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Abstract

A preliminary study into the impact of high speed laser processing on the surface of iron and cobalt
co-doped glass substrates using a 60 W continuous wave (cw) CO; laser. Two types of processing,
termed fill-processing and line-processing, were trialled. In fill-processed samples the surface
roughness of the glass was found to increase linearly with laser power from an S, value of 20.8 nm to
2.1 um at a processing power of 54 W. With line processing, a more exponential-like increase was
observed with a roughness of 4 um at 54 W. The change in surface properties of the glass, such as
gloss and wettability, have also been measured. The contact angle of water was found to increase
after laser processing by up to 64°. The surface gloss was varied between 45 and 100 gloss units
(GUs).
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Introduction

The term laser materials processing describes a massively varied range of techniques that alter the
surface properties of a material. Materials processing can include, without being limited to, surface
modification [1], cutting [2], welding [3], drilling [4] and peening [5]. Lasers are highly versatile, with
different technologies being capable of emitting light at different wavelengths (including ultra-violet,
visible and infra-red [6, 7]) as well as emitting light as either a constant beam or in pulses ranging
from milliseconds to attoseconds [8, 9]. For the purpose of rapid surface processing, the CO; laser
offers two primary advantages; firstly it is an efficient laser source that is capable of operating as a
continuous wave at high power, and secondly, CO; lasers emit light at a wavelength of
approximately 10.6 um, which is in the long-wavelength infra-red (LWIR) region. Whilst this long
wavelength makes the creation of high resolution nanostructured surfaces very difficult, the
continuous wave-nature of the laser lends itself to very high-speed processes. This helps to make the
CO: laser highly versatile, able to be used in industrial scale production as well as in smaller-scale
laboratories.

Glass is found in an ever increasing array of technological applications. The ability to tune both its
properties and appearance through the introduction (or removal) of impurity elements has led to it
being used in such advanced industries as optoelectronics, construction, medical, automotive and
aerospace [10-15]. Its versatility lends itself to high end technologies and it is also used in artwork
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and other aesthetic based mediums [16]. The most common type is soda-lime glass which is low in
cost and quite stable with good mechanical properties [17]. By adding lead oxide to the glass, or
other metal oxides such as titanium or barium (flint glass) which are less toxic, the refractive index
(RI) can be increased. This increases the reflective and refractive properties of the glass and is useful
in optical applications such as prisms or focusing lenses [18]. The addition of boron trioxide (B,0s) to
form borosilicate glass lowers the coefficient of thermal expansion making it more stable when
subjected to temperature changes [19]. Additionally the absence of certain impurities (such as Iron)
increases the optical transparency making it well suited for use in industries like photovoltaics where
the glass may be subjected to high temperatures during semiconductor deposition and require as
much light as possible to pass through to the absorber layer [20]. It is also well suited to technologies
requiring increased infra-red transparency [21]. To modify the colour of glass there are several
elemental impurities that can be added. Iron, chromium, cobalt, manganese and sulphur are
examples of elements that, either individually, combined or as oxides act to alter the colour of glass
[22].

Gloss measurements provide information on the reflectivity of a material at certain angles. The level
of gloss is heavily influenced by the RI of the material and the surface topography (i.e. roughness and
features). Glossmeters, whilst lacking the diversity of measurement of spectrophotometers, provide
quick useful information on properties such as the amount of specular reflection, sheen and haze of
a material [23]. This is of significant interest for those companies working in the coatings and surface
industries. These include paints and surface finish industries which directly link to industries such as
the automotive industry and the aerospace industry.

The wettability of a material describes its adhesive contact with a liquid. In terms of water this
describes the hydrophobicity or hydrophilicity of the surface. The level of wetting comes about
through the balance of the adhesive forces of the liquid droplet to the surface and the cohesive
forces of the molecules within the droplet. When a droplet is placed on a surface there are three
possible outcomes: complete wetting, complete dewetting, and partial wetting. The degree to which
wetting as occurred is obtained by measuring the contact angle of the droplet relative to the surface
where the greater the contact angle, the greater the degree of wetting [24, 25]. The wettability of
glass is of particular importance to the automotive industry where visibility, particularly under
extreme weather conditions, through control of water run-off is key. Wettability of glass is also
linked with self-cleaning phenomena, a property important for outdoor usage [26].

This study demonstrates the effect of CO, laser surface treatment of this type of doped-glass and
discusses the effect of laser-induced roughness and surface feature on the surface gloss and
wettability properties.

Experimental

Laser Materials Processing: A continuous wave (cw) 60W Synrad Firestar CO; laser marking system
was used for the surface processing. Several processing parameters were changed over the course of
this study. These included laser output power, processing speed, type of processing (whole area or a
series of spaced lines) and the line spacing. Areas of 15x15 mm? in size were processed for each
change in parameter and before processing, the glass samples were cleaned using a dry-rub with a
lint-free cloth. All surface treatment was carried out in ambient air.



