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INTRODUCTION

The miniaturization of modern equipment, in conjunction with the con-
tinuous rise in the quality of precision processing of products from brittle
non-metallic materials, necessitates the development of new laser methods
for the high-precision separation of products from a variety of silicate
glasses, alumina ceramics, and anisotropic crystals, as well as the enhance-
ment of the efficiency of existing technologies.

At present, various methods for precision laser processing of brittle
non-metallic materials have been developed, including through-the-thick-
ness laser thermal cleaving, controlled laser thermocleaving (CLT), parallel
thermocleaving, and thermal cleaving of tubular-shaped products.

Controlled laser thermocleaving is recognized as a highly effective
method for the high-precision separation of brittle nonmetallic materials.
This technique is characterized by the separation of the material into specif-
ically shaped parts, which occurs through the formation of a microcrack.
This microcrack is generated as a result of surface heating of the material
via laser radiation, followed by the cooling of the heating zone using a re-
frigerant. The primary benefits of controlled laser thermocleaving are its pre-
cision in separation, rapid processing capabilities, and waste-free operation.

However, the technological processes for the separation of brittle non-
metallic materials utilizing controlled laser thermocleaving exhibit several
characteristics that hinder their broad industrial application.

One feature of laser thermocleavage technology is the low stability of
the microcrack development process, which is significantly influenced by
the refrigerant that penetrates into the laser impact zone, affecting the ther-
mophysical conditions within that area. This situation is a primary factor
contributing to the undesirable failures in the development process of the
splitting microcrack.

Another notable disadvantage of the controlled laser thermocleavage
technology relates to the significant limitation on the maximum depth of mi-
crocrack penetration into the material, which is attributed to the reliance on
surface laser heating.

Moreover, the application of controlled laser thermocleavage technology
for cutting brittle nonmetallic materials along closed curvilinear contours pre-
sents several noticeable drawbacks that result in reduced processing accuracy
and inferior quality of the final products. The methods to address these draw-
backs remain insufficiently clarified, necessitating further investigation.

It is important to highlight that the established mathematical models for
laser thermocleaving processes are formulated as analytical solutions to ther-



moelastic equations. The analysis of the solutions derived from the two-di-
mensional formulation of the problem has led to the establishment of the
dynamics involved in the formation of thermoelastic fields, revealing several
regularities in the processes of thermal cleaving. Nevertheless, the current
models derived from the linear differential equation of thermal conductivity,
which do not consider the temperature dependence of thermophysical coef-
ficients, fail to provide reliable predictions for the technological parameters
of processing modes.

The existing models of laser thermocleaving processes present a nota-
ble limitation, as the determination of stress tensor components in bulk sam-
ples is conducted within a two-dimensional framework. This approach not
only reduces the accuracy of calculations but also complicates the analysis
of the actual spatial distribution of stresses significantly.

In light of this, the advancement of novel and effective methodologies
for the high-precision separation of brittle nonmetallic materials through
thermal laser cleaving, grounded in numerical three-dimensional modelling,
IS a pressing issue that holds both scientific and practical significance for
enhancing technological characteristics.

The authors wish to extend their sincere gratitude to the reviewers,
namely to Vladimir N. Belyi, Academician of the National Academy of Sci-
ences of Belarus, Dr. Sci. in Physics and Mathematics, and Victor A. Emel-
yanov, Corresponding Member of the National Academy of Sciences of Bel-
arus, Dr. Sc. in Engineering for their invaluable feedback and guidance dur-
ing the review process. Their contributions were incorporated into the fina-
lization of the monograph, thereby enhancing its quality.



CHAPTER 1. TECHNIQUES FOR LASER DIMENSIONAL
PROCESSING OF BRITTLE NON-METALLIC MATERIALS

A significant area of application for lasers in technology involves the
separation processes of nonmetallic materials. As noted in [1, p. 6], “non-
metals encompass extensive categories of materials (dielectrics, semicon-
ductors, plastics, rocks, textiles, etc.) that vary considerably in terms of
chemical composition, properties, manufacturing techniques, purposes, ap-
plications, and, inherently, processing methods. However, the introduction
of lasers has established practical conditions for the implementation of ther-
mal processes aimed at the separation of nonmetals across all classifica-
tions”. Additionally, it is stated that “a specific laser separation operation
can be classified as one of three types of processing: cutting, drilling, or
thermal cleaving” in relation to non-metallic materials. It is observed that
“an intermediate position between cutting and thermal cleaving is occupied
by the scribing method employed to separate semiconductor, ceramic, and
sitall substrates into distinct elements” [1 p. 11].

A more complete classification is provided in [2, p. 4], which identifies the
following methods for processing glass and other brittle non-metallic materials:

— laser cutting through the vaporization of material along the desig-
nated cutting line;

— gas-laser cutting utilizing a jet of compressed gas (typically air) to
expel the molten material;

— gas-laser cutting that initiates a thermal reaction using an active gas;

— scribing technique;

— through-the-thickness laser thermocleaving method;

— controlled laser thermocleaving (CLT).

