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Ultrafast laser processing is particularly well-suited for the processing of heterogeneous materials
due to its advantages such as a wide range of materials applicability and high machining quality.
However, the ablation depth has been difficult to control via the axial feed. In this situation, excessive
damage and non-uniform ablation will occur in laser processing. In-situ monitoring and control of the
machining process is one of the most promising methods to solve the problems. In this paper, we
report an innovative method for in-situ monitoring of the interface status and ablation depth in ultra-
fast laser drilling of heterogeneous materials using optical coherence tomography (OCT). Firstly, the
signal analysis and processing of the interference signal are developed for extracting the depth infor-
mation. And then the interface detection of the heterogeneous materials and the measurement of the
corresponding thickness before the drilling are demonstrated. Finally, the in-situ monitoring of the
ablation depth is achieved. This study demonstrates the feasibility of utilizing spectral-domain optical
coherence tomography (SD-OCT) for interface detection and in-situ monitoring of ablation depth in
ultrafast laser drilling. The findings underscore the potential of SD-OCT in optimizing and achieving

precise control of manufacturing processes.
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1. Introduction

Heterogeneous materials are composed of two or more
distinct materials or phases that are not uniformly distributed
throughout the structure. Examples include composite mate-
rials, multilayered materials, and alloys, which are com-
monly used in aerospace, automotive, electronics, and med-
ical devices [1, 2]. Due to its advantages such as wide range
of materials applicability and high machining quality, ultra-
fast laser processing is well suited for the processing of het-
erogencous materials [3, 4]. However, considering the prop-
agation properties of Gaussian beam, the ablation depth has
been difficult to control via the axial feed. In this situation,
excessive damage and non-uniform ablation will occur in la-
ser processing [5, 6], leading to the reduction of service life
or even scrap of the workpiece. To address these challenges,
in-situ monitoring and control of the machining process have
become critical strategies in laser processing research [7]. In
most studies, the in-situ monitoring of the machining pro-
cess is achieved via laser-induced optical or acoustic emis-
sion, such as photodiode-based monitoring, spectrometer-
based monitoring and acoustic-based monitoring [8, 9].
Yang et al presented an online spectrum monitoring system
to achieve the interface sensing in laser processing of multi-
layer materials. The selective removal of a single layer can
be realized [10]. However, the aforementioned methods rely
on indirect information for monitoring the machining pro-
cess. Their sensitivity to variations in machining parameters
further hinders the development of accurate models for pre-
cise depth control [11].

Compared to indirect monitoring methods, direct moni-
toring can provide more intuitive information to understand
and control the machining process. Lukas et al employed the
high-speed synchrotron X-ray imaging to directly observe
the dynamic formation and evolution of defects in real-time
during laser percussion drilling, providing a basic under-
standing of the mechanisms and locations of defect for-
mation [12]. In addition, other direct methods, such as laser-
scanning confocal microscopy [13], ultrasound tomography
[14], optical coherence tomography (OCT) [15], are applied
for the in-situ monitoring of machining processes. Among
them, OCT has attracted much attention for real-time moni-
toring and control of laser processing due to its advantages
including high measurement resolution, wide measurement
range, fast scanning speed and low cost [16]. Currently, OCT
has demonstrated great potential in in-situ measurement of
welding keyhole depth, laser ablation depth, and so on [17,
18]. Currently, only a few studies have investigated the ap-
plication of OCT in detecting heterogeneous material inter-
faces and monitoring drilling depth. Conventional monitor-
ing methods rely solely on spectral information to infer sig-
nal variations when the laser transitions to a different layer,
but they cannot directly measure depth. Additionally, laser
trepanning drilling is a spatiotemporally dependent process,
where both machining position and drilling duration signifi-
cantly influence the monitoring outcomes, adding complex-
ity. Nonetheless, real-time monitoring of heterogeneous ma-
terial interfaces and drilling depth during laser processing is
crucial, warranting further investigation.
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In this paper, the interface detection of heterogeneous
materials and the measurement of the corresponding thick-
ness are achieved via spectral-domain optical coherence to-
mography (SD-OCT) [19]. Furthermore, the spatial analysis
of the in-situ measurement results at different positions is
developed. Finally, the in-situ measurement of ablation
depth is also demonstrated using the position-encoded scan-
ning method. The rest of the article is organized as follows.
In Section II, the experimental setup and methodology are
introduced. Section III elaborates on the core aspects of this
study, including OCT data processing, detection of hetero-
geneous material interfaces, and the realization of in-situ
monitoring. Section IV summarizes the main conclusions.
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2. Methodology

The schematic of the experimental system for in-situ
monitoring and laser processing is shown in Figure. 1(b).
The drilling experiments are carried out using the picosec-
ond (ps) laser source (PX200-2-GF, Edgewave) delivering
10-ps pulses and up to 100W average power at 1030 nm. The
SD-OCT can deliver detection light with a central wave-
length of 840 nm, full width at half maximum (FWHM) of
45 nm. The axial resolution and depth measurable range are
approximately 20.2 um and 9.28 mm respectively. And the
maximum line scanning frequency is 130 kHz for the SD-
OCT, which enables rapid information acquisition during la-
ser processing.
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Fig. 1 Schematic of experimental setup for in-situ monitoring and laser processing. (a) The drilling trajectory and the set
coordinate for position synchronous trigger. (b) Schematic of in-situ monitoring and laser processing system.

