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Abstract. In this work, a Vickers indenter was used to systematically produce defined and artificial indenta-
tions on the surface of fused silica glass to systematically study subsurface damage (SSD). Various measure-
ment methods, such as optical microscopy, white light interferometry (WLI) and optical coherence
tomography (OCT), were used to examine SSD depths and morphologies. Tomographic OCT measurements
were performed to non-destructively characterize the defects. SSD depths were validated with a destructive
preparation method using iterative plasma jet etching (PJE) and subsequent topography measurements with
WLI. A total of eight PJE steps were performed to successively remove material, opening and widening surface
and subsurface defects. SSD depths in this destructive characterization approach were deduced by combining
the PJE etching depth and the corresponding surface roughness parameter Sv. Additionally, measurement
methods were verified twice through OCT measurements performed after different etching steps. The increased
surface roughness from PJE reduced OCT imaging artifacts and improved the OCT measurement accuracy.
The final SSD depth, determined by adding the OCT-measured SSD values after PJE process to the respective
PJE etching depth, was highly reliable. The SSD depth of the Vickers indentation determined by the combined
use of OCT and PJE showed excellent agreement with the SSD depth estimated using a commonly applied
empirical formula for Vickers indentations, providing additional confirmation of the SSD depth and further
demonstrated the robustness of the combined OCT-PJE approach.

Keywords: Vickers-indented subsurface damage, Optical glass, Fused silica, Optical coherence tomography,
Plasma jet etching.

1 Introduction

Subsurface damage (SSD) is commonly induced during
abrasive machining processes such as grinding and lapping.
The resulting microcracks, dislocations and residual stress
critically affect the performance and reliability of optical
components, especially in high-precision or high-power
applications [1–7]. Characterization and control of SSD
are essential in the optical fabrication process. In recent dec-
ades, extensive research has been carried out on the evalu-
ation of SSD using predictive models and measurement
techniques, including both destructive and non-destructive
methods [8–35]. A commonly used destructive method
involves polishing a tapered section to expose the damaged
layer, which is then analyzed under a microscope [1, 28, 36].

However, destructive evaluation is time-consuming and
lacks the flexibility for real-time or location-specific mea-
surements [37]. Alternative non-destructive tools such as
laser-based scattering, acoustic microscopy, fluorescence
imaging, x-ray diffraction, and optical coherence tomogra-
phy (OCT) have also been employed. Each of these meth-
ods offers distinct strengths but also limitations [36, 38–49].

Initially developed for biomedical diagnostics, OCT has
become a non-destructive tool for subsurface evaluation in a
wide range of materials, particularly ceramics and optical
glasses [29, 35–37, 50–60]. In a previous work [37], the appli-
cation of OCT for visualizing the three-dimensional struc-
ture of SSD was demonstrated, enabling quantitative
analysis of their depth, distribution and damage morphol-
ogy – critical factors for process optimization and quality
control in optical manufacturing [37, 61, 62]. SSD detection
using OCT can be limited by imaging artifacts. In regions of* Corresponding author: samson.frank@eah-jena.de
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low signal intensity, it is challenging to resolve these weak
signals and the smallest defects. In a previous study, this
issue was addressed by introducing a pre-treatment step
involving 30% potassium hydroxide (KOH) etching at
60 �C prior to OCT imaging. This wet chemical etching
process was found to reduce imaging artifacts and enhance
signal contrast, thereby improving the detectability of SSD
features [61].