A range of processing parameters have been tested and are summarised in table 1. Two types of
laser patterns, referred to as line (equally spaced lines marked as vectors) and fill (an area filled as a
raster pattern with individual lines designed to overlap slightly thus presenting the filled area). For
both of these, the power was varied from 10 % (6 W) to 90 % (54 W) with scanning speed and line
spacing held constant (480 mm/s and 0.4 mm respectively). Additionally power and spacing have
been held constant with processing speed varied and speed and power held constant with line
spacing varied. Each of the laser processed areas was 15x15 mm?.

Table 1: Laser parameters for the surface treatment of glass.

Power (W) 18 30 42 54 30 30 30 30 30 30

Processing Speed (mm/s) 480 | 480 | 480 | 480 60 | 120 | 240 | 480 | 720 | 960

Line Spacing (mm) N/A | N/A | N/A | N/A 04 | 04 | 04 | 04 | 04 | 04

Power (W) 18 30 42 54 30 30 30 30 30 30 30

Processing Speed (mm/s) 480 | 480 | 480 | 480 | 480 | 480 | 480 | 480 | 480 | 480 | 480

Line Spacing (mm) . 04 | 04 | 04| 04 005|021 |02 )| 04| 06 |08/ 1.0

Characterisation: Surface roughness was characterised using a STIL Micromeasure 2 white light
confocal chromatic imager (CCl). S,, the roughness parameter measured in this study, is the
arithmetic mean of the surface roughness and can be calculated using equation 1:

Sa = [ |Zxy)| dx dy (1)

The IR spectrum of the glass was taken using a Varian Scimitar 2000 spectrometer using an
Attenuated Total Reflectance (ATR) measurement type. The ATR crystal used was zinc selenide.
Gloss measurements were obtained at three angles (20°, 60° and 85°) using an Elcometer 480
glossmeter. Wettability measurements were obtained using a Dataphysics OCA20 contact angle
goniometer with deionised water as the test liquid. For each sample, 10 measurements were
performed and the mean contact angle taken.

Results and Discussion
Laser Surface Modification

In order for the CO; laser to be able to mark the surface of a material, it must be able to couple into
the target material. The Synrad CO; laser emits at wavelengths between 10.55 — 10.68 um, and to
confirm whether or not the laser is suitable for processing the doped glass it was possible to
measure the IR spectrum of the material (see Figure 1). Figure 1 shows the doped glass allowed only
a very small amount of light to pass through at the laser’s emission range. This is indicative of a
significant portion of the light interacting with the surface (either through absorption or reflection),



which is suggestive that the laser coupled well into the glass. For an infra-red laser such as the CO;
laser used in this work, the laser would have activated the vibrational modes of the glass molecules
heating the sample sufficiently to induce a localised melt.
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Figure 1: ATR-IR spectrum of the doped-glass showing low transmissivity of light at the wavelength
typical of a CO; laser (area within black box). Inset graph: The same spectrum plotting transmission
against the more conventional unit of wavenumbers.

Optical microscopy of the laser scribes can be found in Figure 2. For fill-processed samples the
increase in laser-power increased the definition of the visible melt to the surface. In some cases
there is some light visible cracking (1b, 2b, 2c, 3a, 4b, 4c). The cracking varies in length and width,
although always appears to be < 10 um in width, however this is inconsistent from sample to
sample suggesting that it may be down to the unique composition of the particular section of glass
rather than the laser parameters. Another phenomenon that may have been occurring at higher
powers is remelting of cracks in the surface due to overlapping of the rastored lines. Increasing the
power of the line-processed slides increases the depth of the scribe, again at higher powers cracking
is visible on some of the samples. Varying the processing speed affects the scribe width. The slower
the speed the more width to the scribe. This will be due to the longer dwell time per-spot of the
laser. Increasing the spacing of the lines has limited effect on the individual scribe. However at low
scribe spacing the surface takes on an appearance more resembling that of the fill-processed
samples. This is due to the spacing being of a level similar to that of the beam width (~95 um).
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Figure 2: Optical micrographs at 100x magnification of a selection of the laser-treated glass. Samples
1a-c have been fill (rastor) processed at 10, 50 and 90% power. Samples 2a-c are equivalent in power
to row 1 but line (vector) processed. Samples 3a-c have varying processing speeds of 60, 240 and
720 mm/s. Row 4a-c are processed with varying line-widths of 0.1, 06 and 1 mm. The scale bar
indicates 100 um. All samples 3 (a-c) and 4 (a-c) are line processed.

Optical Profilometry

By using a CCl to optically measure the surfaces of the laser-processed glass it was possible to
calculate the surface roughness (S.). Figure 3 shows a selection of the surface profiles. The surface
profiles confirm the trends to those observed with the optical microscopy such as wider scribes with
reduced processing speed. In addition to this, Figure 3 confirms the periodicity of the pattern
induced by the CO; laser.

