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Abstract

We demonstrate the use of optical coherence tomography (OCT) as a non-destructive diagnostic
tool for evaluating laser-processing performance by imaging the features of a pit and a rim. A pit
formed on a material at different laser-processing conditions is imaged using both a conventional
scanning electron microscope (SEM) and OCT. Then using corresponding images, the geometrical
characteristics of the pit are analyzed and compared. From the results, we could verify the
feasibility and the potential of the application of OCT to the monitoring of the laser-processing
performance.
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1. Introduction

The development of ultra-short pulse lasers has increased the fundamental understanding of
interaction behaviors between a laser beam and a material, and the advance of a high-power
laser technology has facilitated technical developments in laser-based material processing.
With the development of high-powered and short-pulsed lasers, conventional material
processing typically done using mechanical tools has instead been performed by
commercial-grade lasers such as CO, and Nd:YAG lasers, providing advantages of cost-
effectiveness, high precision and non-contact processing [1,2].

Though the laser-based material processing has the potential to present a high degree of
freedom in the control of fabrication processes, unwanted sample deformations commonly
occur during various laser processing such as engraving, marking, cutting, bending, and
welding due to the improper usage of laser irradiation conditions. To prevent quality
degradation of the laser processing, many researchers have focused on the development of
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diagnostic techniques by employing optical, acoustic, thermal, and computational methods.
For instance, an acoustic wave may be used as a means of detecting the condition of a weld
in a workpiece [3]; the acoustic wave originates from the shockwave created when a plume
is rapidly expanded during the welding process. A pyrometer, an infrared radiation sensor, is
used to monitor surface temperature variation in laser brazing [4]. In addition, laser-induced
ultrasonic waves show great potential for use in the examination of welding conditions [5];
the application of a voltage or a current Hall effect transducer is also available for
monitoring welding conditions [6]. Other, more commonly exploited monitoring methods
include optical and visible approaches.

Optical inspection methods for laser processing have generally utilized a photodiode or
photodiode array with light sources ranging from UV to IR [7]. In many cases, the plasma
caused by a highly focused laser beam is measured using optical inspection methods, and the
information of sputter and bead shape could be obtained from this measurement [8]. The
spectral response to a different colored light source, which is dependent on the welding
condition, has been measured and analyzed to determine the correlation between a
processing mechanism and an optical signal variation. In addition, spectrally analyzed
information obtained using laser spectroscopy [9,10] such as laser-induced breakdown
spectroscopy and laser-induced fluorescence spectroscopy has been used to monitor the
quality of a laser-based cleaning processing.

Compared with the above approaches, visual methods utilizing a CMOS or CCD camera can
acquire more comprehensive information regarding surface deformations [11]. Although
direct observations using an optical microscope or other visual methods can be used to view
a three-dimensional profile of a laser-processing region, it is difficult to analyze the two-
dimensional cross-sectional or three-dimensional structural information of deeply engraved
samples because of limitations in observable depth. Though the prior methods could be
applied to investigate laser processing, a more precise evaluation of laser-based processing
performance is required before a cross-sectional view of physically bisected workpiece can
be observed; to this end an optical microscope or a scanning electron microscope (SEM) is
suggested [12]. However, a physically bisected workpiece would probably reveal distorted
results based on the fact that it is likely that the workpiece would be damaged or spoiled
during the cutting process. Another disadvantage is that this method could not be applied to
the real-time monitoring of the laser-based processing and could require a time-consuming
preparation process.

As a promising optical imaging modality, optical coherence tomography (OCT) has the
potential to provide a high-resolution non-destructive cross-sectional image by using a
white-light interferometry scheme [13-15]. The use of a white-light or broadband source
provides a high axial spatial resolution of up to submicrons, achieved by coherence gating.
The exploitation of interference effects makes it possible have a measurement range of up to
several millimeters along the depth of a sample. Using an optical scanner over the sample,
OCT could reconstruct the cross-sectional image of the sample without any incision. When
the detailed tomography of a sample is obtained, OCT does not require any physical contact
or destruction of the sample. Until now, most interest in OCT research has been focused on
the in vivo imaging of biomedical samples of retinas [16], skin [17], and blood vessels [18].

Opt Laser Technol. Author manuscript; available in PMC 2014 June 11.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kim et al.

Page 3

In spite of fewer applications in material characterization, as compared with OCT use in
biomedical fields, the application of OCT for the non-destructive imaging and examination
of non-biomedical samples has continuously increased due to inherent advantages of OCT;
the ability to view the resolvable anatomy of biological tissues at a micron-scale.