A substantial number of sources detail the fundamental methods of laser
processing of materials (e.g., in [3-6]), with specific emphasis on the pro-
cessing of brittle nonmetallic materials through laser thermocleavage meth-
ods as outlined in [2, 7-23].

Analysis of the features associated with various methods of laser sepa-
ration for nonmetallic materials, specifically silicate glasses and alumina ce-
ramics, as detailed in the aforementioned sources (Table 1.1 [2, p. 11]), re-
veals the following observations:

— laser and gas-laser cutting via the evaporation of material along the
cutting line is energy-intensive and lacks high processing accuracy, which
makes inefficient the applicability of these methods for obtaining precision
products from brittle nonmetallic materials [2, p. 9];



— laser scribing is noted for producing edges of products that exhibit
low quality. Furthermore, the application of this method is linked to the con-
tamination of the material surface due to the byproducts of evaporation.
Therefore, the application of scribing for precision machining may, in cer-
tain instances, be deemed unsuitable [2, p. 9].

Table 1.1 — Common modes of various techniques for laser dimensional cutting of glass

) . Laser Cutting Thickness Energy
Laser dimensional ) :
cutting technique power, speed, of glass, intensity,
w mm/s mm J/mm?2
Laser 200 0.42 3.5 143
Gas-laser 200 6.35 1.57 20.1
Scribing 50 58 6 0.144
Through-the-thlqkness 9 51 16 11
thermal cleaving
Controlled_thermal o5 39 3 0.21
cleaving

The drawbacks observed are not inherent to the method of through-the-
thickness laser thermal cleaving [7]. The initial findings on this topic were
presented by R. Lamley. They originate from the late 1970s of the 20th cen-
tury [24, 25]. The lack of the previously noted drawbacks, along with waste-
free separation and the sufficiently high quality of the resulting edges of
products, led to a comprehensive investigation and widespread adoption of
the method of through-the-thickness laser separation of brittle nonmetallic
materials in the Soviet Union during the 1980s, as evidenced in the works of
G. A. Machulka [7, 26].

The fundamental principle of through-the-thickness laser thermal
cleavage involves the creation of a through-the-thickness microcrack and its
subsequent propagation within a brittle nonmetallic material. This occurs
under the influence of thermoelastic stresses generated by the surface laser
heating along the processing line, which is a result of the relative motion
between the laser beam and the material surface [7, 27-31]. The temperature
in the processing area is constrained from above to values that prevent the re-
laxation of thermoelastic stresses resulting from plastic deformation [7, 31].

However, the examination of through-the-thickness laser thermocleav-
ing revealed serious drawbacks, and addressing these issues proved to be
quite challenging. Thus, through-the-thickness laser cleaving is character-
ized by a low cutting speed [2, 31] and a dependence of the thermocleavage
modes on the dimensions of the initial workpiece. Due to these factors, con-



ducting thermocleaving on samples of considerable size is unfeasible. Further-
more, the drawbacks of through-the-thickness thermal cleaving include low
separation accuracy, which is attributed to the inherent distribution of tensile
and compressive stress zones within the work material, resulting from surface
laser heating (a detailed analysis of thermoelastic fields is conducted in the
third chapter). The identified drawbacks of through-the-thickness laser thermo-
cleaving have resulted in its classification as an unpromising method [31].

Currently, the most efficient technique for separating brittle nonmetal-
lic materials is controlled laser thermocleaving [2, 8-10, 31]. This method
Is characterized by the creation of a microcrack, which results from the sur-
face heating of the material through laser radiation, followed by the cooling
of the heating area using a refrigerant. The primary benefits of CLT are its
precision in operations, elimination of waste during separation, and rapid
processing capabilities.

As previously mentioned, the development and research of this method
were carried out in the second half of the 1970s in the USSR, associated with
the efforts of a group of scientists led by V. S. Kondratenko [2, 8, 31-52].
This topic has been the subject of research in various countries, including
Belarus [53-95], Russia [96-107], Germany [108-111], the USA
[112-114], China [115-120], among others.

Research has led to the development of several methods for precision
laser-beam processing of brittle nonmetallic materials. These methods,
alongside CLT, encompass parallel and asymmetric laser thermocleaving.

Parallel laser thermal cleaving occurs when the material is subjected to
an elliptical laser beam aligned with its minor axis in the direction of move-
ment, resulting in the thermal separation of the sample [9, 10, 59]. The tech-
nique of rounding sharp edges, involving the detachment of a narrow strip
of glass, as proposed in [42], can be regarded as a limiting form of this pro-
cessing procedure.