However, etching rates using 30% KOH at 60� –

0.02 nm/s for polished fused silica and 0.14 nm/s for ground
fused silica – necessitate prolonged processing times in this
preparation step [61]. Furthermore, the application of KOH
requires various safety precautions to overcome its potential
risks with respect to working safety and environmental
impact. The application of a plasma-based dry etching pro-
cess features three orders of magnitude higher etching rate
(about 450 nm/s) and can reduce the handling risks of wet
chemicals mentioned before. In addition, plasma jet etching
(PJE) can be locally applied at surface sites of interest, and
specific etch depth profiles can be generated [63]. Therefore,
an atmospheric-pressure chemically reactive plasma jet was
applied for SSD preparation. The Vickers indentation, shar-
ing many characteristics of ordinary indentation, exhibits a
typical crack morphology that has been commonly used to
study the generation of cracks in optical materials [6, 16,
64–66]. Typically, the analysis of surface and subsurface
crack morphology induced by the Vickers indenter is per-
formed using destructive methods. Elfallagh et al. [16]
reported 3D FIB (focused ion beam) tomographic analysis
of the SSD induced around Vickers indents in soda-lime-sili-
cate glass. After the Vickers indentation tests, Yang [64]
measured the SSD of ground ULE-glasses (ultra-low expan-
sion) using the ball-dimple technique. Alternatively, the
SSD was investigated by observing the cross-section of
the indentations using a scanning electronic microscope [65].
A few research studies have also been conducted to examine
the characteristic changes of Vickers-indented glass using
non-destructive methods. Sung et al. [67] used digital holo-
graphic tomography (DHT) to study the refractive index

changes under Vickers indentations in silica, soda-lime,
and non-alkaline aluminoborosilicate glasses. Lacondemine
et al. [68] directly observed the displacement field and
microcracking in glass using X-ray tomography during an
in situ Vickers indentation experiment. However, the char-
acterization of SSD in Vickers indentation of fused silica
glass using OCT has not been reported in detail to date.
In this study, we focus on the quantitative characterization
of SSD induced by Vickers indentations in fused silica, using
a hybrid approach of PJE and OCT. The stepwise PJE pro-
cess not only enables controlled material removal while
avoiding health risks but is suitable for validating OCT
results. Furthermore, PJE improves the imaging conditions
for OCT by reducing surface-related artifacts. By integrat-
ing both techniques, we aim to establish a reliable method
to determine the full depth and morphology of SSD in brit-
tle optical materials. This combined approach is further
assessed against empirical estimations and enables the
application for precision SSD evaluation in optical manu-
facturing process chains.

2 Material and methods

2.1 Sample manufacturing using Vickers indentation

Corning Fused Silica HPFS7980 5F (Corning, Inc., denoted
by FS) with dimensions of 40 � 40 � 10 mm3 was used in
this investigation. The sample surfaces were polished to P3
quality according to the DIN ISO 10110-7 standard. A
Vickers testing machine (KB 30 S, KB Prüftechnik GmbH)
was used to generate a matrix of Vickers indentations on
the FS surface (see Fig. 1), consisting of 19 rows and 10 col-
umns (denoted by R and C). Preliminary tests conducted
with this Vickers indenter showed that no SSD was de-
tected up to the application of HV0.4. Therefore, HV0.5
and HV0.6 were used in this study to generate targeted
Vickers indentations. Higher loads were avoided, as they
produced extensive cracking and non-confined damage,

Figure 1. (A) Plasma jet etching of fused silica sample prepared with 19 � 10 indentations using different indentation forces (HV0.5
and HV0.6). The indentation positions are further classified according to the Ry-Cx scheme. The orientation of the PJE wedge
relative to the indentation matrix is depicted by the purple gradient. (B) Etch profiles along the wedge in y-direction with
corresponding row positions of the indentation after eight subsequent PJE steps.
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which are unsuitable for localized SSD characterization.
Vickers indentations for Columns 1–5 and all 19 rows were
made with HV0.5; the remaining Vickers indentations were
prepared with HV0.6 given in Figure 1. The loading forces
for HV0.5 and HV0.6 are 4.9 N and 5.9 N, respectively. The
lateral spacing of the indentations is 1 mm to avoid cracks
influencing each other. In order to achieve repeatable mea-
surements and evaluations on the same position, numbers
and micro holes are marked using an ultra-short pulsed
(USP) laser (TruMicro 5050, Trumpf GmbH & Co. KG)
on the sample surface.

