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Abstract: The laser cleaning process has the potential to become an alternative to the existing
chemical-based cleaning process if integrated with an effective in-process monitoring system that
could serve as a control mechanism over surface damages or contaminants through which the
desired surface cleanliness could be achieved. This paper presents results of an investigation into
the characteristics and viability of utilizing probe beam reflection (PBR) and laser plume-emission
spectroscopy (PES) as respective integrated monitoring systems during and after cleaning of titanium
alloy sheets using a frequency-tripled Nd:YAG laser. The results present the probe beam reflection as
a better system with the ability to differentiate between cleaned and un-cleaned surfaces for both
small and large surface areas.
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1. Introduction

Laser processing has become popular within the engineering industry for a variety of
applications such as cutting, machining, surface structuring, and surface cleaning [1-5].
For surface cleaning, which is the application of interest in this paper, it can be carried out
using several methods that include the conventional chemical-based cleaning method, for
which laser cleaning has been identified as a feasible alternative [6,7] owing to observations
so far made in a number applications such as cultural heritage restoration [8], tooling [9,10],
and other applications in the semiconductor industry [6] where laser cleaning has been
practically implemented.

Depending on the application at hand, various mechanisms are proposed in laser
cleaning. For instance, lasers with long pulse widths (micro to millisecond) and low irradi-
ations (103-10° W/cm?) are used [11] when the boiling temperatures of the contaminants
and substrates are found to be substantially different. Additionally, most industrial laser
cleaning is performed using short pulse lasers (nanosecond) with an intensity range of
107-10'° W/cm?. The use of low-intensity short-pulse lasers operating at ultraviolet wave-
lengths has been considered as the most suitable for laser cleaning applications [12,13],
especially in high-value manufacturing where it has proved to provide the most reliable
and acceptable results. For short-width lasers (~10 ns), the viscoelastic forces generated
due to the rapid heating and cooling cycles result in the formation of shock waves, which
allow contaminants to be removed without causing damage to the underlying surface.
Furthermore, the absorption of ultraviolet laser photons by the contaminants can result in
direct photochemical effects that could lead to the photodecomposition of organic contami-
nants. However, considering their flexibility in relation to their operational consistency
and cost, frequency-tripled Nd:YAG lasers, operating at a wavelength of 355 nm, have the
potential for applications in industrial environments, though laser cleaning systems to be
used in industrial applications are required to operate without substrate damages such as
ablation, melting, and oxide layer formation, which are undesirable.
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In that respect, to enhance the efficiency and wider acceptability of the laser cleaning
process, integrating it with an in-process monitoring system has been considered as a
potential solution since such a system can provide an indication of surface condition
relevant to the cleaning quality of the surface as well as ensuring precision control over
the laser irradiation process to avoid surface damages while ensuring sufficient removal
of contaminants. As a buttress to the advantage of such systems, Whitehead et al. [12],
through the use of a stationary laser beam, reported an online monitoring system for
detecting oxide formation in the laser cleaning process without any added contaminants.

This paper therefore summarizes the results of an investigation on the characteristics
of using a probe beam reflection (PBR) system and laser plume emission spectroscopy
(PES) to respectively monitor the cleaning quality of surfaces during a frequency-tripled
Nd:YAG laser cleaning of titanium alloy.

2. Experimental Layout and Procedure

Shown in Figure 1 is a schematic layout of the apparatus used in the conduct of the
laser cleaning experiment. The substrate material used as samples for the in-process mon-
itoring investigation was titanium alloy (Ti6Al4V) with dimensions of 50 x 50 x 1 mm?.
Some of the samples were contaminated with industrial machining coolant to study the
effect of the contaminant on laser cleaning performance. The application procedure of the
contaminant and its thickness were carefully controlled in all the samples in accordance
with laid-down industrial procedures. The laser source used for the experiment was a
frequency-tripled Litron Nd:YAG lamp-pumped laser with a wavelength of 355 nm, pulse
duration of 8 ns, and maximum pulse frequency of 10 Hz. The laser beam was incident
on an opening of 10 mm?, situated on a 1-mm thick object mask of a stainless-steel sheet,
and then passed through a focusing lens of 200 mm focal length. The mask enabled the
selection of a laser beam of uniform intensity from the frequency-tripled Nd:YAG laser.
Careful control of the mask-to-lens and lens-to-target distance ensured the required laser
spot size over the target surface. Four fluence levels of 0.4]/cm?,0.55]/cm?,0.7 ] /ecm?, and
0.85 J/cm? were respectively considered in this study in order to understand the influence
of laser fluence on the cleaning and monitoring characteristics.
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Figure 1. Schematic of the experimental layout of the Nd:YAG laser cleaning system.