In many cases, the primary task of an OCT application is the imaging of structural
information. For instance, results pertaining to the detection or examination of the
subsurface cracks in the material of ceramics have been reported [19]. The imaging of the
internal microstructures of polymer matrix [20], injection-molded plastic parts [21], and
paper [22] has also been demonstrated. Besides conventional cross-sectional imaging, the
functional imaging of a strain-mapping required for the stress analysis has also been
presented using polarization-sensitive OCT [23].

In this paper, we present our results related to the use of OCT to monitor the performance of
the laser processing of an acrylonitrile butadiene styrene (ABS) plastic. ABS plastic is
currently widely used in humerous applications, but due to its high thermal sensitivity, the
performance of laser processing on an ABS plastic sample can be significantly degraded
when improper irradiation conditions are applied. For these reasons, the monitoring of the
performance of laser processing is required as part of the investigation into how to optimize
processing conditions.

In the investigation of performance variation in a sample, an ABS plastic having high
sensitivity to laser operational conditions is selected as the most appropriate material.
Initially, the ABS plastic sample used in the experiment has a plane surface with high
reflectivity. Though various plastics have been imaged using an OCT system, it is rare to
find OCT images of laser-processed plastics that were used for an evaluation of laser-
processing performance. Previously, the cross-sectional images of the surface deformation
formed on an glass and ABS plastic samples by laser processing were reported [24,25].
Also, microscopic images of pits and rims on an ABS plastic created by a Q-switched
Nd:YAG laser were compared with the corresponding OCT images, which were found to be
well matched [25].

However, more detailed analysis of the laser processing on materials such as a change in
geometrical shape, an increase in depth, and rim formation of a pit due to laser-processing
conditions have not yet been performed. To appreciate the difference in the laser-processing
performance for different processing conditions, we performed OCT imaging on a number
of samples while changing operational parameters such as pulse energy and the repetition
rate of a Q-switched Nd:YAG pulse laser; this laser is commonly used for laser processing
in industrial and clinical fields [26]. By reconstructing a series of two-dimensional
tomographies, we generated three-dimensional images of deformed samples on ABS
samples deformed during laser processing. Through the presentation of these three-
dimensional images, we could investigate the dependence of the laser processing on
operational parameters such as single pulse energy, repetition rates, and number of pulses,
factors that were used to explain why the laser-processing performance of identical materials
may vary. Then, we compared the OCT images to SEM images.
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Although in previous studies, two-dimensional images obtained with a time-domain OCT
system are presented, in this paper we present three-dimensional image to enhance the
availability of information integrated from the two-dimensional OCT images. And although
a quantitative analysis is not dealt with in the paper, more plentiful information for
evaluating laser-processing performance can be analyzed. Finally, contrary to other papers
[22,25], this paper employs laser processing using a pulse laser, which displays a
significantly smaller pit and rim size.

2. Experiment and results

Fig. 1 shows the schematic diagram of a laser-processing system. In laser-based material
processing, we used a Q-switched Nd:YAG pulse laser operating at 1064 nm with an 8 ns
pulse width, which is defined as the full width at half maximum (FWHM) of a temporal
pulse shape.

During experiment, the pulse energy and repetition rate of the laser were discretely varied
from 200 to 325mJ and 1 to 20Hz, respectively. The number of pulses is ranged from 1 to
40. A high power laser beam was focused on an ABS plastic sample, which was made of an
ABS resin (LG AF-302) and is very popular as a data storage material, through the lens
having 100mm focal length. The laser beam was then irradiated on a small spot size of 100
pum in diameter. The spot size was measured by the knife-edge method, a conventional
method for measuring spot size. It was found that the surface morphology changed as the pit
evolved; the evolution of the pit depends on the irradiation conditions, as is imaged by a
conventional SEM and an OCT system. When the SEM images were compared with the
OCT images, they showed good agreement with each other, which validates the potential of
OCT imaging as an alternative inspection tool. In this experiment, we applied different
operational parameters while keeping the total irradiation energy constant to investigate the
laser-processing dependence on operating conditions.

A schematic of the OCT system used in this experiment is illustrated in Fig. 2 [27]. As can
be seen in the figures, the laser beam from a broadband source is coupled into a 2 x 2 fiber
coupler and split into a sample and a reference arm, where the ABS plastic and a nearly
perfect reflector or metal-coated mirror are placed in the sample and the reference arm,
respectively. As a broadband source, a broadband super-luminescent diode laser having an
output power of 10mW at a central wavelength of 1310 nm with a bandwidth of 95nm was
used; which corresponds to 8 um in axial resolution. A visible aiming beam (633 nm) was
used to locate the exact imaging position on the ABS plastic sample. The reflected beam
from the two arms of the interferometer was recombined in the fiber coupler and made an
interference signal dependent on an optical pathlength difference between the two arms, and
this signal was then directed to a spectrometer. The dispersed spectrum was sampled by the
spectrometer with a 1 x 1024 InGaAs detector array at 7.7 kHz. Here, the spectral range of
the array was 130 nm, which corresponds to a spectral resolution of 0.13nm and an imaging
depth of 3.4mm in air.