2.2 SSD preparation by plasma jet etching

Plasma jet machining is a well-established technology for
figuring and correcting various designs of optical elements
mainly based on silicon containing substrates, such as silicon
(Si), fused silica (SiO2) or silicon carbide (SiC) [69–72]. The
etching principle is based on chemical interactions between
the reactive species generated in the atmospheric-pressure
plasma jet discharge and the substrate material of optical
glasses. Numerous research work published contain detailed
information on PJE and related processes [69, 71, 73–75].
Hence, only some of the key facts of this technology are given
here. The plasma jet source is based on a coaxial conductor
system. The main process gases He, O2 and CF4 are supplied
through the inner conductor whereas nitrogen (N2) is fed
peripherally to act as a shield gas. By applying microwave
power (f = 2.482 GHz) provided by a microwave generator
(PP3030, Trionplas Technologies GmbH) the gas mixture is
ignited, by a high-frequency electric field at the nozzle. In
the jet-like discharge the CF4 molecules undergo dissocia-
tion, excitation and ionization processes to form e.g. highly
reactive fluorine species. Those reactive species interact with
the sample surface causing the dry etching process. The
plasma jet (PJ) source is mounted at a conventional CNC
5-axis motion system (PASO profispeed, PASO Präzisions-
maschinenbau GmbH). A variable material removal at dif-
ferent indentation positions was achieved using a wedge-
like areal etch profile of 12.6 � 21.4 mm2. The overlay of
the generated indentation matrix and the wedge-like etch
profile is depicted in Figure 1, with an increasing etch depth
from row 1 to 19 as indicated by the purple color gradient.

This approach similar to taper polishing allows an effi-
cient evaluation of depth-dependent surface morphology
information compared to a layer-by-layer removal, though
on the expense of statistical validation [1, 28, 36]. Wedge
etching was consecutively performed eight times (denoted
as PJE #1 to #8), while after each step the surface was
characterized by means of topographic and tomographic
measurement techniques. After eight PJE steps, a total
depth of 110 lm was reached at the deepest point (see
Fig. 1). The depth increments rise as the row number
increases, so that only about 1 lm was etched in the finest
(at row 1) per PJE step, while the largest steps (at row 19)
were approx. 13.5 lm each.

2.3 Surface feature characterization

A digital microscope (VHX-7000, Keyence Deutschland
GmbH) was used to examine the surface features at each

Vickers indentation. A customized ultra-high-resolution
optical coherence tomography system (Thorlabs GmbH)
was used to acquire tomographic 3D-scans of the surface
and subsurface regions. Each Vickers indentation was mea-
sured three times – prior to PJE, and after PJE #3 and
PJE #5, respectively. The OCT system operates at a cen-
tral wavelength of 750 nm and provides an axial and lateral
resolution of 1.2 lm in air. The interferometric signal is
recorded with a spectrometer, processed with ThorImage�

to gather 3D raw data and further evaluated using MA-
TLAB�. The methods for evaluation and visualization of
OCT results have been described in detail elsewhere [37].
In this work, a SSD area threshold of 0.1 % was applied
to overcome the impact of a imaging artefact given by an
outlier. This results in SSD depth values including 99.9 %
of the pixels of the measured volume. The determination
of material removal after PJE is based on areal form mea-
surements using a non-tactile profilometer (CT 350S, Cyber
Technologies GmbH). The indentations were analyzed after
each PJE step with WLI (NPFlex, Bruker Corp.) to deter-
mine the evolution of indentation morphology as well as
roughness parameters. Additional measurements using con-
focal microscope (lsurf explore, NanoFocus AG) were per-
formed for columns 1, 4, 7 and 10 (see Fig. 1) to overcome
WLI measurement limitations due to high surface gradients
and increased roughness observed for progressive etching
depth. The field of view was 231 � 173 lm2 for the WLI,
and 320 � 320 lm2 for the confocal microscope, respec-
tively. These measurement areas ensured to capture only
a single indentation. Using both WLI and confocal micro-
scopy, the roughness parameter Sv (maximum pit height),
and the void volume (VV) of the indentation were ana-
lyzed. The latter results from equation (1), where Z is the
height value after removing the tilt of the measurement
with respect to the surrounding area not influenced by
the indentation.