The ps laser and the sample beam of SD-OCT are coupled
coaxially via a dichroic mirror (Thorlabs, DMLP950) and
are focused onto the workpieces via an achromatic lens with
a focus length of 125 mm. The relative motion between the
workpieces and laser spot is controlled by a custom-built
three-dimensional motion stage with a motion controller.
For the in-situ monitoring experiment, a position synchro-
nous scanning method is performed. When the motion stage
reaches the set position, the SD-OCT will be triggered to ac-
quire the corresponding depth information. Thus, the depth
information and corresponding coordinate can be obtained
simultaneously.

As shown in Figure. 1(a), the drilling trajectory is con-
centric circle, which is used to achieve the laser trepanning
drilling. The black line indicates the drilling trajectory with
the laser ablation and these blue dots are the set positions for
the position-synchronous trigger. And the red dashed line in-
dicates the secondary trajectory without the laser ablation,
which is used to ensure velocity continuity during coordinate
jump. The material is a multilayer heterogeneous structure
consisting of a thermal barrier coating (TBCs), a bonding
coat (BC) layer, and a GH4169 superalloy. Since neither the
superalloy layer nor the BC layer exhibits optical transpar-
ency, they are treated as a single material category during in-
situ measurement. The scanning electron images were ob-
tained using a scanning electron microscopy (SEM, Hitachi,
S3000H) and the cross-profile of the hole was observed by
an X-ray 3D microscope (XRM, Zeiss, Xradia 610versa).

3. Results and Discussion
3.1 Signal processing and depth extraction

According to the Wiener-Khinchin theorem, the power
spectral function s(x) of the light source and its autocorre-

lation function y(z) are a pair of Fourier transforms. Thus,

the interference signal can be described as follows based on
Fourier transform and its convolution properties [20].
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where p indicates the responsivity of the detector, A/W;
Ry 1s the reflectivity of the mirror in the reference arm;
Rg,(n=1,2,3,...) represents the reflectivity of the sample at
different depths; zg,(n=1,2,3,...) indicates the optical path

difference between the beam splitter and the mirror in the
reference arm, mm; And zg, (m=1,2,3,..) indicates the opti-

cal path difference between the beam splitter and different
depths in the sample, mm.

The result in Eq. 1 consists of three distinct components:
(1) Direct current (DC) component, which is independent of
the optical path and whose intensity depends on the power
reflectivity of the reference mirror and the sum of the sample
reflectivity. (2) Cross correlation (CC) component. The
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component indicates the interference between the re-
flected/scattered light from the sample at different depths
and the reference light. Decoding this component enables
the extraction of depth information. (3) Auto correlation (AC)
component. The interference between the reflected/scattered
light from the sample at different depths are encoded in this
component, which has minimal impact on the measurement
result. However, some unnecessary noise is present. Thus,
signal processing is required to extract the depth information.
In general, signal processing includes background subtrac-
tion, k-domain linearization, and fast Fourier transform
(FFT) [21]. Fig. 2 illustrates the optical interference signal,
along with a comparison of its Fourier transform before and
after data processing.

3.2 Detection of interface status

As mentioned above, the CC component includes the in-
terference between the reflected/scattered light from the
sample at different depths and the reference light. As shown
in Fig. 3(a), for the two-layer heterogeneous materials (ce-
ramic and metal layer), there are two interfaces: the air-ce-
ramic interface and the ceramic-metal interface. In this case,
the first reflection occurs when the detection light is trans-
mitted to the air-ceramic interface. And the second reflection
takes place when the light is incident on the ceramic-metal
interface. As shown in Eq. 1, the intensity of the CC compo-
nent depends on the reflectivity of the sample at different
depths. Thus, interface detection can be easily achieved.
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Fig. 3(b) shows the results measured by SD-OCT. It can
be observed that there are two peaks in the measurement re-
sult, which represent different interfaces, respectively. Ac-
cording to the results, the thickness of the ceramic layer can
be obtained, which is consistent with the results measured
by SEM. The deviation is 23.7 um. On the one hand, this
deviation may arise from measurement errors at different lo-
cations, likely due to variations in the ceramic layer thick-
ness or the influence of the BC layer. On the other hand, it
may stem from dispersion broadening or mismatch during
laser transmission within the ceramic. These factors warrant
further investigation to enhance the accuracy of measure-
ments.