With respect to the integration of an in-process monitoring system to the laser clean-
ing system, schematic layouts of the experimental arrangement for the PBR and PES as
integrated into the laser cleaning system are shown in Figure 2a,b, respectively.

In Figure 2a the experiment for the PBR is shown to have involved the use of a diode
laser (Thorlabs CPS635R) with a 635 nm wavelength and 2.9 mm unfocused beam diameter
as a light source. The diode laser beam was focused with a spherical lens at approximately
45° to the surface of the workpiece within the imaged frequency-tripled Nd:YAG laser spot.
The beam diameter of the diode laser over the surface was controlled at 0.25 mm. Since the
laser beam was wide enough (minimum 1 mm?), the diode laser beam was imaged at the
laser spot’s centre. The light reflected from the surface of the workpiece was focused using
another lens into a Thorlabs PDA10A2 photodiode to increase the light intensity on the
sensor surface. The output response of the photodiode was then measured using a digital
oscilloscope (Picoscope 5244D) as a means of monitoring the laser cleaning process.

The experimental arrangement in Figure 2b for the PES system is shown to have an
Ocean Optics Maya2000 spectrometer as a replacement of the probe beam and photodiode



Coatings 2021, 11, 886

30f9

in the PBR system. The elemental spectra were obtained using a fused silica lens of 100 mm
focal length, which imaged the scattered emission at 45° onto an optical fiber that was
coupled to the spectrometer. An optical filter of < 400 nm cut-off was placed in front of the
fibre to eliminate the frequency-tripled Nd:YAG radiation from the sensor.
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Figure 2. Schematic illustration of the online monitoring arrangements, (a) For the probe beam
reflection (PBR), (b) For the laser plume emission spectroscopy.

3. Results and Discussion

The scanning electron microscopic images of the titanium sample before and after
laser cleaning are shown in Figure 3, where no change in substrate surface morphology was
observed after the laser cleaning process. This implies the frequency-tripled Nd:YAG laser
can successfully remove hydrocarbon-based surface contaminants, without inducing any
changes or damage to the substrate. The laser cleaning mechanism observed in Figure 3
is based on selective vaporization that is attributed to the low ablation threshold of the
contaminants for a wavelength of 355 nm [7]. An observation worth mentioning at this
point is that the contaminants over the substrate cannot be fully removed for laser fluence
less than 0.4 J/cm?, while at the same time the substrate starts to get damaged by melting
and ablation for laser fluence beyond 0.85 ] /cm?.

(b)

Figure 3. Scanning electron microscopic images showing the sample surface condition (Ra of
~450 nm) (laser cleaning performed with a frequency-tripled Nd:YAG laser operating at a wavelength
of 355 nm, beam size of 1 mm?, fluence of 0.55 J/cm?, number of pulse/position of 30 and frequency
of 10 Hz), (a) Before cleaning, (b) After cleaning.

3.1. Probe Beam Reflection

The PBR method monitors the intensity of the light source reflected from the substrate
surface as an evaluation of the laser cleaning process. The variation in the intensity of the
reflected light source during laser cleaning is calibrated and through which the process
is monitored and controlled. Being based on measuring the reflectivity of the sample at a
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particular wavelength, the PBR method was carried out such that before the experiment the
reflectivity of the laser-cleaned, uncleaned, and overcleaned samples were experimentally
evaluated using a UV spectrophotometer and the results are shown in Figure 4.
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Figure 4. Reflectivity spectrum of a typical workpiece used for laser cleaning.

At a wavelength of 635 nm, which corresponds to the wavelength of the diode laser to
be used for monitoring, the figure shows the reflectivity of the laser-cleaned, uncleaned,
and overcleaned samples to be 49%, 28%, and 44%, respectively. The least value of reflected
intensity observed for the overcleaned sample is possibly due to surface oxidation [12]
of titanium alloy samples processed with a large number of pulses. Since there was a
discerning difference in reflectivity of cleaned, uncleaned, and overcleaned samples, the
monitoring process was expected to be feasible using a 635 nm diode laser for the PBR
method.