VV ¼
X

fZ�0g
Z x; yð Þ ��x�y: ð1Þ

The matrix arrangement of the indentations and the unam-
biguous marking allowed to identify the individual mea-
surement positions for all subsequent etching steps in a
reproducible manner. The progression of both roughness
parameters (Sv, VV) was analyzed as a depth-dependent
SSD indicator. In addition, the evolution of the indentation
morphology due to PJE was observed using an optical
microscope (DSX 1000, Olympus Corp.) in dark field mode
(field of view of 485 � 485 lm2).

3 Results and discussion

3.1 Evolution of the Vickers indentation morphology:
before and after PJE

First, the surface morphology of the Vickers indentations
was analyzed using a digital microscope, as shown in
Figure 2. The microscopic view reveals a similar morphol-
ogy for all indentations and also exhibits some deviations
due to the hard-brittle properties. Radial cracks and cone
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cracks as two typical damages [76, 77] in the area of Vickers
indentations are observed on the surface as shown in Fig-
ure 2 on indentation R2-C4 (A) and R19-C7 (B).

The length of the diagonals of the Vickers indentations
dVickers was measured directly on the Vickers tester. The
penetration depth h of the Vickers indenter in the material
was calculated using the known geometry of the Vickers
indenter according to equation (2). Both values are shown
in Table 1.

h ¼ dVickers

2
ffiffiffi
2

p
tan 136�=2ð Þ : ð2Þ

The evolution of an exemplary indentation morphology at
position R2-C4 is shown in Figure 3 for selected etching
depths. In addition to the grayscale images obtained from
optical dark field microscopy, the corresponding WLI mea-
surements are shown in false-color for comparison. It can be
stated that the first etching attack takes place in the center
of the indentation. The central summit, which is apparent
in the initial view in Figure 3A, can no longer be observed
after etching to a depth of 1.5 lm; instead, a hole-shaped
indentation geometry is present in Figure 3B. This shape
is retained for the next etching steps. However, in the dark
field image, the cone crack that was formed below the sur-
face during the creation of the indentation (see Fig. 3B)
becomes more visible. After reaching an etching depth of
10.6 lm the radial expansion of the indentation becomes
noticeable, as shown in Figure 3C. It is reasonable to
assume that the indentation has opened along the cone
crack. The mechanism has not yet been fully clarified, but
a kind of “chipping” of the surface due to the etching attack
is suspected. Probably, the radial cracks do not influence

the evolution of the indentation’s topography in a driving
manner, since no example of extension of those cracks after
PJE was found.

The fracture behavior of fused silica under Vickers
indentation has been extensively investigated to understand
SSD mechanisms. Among the observed crack types – radial
cracks and cone cracks – cone-shaped cracks typically exhi-
bit the greatest subsurface depth. Hagan et al. [76] experi-
mentally demonstrated that cone cracks initiate near, but
outside the contact region of the Vickers indenter and prop-
agate into the bulk material at a characteristic angle, result-
ing in a subsurface depth significantly exceeding that of
other crack types. Lawn and Wilshaw [77] provided a theo-
retical framework explaining that, due to the brittle nature
and minimal plasticity of fused silica, cone cracks form pri-
marily under tensile stresses beyond the contact zone and
dominate the subsurface fracture morphology. Li
et al. [78] experimentally studied the effects of densification
on fracture behavior in fused silica under Vickers indenta-
tion. Their results confirmed that cone cracks are the pri-
mary crack type, exhibiting greater penetration depths
than other cracks, thus reinforcing the critical role of cone
cracks in SSD. Tomić et al. [79] further supported these
findings trough numerical phase-field modeling, simulating
the initiation and propagation of cone cracks from the con-
tact periphery into the bulk. Their results emphasized the
dominant role of cone cracks in subsurface damage genera-
tion by indentation. Michel et al. [80] investigated the effect
of temperature on hardness and indentation cracking in
fused silica, finding that cone cracks consistently form as
the earliest and deepest cracks across a broad tempera-
ture range. Collectively, these experimental, theoretical,
and numerical studies converge on the conclusion that

Figure 2. Digital microscope image of Vickers indentation (A) R2-C4 (HV0.5) and (B) R19-C7 (HV0.6) in the initial state.