In the sample arm, the collimated beam from a fiber type collimator was focused on the
ABS plastic through the objective lens. In order to reconstruct a three-dimensional image by
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using a series of two-dimensional images, additional scanning on the sample was performed
by a two-axis scanner. A probing beam with a 15 um spot size at the focal point was then
focused on our sample. The position of the visible beam could be adjusted to accurately
place the point of the probing beam. In this way, the OCT system was used to provide real-
time cross-sectional imaging of the sample, and the volumetric image could be presented
within a few seconds, though the processing time required changed depending on the size of
an image to be obtained.

Fig. 3 shows the top-view SEM images of a series of pits formed on the ABS plastic through
the variation of laser irradiation conditions; the total irradiation energy used was 100, 2000,
and 4000 mJ, respectively. When deformation of the surface of the ABS plastic started at the
lowest irradiation energy, no significant pit or rim formation was observed, as shown in Fig.
3(a). For a single pulse, the surface of the crater is very rough, with the diameter is less than
500 pm. As the irradiation energy was increased to 200 mJ, the radius and the depth of the
pit correspondingly increased, as shown in Fig. 3(b). For 20 pulses, it can be seen that the
crater diameter is larger than 500 um and the surface shows polymer clumping. Finally, at
irradiation energy of 4000 mJ, the overall shape of the pit is totally different from the results
obtained for 2000 mJ. For 40 pulses, the crater diameter is larger than 1mm and elliptical
deformation is apparent. The surface roughness seen in Fig. 3(c) is smoother than that seen
in Fig. 3(b) as the melting effect due to the energy accumulation is the dominant factor in pit
formation. During irradiation, the maximum measured surface temperature of the ABS
plastic was less than 2000 K. Thus, the plasma formation was not expected at the focal point
or above the surface of the ABS plastic. Due to the slow heat diffusion of the ABS plastic,
the accumulation of heat at the focal point seemed to depend on the number of pulses, which
was thus responsible for a smoother surface at 40 pulses. The competition between heat
diffusion and the repetition rate ultimately decided the smoothness of the crater. These
results reveal that the surface deformation of ABS plastic is strongly dependent on the total
irradiation energy during laser processing. We also believe that the different laser irradiation
conditions at the same total energy incur different crater shapes.

Figs. 4 and 5 present the OCT imaging results from the top view, the cross-sectional view
and three-dimensional view of the pit. Fig. 4 shows OCT images obtained from the ABS
plastic shown in Fig. 3(b). It can be seen that the top-view image of the pit in Fig. 4(b) is
well matched with its corresponding SEM image. The three-dimensional image in Fig. 4(c),
reconstructed by a series of cross-sectional images, clearly presents the morphology of the
rim around the pit. Thus, it was possible to examine the shape and the depth of the pit
formed during the laser processing using the OCT system, without incurring any damage to
the sample. Fig. 4(d) demonstrates that it is indeed feasible to use OCT as a non-destructive
monitoring tool.

From Fig. 5, we can understand that the differences in pit growth are dependent on the total
irradiation energy. The elliptical shape of the top surface of the pit in Fig. 5(a) and (b) are in
exact agreement with each other. This result is also well matched with the result provided in
Ref. [28], where it was shown that the direction of the major axis in the elliptic rim has a
tendency to align in the direction of ABS resin ejection. From repeated experiments with
changing the sample directions, we could verify that beam distortion is not a main cause of
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elliptical deformation. The ABS plastic sample was made by ejecting a melted resin through
a nozzle. As the hot resin cooled, stress along the ejection direction in the sample remained.
When the sample was irradiated by a laser pulse, this stress was released, as is evident by the
formation of an asymmetric shape [28]. The three-dimensional pit shape in Fig. 5(c) and the
cross-sectional view in Fig. 5(d) show that the depth and radius of the pit become deeper and
larger as the total irradiation energy increases during laser processing.

A series of OCT images in Fig. 6, obtained by optical scanning, are sequentially arranged
along the scanning direction. The volume image at the center of Fig. 6 is also made using
these two-dimensional tomograms. The sequential arrangement of the images allowed for
the fuller understanding of the overall shape of the pit, which shows symmetric deformation
and depth variation of the pit is very abrupt because the slope in the pit is very steep. In our
experiment, we changed the lateral scanning speeds to vary lateral resolution, and
determined that the lateral scanning resolution is sufficient for imaging the steep slope of the
crater. As in the cut view of the sample, we also observed the same slope of the crater.
Another interesting feature observed is that compared with the pit bottom in Fig. 6(6 and 8)
(designated with arrow) show that the center or the bottom of the pit is slightly lifted
because of the recoil pressure effect during laser processing.