As already shown in Figure 3, the cleaned surface was free of any hydrocarbon-
based contaminants, indicating an exhibit of higher reflectivity compared to the uncleaned
surface. Additionally, having shown in Figure 3 the similar surface morphologies from
both the laser cleaned and uncleaned surfaces, with surface roughness (R,) vales being
approximately 450 nm, any change in the reflected signal before and after laser cleaning
will be predominately associated with the cleaning process. This ensured the monitoring
of the variation in intensity of the reflected beam from the surface as recorded by PBR
and its corresponding signal for each pulse within the laser cleaning process using an
oscilloscope for various laser fluence levels and number of pulses. The results for the
change in reflectivity intensity with an increase in the number of pulses for various laser
fluences are presented in Figure 5, where in each case a sharp increase in the reflected
intensity was observed for the first few numbers of pulses. This observation is considered
as an effect related to the removal of contaminants from the surface of the titanium alloy [14].
Further shown in Figure 5 is that for all laser fluence levels, after an initial increment in
intensity, the reflected intensity remained constant with an increase in number of pulses
for the next 70 to 100 pulses before it started to decrease again. This subsequent decrease
in reflected intensity could be attributed to oxide formation at a higher number of laser
pulses. A deduction that could therefore be made from this is that there was no oxide
formation within the first 50 pulses, but rather the increase in the reflected PBR signal
strength noted during those pulses could predominantly be due to the effective removal
of the hydrocarbon-based contaminants that are typically found in uncleaned surfaces, as
shown in Figure 4.

Further experimentation on PBR was carried out using a moving beam as an explo-
ration to the implementation of the monitoring system in laser cleaning of large areas. The
diode laser beam and the frequency-tripled Nd:YAG laser beam were set stationary while
the workpiece was moving. To establish the effect of laser cleaning performance on the
PBR intensity, recording of the intensity was carried out at three instances along the same
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linear laser cleaning track, i.e., before cleaning, during cleaning, and after cleaning. A
comparison of the reflected intensities at the three respective instances stands to provide
an indication of the effectiveness of the PBR system as an online monitoring technique in
the frequency-tripled Nd:YAG laser cleaning process.
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Figure 5. Effect of laser fluence on change in reflectivity of PBR with an increase in number of pulses
for a stationary laser beam (beam size = 1 mm?, frequency = 10 Hz, monitoring laser wavelength =
635 nm).

Details of the reflected intensity of the PBR system as recorded along the same line
before, during, and after laser cleaning for a laser fluence of 0.55 J/ cm? and 20 pulses
per position are presented in Figure 6, where a distinct difference in reflectivity of the
workpiece before and after laser cleaning can be observed. This is an indication of the
quality of cleaning of the substrate after the laser cleaning process. The figure also indicates
that during laser cleaning the reflectivity increases sharply as the laser beam starts to clean
the workpiece surface and maintain its level as the cleaning progresses.

The next stage of the experiments on the PBR technique was to establish its effec-
tiveness in monitoring the laser cleaning of a large area. In addition to the as-received
contaminated samples, samples with added contamination of industrial machining coolant
were also used to evaluate the performance of Nd:YAG laser cleaning and the PBR tech-
nique. Here, the reflected intensity of the diode laser was measured twice along the
middle of the laser-cleaned area, i.e., once before cleaning and once after cleaning, with the
monitoring diode laser beam scanned over the surface at a speed of 1 mm/s.

Figure 7a—c depicts the measured reflected intensity of the diode laser in monitoring
the laser cleaning of a large area with a moving workpiece. While Figure 7a presents
the variation of the measured intensity over an area without any added contaminants
before and after laser cleaning for a laser fluence of 0.55 J/cm?, Figure 7b presents a similar
variation for an area with added contaminants, before and after laser cleaning, for the same
value of laser fluence. In Figure 7c, the variation of the measured intensity over an area
with added contaminants before and after laser cleaning and for varying laser fluence is
shown. In all cases and irrespective of the laser fluence, a distinct difference was observed
in the reflected intensity measured before and after laser cleaning, with the laser-cleaned
region in all cases showing higher reflected intensity than the uncleaned region. This
observation is a portrayal of the effectiveness of the frequency-tripled Nd:YAG laser in
cleaning the titanium alloy surface. It is also worthy to note from Figure 7c the increase
in laser fluence, which has been observed to cause a marginal increase in the measured
intensity of the reflected beam.
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Figure 6. Effects of laser cleaning on PBR intensity along a linear track (beam size = 1 mm?, fluence =
0.55 J/cm?, No. of pulse/position = 20, frequency = 10 Hz, monitoring laser wavelength = 635 nm).
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Figure 7. Effects of laser cleaning on PBR intensity over an area. (a) Without any added contaminants (beam size = 1 mm?,
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3.2. Plume Emission Spectroscopy