Table 1. Measured diagonal length and calculated penetration depth of Vickers indentations.

Vickers indentation Length of the diagonals dVickers (lm) Penetration depth h (lm)

HV0.5 35.19 ± 3.59 5.03 ± 0.51
HV0.6 39.87 ± 3.85 5.70 ± 0.55
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cone-shaped cracks generated by Vickers indentation in
fused silica generally exhibit the greatest subsurface depth.
OCT-based 3D imaging results confirm this behavior,
revealing that cone cracks coincide with the deepest SSD
induced by Vickers indentation in fused silica, where the
SSD exhibits a ring-like distribution, as illustrated in
Figures 4B and 4C. The measured SSD99.9 values in the ini-
tial state, after PJE #3, and after PJE #5 – including the
PJE removal depth as determined by OCT – were 32.6 lm,
34.7 lm, and 34.1 lm, respectively. Based on these mea-
surements, the greatest penetration depth of the cone crack
at indentation R2-C4 is estimated to be approximately
33.8 lm, representing the average of the three values.

A similar picture is obtained when looking at the R19-
C7 indentation. The most extensive etching steps were
achieved in row 19 (see Fig. 1). Thus, in dark field micro-
scopy presented in Figure 5, the expansion along the cone
crack can already be seen after a removal of 27.0 lm. The
result is interpreted as preferential and hence anisotropic
etching of the morphologically distorted surface, while iso-
tropic etching is assumed for bulk material. The latter takes
place in the subsequent steps, where the indentation
increases laterally with increasing etching depth. After an

etching depth of approx. 83.3 lm, shown in Figure 5, the
inner structure of the indentation can no longer be recog-
nized. In applied DF microscopy, scattered or reflected light
is directed obliquely onto the sample surface. This high-
lights scratches and near-surface damage causing them to
appear bright.

3.2 Evolution of SSD and the roughness parameter Sv

All 190 Vickers indentations –measured before PJE, as well
as after PJE #3 and PJE #5 – were recorded using OCT
and evaluated with MATLAB�. The evaluation procedure
involved preprocessing the OCT signals to reduce noise, fol-
lowed by segmentation of the indentation profiles. Key
parameters such as indentation depth and lateral dimen-
sions were then extracted for quantitative analysis and visu-
alization. The final SSD depth given in Figure 6 considering
the removal d of the PJE was calculated by

SSD lm½ � ¼ SSD99:9 þ d: ð3Þ
As an example of the OCT analysis, Vickers indentation
R2-C4 is presented in Figure 7. The color-coded depth maps
as top views on the sample indicate the local SSD depths

Figure 3. Evolution of R2-C4 indentation (HV0.5): microscopic dark field images (grey scale) and WLI measurements (false color)
are compared for selected PJE steps with etching depths of d. (A) Indentation prior to PJE and (B)–(D) after PJE steps #5 and #6.

Figure 4. 3D representations of OCT measurements of the R2-C4 indentation (HV0.5): (A) initial state, (B) after PJE step #3, and
(C) after PJE step #5.
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relative to the surface for each specific measurement. The
determined SSD99.9 values differ by only a few micrometers,
which corresponds well with the material removal depths
achieved by the PJE process. For column 2, the removal
depths after PJE #3 and PJE #5 were approximately
5.0 lm and 7.7 lm, respectively. Due to the applied area
threshold of 0.1% the given maximum of the color scale is
higher than the SSD99.9 values obtained. As shown in
Figure 7A, the maximum SSD depth of the initial indenta-
tion was 53.0 lm is due an imaging artifact, which is not
included in the given evaluation threshold.