OCT imaging could clearly visualize the detailed surface morphology of the pit, as shown in
Fig. 7. When compared with the SEM imaging results shown in Fig. 7(b), the OCT images
displayed very similar surface roughness. For a more detailed view, the SEM and OCT
images are magnified by five times. However, under this level of magnification, it became
very difficult to quantitatively compare the SEM image to the OCT image, as the resolution
of the OCT system is significantly lower than for SEM. However, the images obtained by
the OCT system can still illustrate the trend of change in the morphology of the crater
surface.

3. Conclusion

In this paper, we performed laser processing on an ABS plastic as the total irradiation
energy was varied. In the evaluation of the results of laser processing, we utilized a
conventional SEM imaging method and the optical imaging method OCT. During
experimentation, we focused our observation on the laser-processing results pertaining to the
features of pit and rim formation, as shown in the SEM images. Then, we confirmed that the
OCT images, obtained by optical sectioning without requiring the physical destruction of the
ABS plastic, presented good agreement with the SEM analysis results. It was found that at
higher total irradiation energy there was greater elliptical deformation of the rim, increased
pit depth, and surface roughness improvement, where the surface roughness was evaluated
not quantitatively but qualitatively. In this way, we compared and verified the trends shown
in both SEM and OCT images.

However, results of this study show that the lateral resolution of OCT is not sufficient for
imaging an object a couple of microns in size. This restriction of lateral resolution originates
from the diffraction limit of the optics used in OCT systems. For this reason, we focused not
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on the sophisticated calculation of micro-structural variation but on the macroscopic “real-
time monitoring” of pit formation without bisecting the samples.

From these results, we could confirm that the application of OCT to the monitoring of the
laser processing is very promising. We found that the performance of laser processing could
be evaluated without any physical sectioning or preprocessing techniques such as chamber
under vacuum and sample coating.

Three-dimensional images have the potential to provide all pit information, including
geometrical asymmetry, geometrical distortions, calculation of a pit volume, and analysis of
beam quality required for laser processing. We expect that real-time monitoring and
evaluation of the laser-processing performance can be possible with the integration of an
OCT system with a high-power pulse laser.
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Fig. 1.

Schematic of a Q-switched Nd:YAG pulse laser-processing system. The part surrounded
with dotted lines is the beam delivery system: EL shutter, electrically-controlled shutter;

broadband BS, wide spectral beam splitter; wavelength mirror, dielectric mirror designed
with high reflectivity at 1064 nm; focal lens, focusing lens.
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Fig. 2.
Schematic of the OCT system: DG, diffraction grating; FL, focal lens; LSC, line scan

camera; DAQ, data acquisition board.
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Fig. 3.

SEM images of laser-processed ABS plastic with different laser operational parameters: (a)
1 pulse at 1 Hz, (b) 20 pulses at 1 Hz, and (c) 40 pulses at 20 Hz. The energy for a single
pulse is fixed at 100 mJ.
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Fig. 4.
SEM and OCT images of laser-processed ABS plastic formed under the laser operational

condition of 20 pulses at 1Hz (2000 mJ). (a) The top-view SEM image, (b) the top-view
OCT image, (c) the reconstructed three-dimensional OCT image, and (d) the cross-sectional
OCT image at the center of the sample.
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Fig. 5.
SEM and OCT images of laser-processed ABS plastic formed under the laser operational

condition of 40 pulses at 20 Hz (4000 mJ). (a) The top-view SEM image, (b) the top-view
OCT image, (c) the reconstructed three-dimensional OCT image, and (d) the cross-sectional
OCT image at the center of the sample.
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Fig. 6.

Agseries of OCT images obtained by the scanning from the right (1) to the left (8) direction
across the ABS plastic under the laser operational condition of 40 pulses at 20 Hz (4000
mJ). The arrow shown in the center three-dimensional OCT image expresses the direction of
scanning from (1) to (8). An arrow in (8) indicates a portion of the pit that lifted up due to
recoil pressure during laser processing.
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Fig. 7.
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Comparison of SEM images with OCT images to show the detailed information of the

deformed surface morphology. (a) The top view and (b) the bottom view SEM images. The

OCT images of (c) the three-dimensional view of the pit and (d) the magnified view
presenting the detailed surface roughness of the pit. For pit creation, an ABS plastic was
used under the laser operational condition of 40 pulses at 20 Hz.
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