During the laser—material interaction, the contaminates over the substate are ionized,
resulting in a plasma plume over the surface. The plasma plume gives rise to light emissions
(at various wavelengths), which can extend up to a few millimeters from the surface of
the workpiece. The multiwavelength light that is emitted from the plasma plume contains
information related to the atomic species that has been ionized, and the spectra thus
produced during the laser cleaning process [15,16] can be used to identify the material
(corresponding to the wavelengths) removed by the laser. Shown in Figure 8a is a classical
PES induced by laser irradiation of titanium alloys for a stationary laser beam operated
without any added contaminants, while Figure 8b presents similar details but for a linearly
moving laser beam. In both figures, the presence of titanium and oxygen emission lines is
found, as discussed in the literature [17]. and with a few peaks of aluminum and vanadium
also observed.
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Figure 8. Emission spectra of titanium alloys for various laser fluences (a) Stationary beam (after 200
pulses, beam size = 1 mm?), (b) Moving beam (fluence = 0.85J/ cm?, beam size 1 mm?, lens focal
length = 200 mm).
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Further observed from Figure 8a for the stationary laser beam is that a significant
proportion of the noticeable peaks with the most intense emissions occurred in a spectral
range of 498 to 502 nm and are of a titanium-neutral signature. Emission signature lines of
529.1,547.7, 548.7, 551.1, and 625.9 nm were also found to have been included for oxygen,
but these were concealed by the titanium emissions within the spectrum because of their
relatively low intensities. Furthermore, the required number of pulses for these spectra
seemed to have increased as the laser fluence decreased; for any fluence less than 0.7 J/ cm?
the emission during laser irradiation was found to be so weak that no useful information
could be derived from the spectrometer. This is mainly due to the lack of vapor plume
or plasma generation at low beam intensities below the ablation threshold for the Ti alloy
studied.

In addition to the presentation in Figure 8b of the emission spectra for the linearly
moving laser beam, it is also worthy to note for this beam the spectrometer failed to
provide any valid spectrum for a fluence less than 0.85 ] /cm?. The emission spectroscopy
is able to provide spectra only for high fluence (just above the ablation threshold of the
substrate) and high number of pulses per spot, hence its failure to provide valid spectra
within the operating range of the laser cleaning process (less than the ablation threshold of
the substrate), which could be an indication of substrate damage. However, a potential
solution for direct monitoring of contamination level would be the use of photomultiplier
tubes to detect the PES signals when operating at a lower fluence level. While PES has been
used by previous researchers [16-18] for monitoring laser cleaning and coating removal
processes, the technique is found in this study to have failed to give any valid spectrum
within the laser cleaning operating range of titanium alloys. It must therefore be noted at
this point that significant emission spectra, as shown in Figure 8a,b can be observed only
when a substantial material (either substrate or contaminants) is ablated and ionized to
produce light emission.

Observed in Figure 8a,b is that no specific wavelength peaks are associated with the
hydrocarbon-based contaminants. This observation could be attributed to the magnitude
of the contaminants observed over the substrate prior to the laser cleaning process, as
presented in Figure 3, and found to be in line with observations in previous work [16-18] in
which laser-induced breakdown spectroscopy was used for laser cleaning application with
a significant volume of contaminants. Therefore, in the case of laser cleaning with minimal
contaminant removal only and no substrate damage, the PES signal is not strong enough
to differentiate the materials removed. This implies, the PES signal can be used as an
initial technique to estimate the wavelength of the highest emission related to the substrate
ablation (in this case 498 to 502 nm), which can then be used as a reference wavelength
for monitoring the laser cleaning process along with other techniques like narrow-band
photodiode-based monitoring.

4. Conclusions

The feasibility of using PBR and PES as online monitoring techniques for UV Nd:YAG
laser cleaning of titanium alloys over a large area has been shown in principle, indicating
the possibility of implementation in an industrial monitoring and process control system.
The laser cleaning process monitoring with PBR showed an increased measured intensity
of the reflected beam for a cleaned surface than an uncleaned or partially cleaned surface.
Although PBR showed better performance in monitoring the laser cleaning process, a
database of signal intensity is needed for various contaminants and fluences to improve
the robustness of the sensing signal. On the contrary, the PES showed a weak signal
within the operating range of the optimal laser cleaning parameters and therefore requires
further study using a larger beam size and a high gain spectrometer. Monitoring of the
emission spectra obtained from the PES can be used to avoid overcleaning or damage of
the laser-cleaned substrate.
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