The calculated surface roughness values for each processing sequence are included in Figure 4. For
fill-processed samples, there is a linear increase (R? fit of 0.94) with surface roughness increasing
with laser power. This can be explained by the increased power of the laser resulting in increased
ablation and re-melting of the glass surface. For line-processed films there is a similar trend for



lower powers however the overall fit is an exponential curve (R? fit of 0.92) due to a drastic increase
in surface roughness at higher powers (although the S, for all the line processed samples is slightly
higher than the fill processed equivalent). The general roughness increase could be due to the
appearance of a heat affected zone (HAZ) between scribe lines, something that will be effectively be
absent from the fill processed samples due to the reprocessing of the HAZ by the next pass of the
beam. At higher powers the laser appears to have caused pitting, something that may be absent
from the fill processing due to remelting effects. Slow processing speeds triggered high roughness;
again this is likely down to the dwell time of the laser on the substrate causing greater melting and
re-solidification. Once the processing speed crosses a threshold there was no real change in the
surface roughness. There was also no trend in the change of S, with the line spacing samples.
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Figure 3: Surface topography of selected laser processed samples taken using CCl. The samples are:
a) unprocessed glass, b) 42 W power fill-processed, c) 42 W power line-processed 480 mm/s



processing speed, d) 120 mm/s processing speed, e) 0.2 mm line spacing, and f) 1mm line spacing.
Each sample is a 2x2 mm? area.
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Figure 4: Graphs of surface roughness values (S.) against laser processing parameters as calculated
from 3D CCl scans (optical profilometry). Graph a) fill processing, b) line processing, c) processing
speed, d) line spacing. For reference the S, of untreated glass was 20.8 nm.

Gloss

As mentioned, the gloss measurement is highly dependent on the topography of the surface [23]. As
such, the introduction of line-processing showed no trends in relation to either processing speed,
line spacing or surface roughness. This is presumably due to the periodic surface structure creating
more diffuse scattering of light. On the fill-processed samples, at low-mid angles (angles relative to
the perpendicular of the surface) the level of specular reflection decreased linearly as the surface
roughness increases (as shown in Figure 4a roughness increases linearly for fill processed samples).
This is likely due to an increase in roughness corresponding to an increase in diffuse reflection of
light and relates to the pitting observed at higher laser powers. At the highest measured angle, there



was no trend even on these samples. Again this was likely due to even small surface features
dominating over specular reflection, this is shown in Figure 5a. Further analysis using transmission
spectroscopy would provide more information on the type and amount of reflection occurring.

Wettability

Many glass surfaces are exposed to water, so the ability to modify the relative hydrophilicity or
hydrophobicity of glass surfaces is of great importance. On each of the samples the contact angle of
water drops were measured on the CO; laser processed glass. The CO; laser processing of the
surface (Figure 5b) resulted in an initial decrease in the contact angle of the water from its initial
value of 85.9° to a low of 21.8°. With an initial contact angle of 85.9° the glass surface can be
classified as slightly hydrophilic, thus the CO; laser processing is increasing the hydrophilicity of the
surface. This CO; laser-processing induced an initial decrease stabilising between 20 and 30 W of
laser power before the contact angle began to increase again (albeit staying below the initial value).
This demonstrates that CO; laser processing at comparatively low powers can cause a significant
increase in the adhesion properties of this type of glass (a decrease in contact angle of up to 64.1°).
Line processing demonstrated a similar effect to that seen with the fill processed samples. The laser
processed lines, when compared with the fill processed samples, gave rise to greater adhesion
properties at low laser powers and reduced contact angle recovery at higher powers. The processing
speed and spacing of lines showed no consistent influence on the measured contact angle. This is
likely due to variations in the surface properties arising from the laser-material interaction between
the laser and the non-uniform, non-homogenous iron/cobalt co-doped boroaluminosilicate glass
samples.
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Figure 5: a) A plot of gloss against surface roughness for the fill processed samples. b) A plot of
contact angle (for water) against laser power for area and line processed samples (INSET: A water
droplet on the doped glass). The contact angle for the unprocessed glass was measured at 85.9°.

Conclusions

The surface of co-doped glass has been successfully modified by high speed CO; laser processing. By
controlling the power of the laser the surface roughness can be tuned and the introduction of line



processing shows generally increased surface roughness up to a maximum achieved S, value of 7.8
um. Attempts to tune the parameters of the line-processed samples, by varying processing speed
and line spacing, showed no consistent change in the roughness of the surface. Useful surface
properties such as the gloss and wettability (relative to water) have also been measured. The
wettability was found to vary with laser power, with only a relatively low laser power being sufficient
to decrease the contact angle (i.e. increase the wettability). Line processing showed a similar, albeit
slightly reduced effect. The laser processing reduced the gloss of the sample at all three angles of
reflection measured, with a linear decrease (in proportion to surface roughness) at low-mid angles.
At the greatest angle, there was no consistent trend in gloss values suggesting that at low angles any
surface features present are sufficient to limit the specular reflection. Line processing showed no
consistent trend in the gloss, again suggesting the greater significance of the effect of surface
features over general surface roughness. Further work improving on the results of this preliminary
study is needed to better understand the relationship between the laser processing and the
gloss/wettability of the glass.
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