3.3 In-situ monitoring of the ablation depth.

Nevertheless, there are some problems when the OCT is
applied for in-situ monitoring of laser trepanning drilling. In
general, the scanning mode of OCT is linear scanning. OCT
itself can only measure in depth information. After bright-
ness scan (B-scan), the depth information can be formed into
a two-dimensional image, and multiple two-dimensional im-
ages can be reconstructed into a three-dimensional volume
[22]. This is why OCT is currently mainly used in some pro-
cessing applications based on linear scanning mode. How-
ever, the trajectories are circular in laser trepanning drilling.
It’s difficult to determine the corresponding position for in-
situ depth measurement.
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Fig. 2 Optical interference signal and the comparison of its Fourier transform. (a) Original interference signal; (b) Interference
signal after background subtraction; (c) Interference signal after linearization; (d) Comparison of Fourier transform before
and after signal processing; (¢) Change in signal intensity of the Fourier spectrum versus the OPD.
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Fig. 3 Principle and results of the interface detection using OCT. (a) Principle of the interface detection for two-layer hetero-
geneous materials; (b) Interface detection and thickness measured by OCT; (c¢) Thickness of the ceramics layer measured by

SEM.

Thus, we develop a position synchronous scanning
method for in-situ depth measurement during laser trepan-
ning drilling. First, the target positions for synchronization
are predefined. By leveraging the real-time position feed-
back from the motion stage, the controller compares the cur-
rent positions with the target positions. Once the feedback
position reaches the predefined target, a signal is generated
to trigger the OCT device, thereby achieving position-syn-
chronized scanning.

However, due to the complex machining phenomenon,
such as multiply reflections, debris ejection and so on, there
are some differences between the measurement results in
different positions. Thus, it’s necessary to identify the spatial
correlation between the measurement results and the posi-
tion. To reduce the complexity of the experiment, the work-
piece is changed into stainless steel. Fig. 4 demonstrates the
measurement results in different positions. It can be found
that there are larger differences between the measurement
results. These differences are primarily attributed to factors
related to laser energy distribution and trajectory overlap.
Firstly, the Gaussian energy distribution of the laser beam
results in higher energy density in the central regions of the
beam, causing inner-circle regions to experience more effec-
tive ablation. Similar to percussing drilling, a conical hole is
inevitably formed even in the absence of any movement [23].
Secondly, the shorter or more repetitive scanning paths in
inner-circle regions lead to increased pulse overlap, thereby
delivering a higher total energy to these areas [24]. Thus, the
materials in the inner circle will be ablated more quickly.
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This is also why the measurement value is larger at (0.05,0)
and (-0.05, 0). On the other hand, as displayed in Fig. 4(c)
the debris existing inside the hole will also influence the
measurement results. Thus, there are different measurement
values even at the same coordinates. Anyway, it can be ob-
served that the measured depth at the coordinate (0.05, 0) is
consistent with the hole depth measured by XRM. The devi-
ation of 44 um is sufficiently small relative to the sample
thickness and the OCT system's inherent precision, demon-
strating the efficacy of OCT in in-situ monitoring of ablation
depth. This deviation might result from interference caused
by scattering particles during the machining process or the
deposition of debris within the hole. Further investigation is
needed to elucidate these mechanisms.

4. Conclusions

In conclusion, we report an innovative method for in-situ
monitoring of the interface status and ablation depth in ul-
trafast laser drilling using optical coherence tomography
(OCT). The experimental system for in-situ monitoring and
laser processing is established and the corresponding data
processing algorithm is developed. Then the interface detec-
tion and thickness measurement of the two-layer heteroge-
neous material are achieved via the above method. The
measurement deviation is 23.7 um. Finally, the spatial cor-
relation between the measurement results and the spatial co-
ordinates is simply analysed. There are large differences be-
tween the measurement results in different positions and

Fig. 4 Verification of the in-situ monitoring results. (a) Cross-section profile and the depth of the drilled hole; (b) In-situ
monitoring results at different drilling positions; (c) Debris deposition inside the hole.
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the result at coordinate (0.05, 0) is most consistent with the
actual hole depth. This study fully presents the feasibility of
SD-OCT in interface detection and in-situ monitoring of ab-
lation depth in ultrafast laser drilling, which has wide poten-
tial in optimizing and realizing accurate control of the man-
ufacturing process. In the future, the effect of the hole evo-
lution process on in-situ monitoring using OCT should be
further investigated and the closed-loop control technologies
based on the OCT should be further developed.
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