induced instead. Thus it
can be deduced that the parameters that are near the material removal threshold (~ 0.80x10° J/m?) were not suitable

for producing the desired texture.

The results for the surfaces that were machined at a laser enrergy above the materials threshold (0.3mJ,
2.38x10° J/m?) are shown on Figs. 10(e-f) and 10(i-j). The EDS analysis shows a similar trend observed on the
surfaces that were treated with 0.1mJ. However, the microstructures do not show evidence of melting on the surface
but rather, an abundance of fine particulates re-deposited on the sample surfaces. This shows that this parameter
combination (Ep=0.3mJ, OVx=50-88%) was sufficent to promote the evaporation of the generated molten material.
However, the surfaces textured showed evidence of micropores at 50% lateral pulse overlap. According to
Hampshire [21], the presence of mixed oxide additives (Al,O; + Y,03) in the cermic matrix leads to the

modification of the grain boundaries into glassy phases of Y-Si-Al-O-N. It is thus hypothesised that the formation of

11



micro-pores on the textured surfaces may be due to the deformation (melting and evaporation) of the grain
boundaries due to the high surface temperatures induced by the high laser energy density as in the Eq. 17-19. This

subject is still up for further investigation in future works.

4. CONCLUSION

The surface texturing of the SL506-SisN, composite doped with SiC, Al,O3 and Y,03; was conducted for
the fabrication of machining tools using a stepwise approach consisting of 2D and 3D PLM machining procedures in
a nanosecond Nd: YAG pulsed laser system. The effects of laser operating parameters such as pulse energy (energy
density) and lateral and transverse pulse overlap on material removal, microstructural evolution and surface

chemistry were studied. The results showed that:

e The material removal threshold of the SisN, composite in consideration was around 0.1 mJ (0.80x10°J/cm?)
for a Gaussian profile laser beam of 40 um, pulse duration of 250 ns and at a wavelength of 1064 nm.

e During 2D machining, laser energy and pulse overlap increased material removal by a logarithmic
relationship.

e An increase in the 2D roughness (Ra) values was observed at higher lateral pulse overlaps when pulse
energy was increased while at intermediate and low lateral pulse overlaps, the change was minimal.

e  Optimum roughness (1.5um < Ra < 2.5um) and material removal depth (10um) were attained at a pulse
energy interval of 0.1-0.3mJ (0.80-2.38x10° J/m?) for all investigated lateral pulse overlap.

e For 3D machining (full surface texturing by parallel linear micro-grooving), the texture that satisfied both
the roughness criterion (2.5um < Sa < 5.0pm) and micro-groove quality was obtained at 0.3mJ (2.83x10°
Im?).

e The surface texturing process by PLM was found to occur by dissociation and melting when the near
threshold laser energy was used whereas evaporation dominated material removal at higher laser energy
densities.

e The microstructural evolution and changes in surface chemistry were attributed to dissociative reactions of

the ceramics major constituents and oxidative reactions induced by the machining environment.
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LIST OF TABLES

Table 1. Properties of the machined samples.

Expansion Thermal
Density coefficient conductivity
Material (kg/m?) Colour (x10°%) (1/K) (W/m. K, at 20°C)  Reflectivity
SizN,-SiC (SL506) 3244 Light Green 3.92 23.6 0.15
Table 2. Range of laser processing parameters.
Parameter Formula / Nomenclature Units Values SaEiton - FoTia
Number  Reference
Beam diameter (%] pum 40 - -
0.1, 0.15, 0.17, 0.20,
AIESGIEEY Ep mJ 0.22, 0.30, 0.4, 0.60 -
Pulse width P, ns 250 - -
Pulse repetition rate f kHz 10, 20, 30 - -
. 50, 100, 150, 200, 300,
Laser scanning speed \ mm/s 200, 600 -
Laser scan spacing S pm 20 - -
\%
Lateral pulse overlap 0V, = 100. [1 = (ﬁ)] % 50, 75, 88 (1) [1,3]
Number of pulses per -
corresponding lateral N = 7o - 2,4,8 (2) -
pulse overlap :
S
Transverse pulse overlap OV, = 100. (1 - 5) % 50 ©)) -
Average Energy Density E
: _ P 5 2 0.80, 1.19, 1.35, 1.59,
per corresponding pulse F= 025 (@) x10> J/m 1.75. 2.38. 3.50. 4.77 (4) [3.5]
energy
Table 3. Coefficients for the material removal, scan width and material removal fitting curves.
Coefficient a b c d G h m p
Value 3.127 0.026 5.7998 0.0286 45.15 -0.018 105.12 0.001



Table 4. List of possible surface reactions that occur during pulsed laser machining for the SL-506-SisN, ceramic.

Physical . .
# Process Chemical Equation Reference
8  Dissociation SisN, (s) = 3Si(l) + 2N,(g); Si(l) & Si(s); Si(l) & Si(g) [1,2,24]
9 Dissociation SiC(s) — Si(l) + C(s); Si(l) & Si(s); Si(l) « Si(g) [1, 24]
S 3 1,3,
10 Dissociation  Al04(s) © Al 05(1) - 2AI(1) + (E) 0,(g) 24.25]
11  Oxidation 2Si3N,(s) + 30, (g) — 6Si0(g) + 4N, (g) [1, 24]
. 1
12 Oxidation Sio(g) + (E) 0,(g) - Si0,(s) © Si0,(1) < Si0,(g) [2,24]
13 Solidification Al05(I) + Si0,(1) - Al,05.5i0, (1) [24-25]
. 11
14 Oxidation SisN, (s) + (7) 0,(g) - 35i0(g) + 4NO, (&) [2.24]
15  Oxidation 2SiC(s) + 0,(g) - 2Si0(g) + 2C(s) [24]
16  Oxidation 2C(s) + 0,(g) — 2C0(g) ; 2CO(g) + 0,(g) = 2C0,(g) [24]
. 4+ x ) =53
17 Oxidation ¥y (AL 5D, (N,0)5 () + () 02 (&) = 2510, (5) + 2Y,05(8) + AL 05 () + (—— )N, @) -
. 19 3 7
18 Oxidation @ = Yo (AL S)3(N, 0)7(5) + —-02 (8) = 35i0,(s) + 2Y,05(g) +5 Al 05(s) + 5N, (8) -
_ 3 3 1
19 Oxidation Si,Al;0,N (s) + 202 (g) — 2Si0,(s) + EA1203(5) +5N (® [24]
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FIGURE CAPTIONS

Fig.1. Schematic of the experimental setup.

Fig.2. Schematic showing lateral and transverse pulse overlap for a unidirectional scanning strategy.

Fig.3. lllustration of the 3D machining procedure used for surface texturing, the removed depth, width and laser scanning
strategy.

Fig.4. Material removal depth as a function of pulse energy and lateral overlap in relation to the targeted depth (Z=10um).
Fig.5. Laser scan width as a function of lateral pulse overlap and energy in relation to the beam diameter (@=40um).

Fig.6. Typical confocal laser scanning microscope images for the laser scans created during 2D machining using the near and
above material removal threshold laser parameters.

Fig.7. Material removal rate as a function laser pulse energy and lateral overlap.

Fig.8. Mean surface roughness for the single pass laser scans created using a 2D machining procedure.

Fig.9.The CLSM three-dimensional surface morphology images of the SL506-SisN4 ceramic at the near and above material
removal threshold laser parameters.

Fig.10. Microstructural evolution of textured SL506-SisN, surfaces at varied laser energy and lateral pulse overlap.
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