As the wedge etching removal increased from row 1 to
19, as shown in Figure 6, fewer SSD was detected with
OCT (given by n), as more defects were eliminated during
the PJE process, particularly starting from row 10. After
PJE #3, the mean SSD depths for Vickers indentation
made with HV0.5 and HV0.6 were 31.1 ± 3.7 lm and
36.4 ± 6.7 lm, respectively. This trend was confirmed after
PJE #5, where similar mean SSD depths were observed, as
shown in Table 2.

As a plausibility check, the SSD measurements are com-
pared with distinct experiments from literature. Experimen-
tal data published by Suratwala et al. [81] includes directly
comparable crack depths measured in Vickers experiments
with HV0.5, yielding crack depths of 35.9 lm which aligns
well with our measurement results listed in Table 2. The
experiments conducted by Michel et al. [80] also show excel-
lent agreement in both size and distribution, reporting a
crack depth of 33 ± 7 lm for indentation tests under a load
of 5 N at 20 �C.

To further validate the OCT measurements, the evolu-
tion of SSD depth was additionally determined depending
on etching depth resulting from wedge etching. As
described in Section 2.3 the progress of the void volume
VV of the indentation and the roughness parameter Sv were
analyzed. VV rises with increasing etching depth, which is
expected from the chemical etching processes. However,
the increase is non-uniform during the whole process.
Figure 8 presents this progress exemplary for three indenta-
tions. The calculation of the slope using equation (4),
where VV is the void volume and d the etching depth
reveals a prominent peak that can be observed for every
indentation.

Slope ¼ VVPJEn � VVPJEn�1

dPJEn � dPJEn�1

: ð4Þ

As shown in the section before, the morphology of the
indentation changes significantly. Obviously, anisotropic
etching behavior prevails as long as SSD is present. So
far, it is postulated that the significant increase of the void
volume at a specific etching depth indicates the influence of
disturbance in the material, emerging from SSD. The mor-
phological evaluation is shown exemplary in the previous
section, where the volumetric extension is visualized in
Figures 3B–3C. This behavior is comparable to the findings
in wet chemical etching, where anisotropic etching of the
disturbed material was detected as well [82–84]. After the
complete removal of SSD isotropic etching continues and
the slope shown in Figure 8 (A) approaches zero.

Figure 5. Evolution of R19-C7 indentation (HV0.6): microscopic dark field images are shown for selected PJE process steps with
etching depths of d. (A) Indentation prior to PJE. (B)–(D) Indentation after PJE steps #2, #3, and #6.

Figure 6. SSD depth of Vickers indentations for different
process states measured by OCT considering the PJE removal
depth (n indicates the number of measurements for each
column).
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Thus, the SSD depth can be estimated by taking the Sv
value measured at the etching depth d where the maximum
slope of VV occurs, as indicated by equation (5):

SSD lm½ � ¼ Sv max slopeVVð Þf g
þ d max slopeVVð Þf g: ð5Þ

Based on this calculation, the SSD depth is determined for
the four selected columns. The results are compared in
Figure 9 with the SSD depth values measured by OCT in
the initial state, after PJE #3 and PJE #5. The OCT
results obtained after PJE are in better agreement with
the values calculated by equation (5). This is mainly caused
by surface roughening and suppression of OCT measure-
ment artifacts, thus yielding a higher accuracy.

However, deep etching is not beneficial for a higher pre-
cision of the OCTmeasurements. After PJE #5 SSD is only
measurable on a few indentation positions (see reduction of

Table 2. SSD depths of Vickers indentations (HV0.5 and HV0.6) measured by OCT considering the PJE removal depth
at various processing steps.

HV0.5 HV0.6

SSD depth (lm) measured with OCT for different processing states initial 32.3 ± 14.6 44.2 ± 14.5
after PJE #3 31.1 ± 3.7 36.4 ± 6.7
after PJE #5 30.8 ± 4.7 35.2 ± 6.2

Figure 8. Determination of SSD depth after PJE: (A) Etch dependency of void volume and slope determination for three
indentations. (B) Etching depth and Sv of the maximum slope position.

Figure 7. Color-coded depth maps of the subsurface damage determined by OCT-measurements for Vickers indentation R2-C4
(HV0.5): (A) initial state, (B) after PJE step #3, and (C) after PJE step #5.

Figure 9. SSD depth measured with OCT in comparison to
SSD depth determination based on surface roughness Sv value
and applying equation (5). (n indicates the number of measure-
ments each column).

J. Eur. Opt. Society-Rapid Publ. 22, 21 (2026) 7



parameter n). Thus, SSD depth values are statistically less
reliable.

4 Conclusion

In this work, Vickers indentations were applied to fused sil-
ica samples, enabling the controlled and reproducible gener-
ation of localized SSD regions with well-defined geometry
and thus providing a standardized model for systematic
investigations of SSD depth. Non-destructive optical coher-
ence tomography (OCT) was applied to characterize SSD
depths and the morphology of surface defects induced by
indentation.

In order to validate the OCT results, a destructive
reference method based on iterative plasma jet etching
(PJE) and topographic measurements to determine the
evolution of the surface roughness parameter Sv and
deriving SSD depths has been established. Although the
SSD depths determined using both methods show sufficient
correlation, the SSD depths measured by OCT exhibit a
greater data dispersion.

Therefore, a novel hybrid approach combining PJE and
OCT was employed to characterize SSD induced by Vickers
indentation in fused silica glass. The experimental workflow
involves selectively removing surface layers using PJE to
expose the damage morphology, and performing high-reso-
lution, 3D imaging and depth analysis via OCT. The results
demonstrate that this combined approach enables reliable
and even more accurate quantification of SSD depth and
morphology.

The proposed hybrid methodology has important appli-
cations in both academic research and industrial practice,
particularly in precision optical manufacturing. Accurate
detection and quantification of SSD in fused silica and other
brittle optical materials is essential for ensuring the perfor-
mance, durability, and reliability of high-quality optical
components, such as lenses, optical fibers, and glass-based
devices. Subsurface defects can significantly affect optical
performance and mechanical stability, making reliable
SSD evaluation a critical requirement. From an academic
perspective, this study contributes to a deeper understand-
ing of SSD formation in hard and brittle materials. The
combined use of Vickers indentation, OCT, and PJE pro-
vides a robust framework for investigating SSD with
improved accuracy and can be used as a calibration tool
for SSD analysis. From an industrial standpoint, the pro-
posed method shows strong potential for quality control
and process optimization in optical component manufactur-
ing. PJE offers additional measurement benefits for OCT
and an additional evaluation method based on the proposed
roughness analysis. These findings are directly applicable to
specific process chains in precision optics manufacturing,
particularly where plasma and ion-beam techniques are
already employed.

A direct comparison of SSD depths determined in this
study with those measured in Vickers experiments by
Suratwala et al. [81] and Michel et al. [80] shows an
excellent agreement with previously recorded crack depths
under similar experimental conditions.

Furthermore, this study experimentally confirms the
dominant role of cone cracks in the formation of deep
SSD in fused silica. Previous theoretical, experimental,
and numerical studies have consistently shown that cone
cracks initiate near the periphery of the contact zone and
propagate into the bulk material at a characteristic angle,
exhibiting significantly greater penetration depths than
radial or lateral cracks. OCT-based analysis in this work
reveals that the regions of maximum SSD depth correspond
to the typical propagation paths of cone cracks, reaffirming
their critical role in subsurface damage generation.

In summary, the developed hybrid method provides an
effective and precise tool for the identification and quantifi-
cation of SSD caused by Vickers indentation, particularly
those governed by cone crack propagation. This approach
holds substantial promise for applications in precision opti-
cal manufacturing, where the ability to detect and control
subsurface defects is essential for improving the quality
and reliability of optical components.
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