The fundamental principle of asymmetric laser thermal cleaving is that
when a material is heated with a laser beam of elliptical cross-section, posi-
tioned at an angle to the direction of relative displacement, an oblique crack
with rounded edges is generated [10, 31, 69]. An option of the asymmetric
thermal cleavage method is proposed in [121], utilized for producing glass
wafers with a complex edge profile, resulting from both the beam's rotation
at an angle of 5 — 26° to the separation line and the refrigerant's movement
relative to the laser beam and the separation line.

The integration of parallel thermal cleaving and CLT within a singular
processing cycle is employed in combined laser thermocleaving to produce
mutually perpendicular cracks in the sample [9, 10].



The high cost of laser technological equipment resulted in a decline in
the intensity of research related to the laser separation of brittle nonmetallic
materials in the early 1990s within the CIS [98].

The growing demands for the quality of precision products composed of
brittle nonmetallic materials, primarily driven by the miniaturization of con-
temporary electronic devices, necessitated the development of innovative la-
ser techniques and the enhancement of existing technologies for the high-pre-
cision separation of products made from this specific class of materials.

At present, CLT technology has evolved into an industrial technology.
The German company “JENOPTIC Automatisierungstechnik GmbH” man-
ufactures glass and ceramic cutting machines known as “VOTAN-G”. Con-
currently, the abbreviation TLS, which stands for Thermal Laser Separation,
is utilized to refer to the CLT technology [122].

American companies PTG Industries and Fonon Technology Interna-
tional provide technology for industrial applications involving controlled la-
ser thermocleaving, referred to in the U.S. as Zero Width Cutting Technol-
ogy — ZWCT™ [123, 124]. EsseTech Co., a South Korean manufacturer,
specializes in the production of GCM200L glass cutting units designed for
LCD flat panels.

In the Russian Federation, analogous services are offered by JSC Mos-
kovskij zavod “SAPPHIR”, Nano Lab company, and VOTSS LTD (Mos-
cow) [125-127].

Alongside the previously mentioned companies and enterprises that of-
fer services for processing brittle non-metallic materials through laser ther-
mal cutting methods, several major corporations, including Corning Incor-
porated, Seagate Technology, Hitachi Ltd, and Samsung Electronics, pos-
sess pertinent patents and employ laser thermal cleavage technologies.

Thus, CLT represents the most efficient technique for the separation of
brittle nonmetallic materials implemented in industry. Despite its ad-
vantages, this technology shows several drawbacks that impede its broader
industrial adoption and require further research to enhance the processes in-
volved in high-precision separation of brittle nonmetallic materials through
laser thermal cleaving.

The feasibility of employing CLT for the separation of brittle nonmet-
allic materials along closed curvilinear trajectories has been established in
references [31, 35, 50, 110]. The examination of these works and the out-
comes of our own research [68] identified several issues that arise during the
implementation of this technology.

When employing CLT, notable deviations of the generated microcrack
from the laser impact line occur during machining along a curvilinear con-
tour with small radii of curvature. The reason for this is that, during straight-
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line cutting, the thermoelastic stress fields maintain symmetry in relation to
the trajectory of the laser beam. However, when cutting along a curvilinear
contour, the symmetry of thermoelastic stresses is disrupted. The smaller the
radius of curvature of the curvilinear contour, the more asymmetric the dis-
tribution of thermoelastic stresses becomes. The deviation of the crack from
the processing line is the cause of this circumstance. This results in a reduc-
tion in the accuracy of product manufacturing.

The introduction of supplementary heating in the processing circuit
through laser radiation, utilizing a wavelength that facilitates surface heating
of the material being treated as proposed in [31], does not effectively address
the aforementioned issue.

The concept presented in references [50, 110] is noteworthy. It involves
the process of cutting along a closed curvilinear contour, where heating is
applied using a beam that has a sickle shape with a specific radius of curva-
ture on the material surface. The application of these beams is expected to
facilitate a symmetrical distribution of thermoelastic stresses during the cut-
ting process along curvilinear contours. The primary drawback of this pro-
cessing method lies in the technical challenges encountered during its im-
plementation, which are linked to the necessity of substantially complicating
the optical systems employed in the relevant setups.

In the application of CLT, notable deviations occur in the microcrack
generated from the laser impact line during the cutting process along a
closed curvilinear contour, particularly at the junction where the machining
contour closes. The reason for this is that at the closure of the machining
contour, the propagation of the deposited microcrack is significantly influ-
enced by its own “tail.” The tip of this tail, along with the tip of the mi-
crocrack itself, serves as a location of significant stress concentration. The
implementation of preliminary notching along the processing line, with a
gradually increasing depth as proposed in [31], does not effectively mitigate
this disadvantage.

Furthermore, substantial challenges exist in the final cleaving of the de-
posited laser microcracks to achieve a final product constrained by a closed
curvilinear contour. The process of straight-line cutting involves the final
separation of material into blanks, which is achieved by manually breaking
the cut material or utilizing specialized mechanisms and devices. However,
due to the high percentage of rejects associated with this method, it is gen-
erally deemed unacceptable for separating blanks into sections defined by a
closed curvilinear contour. The application of repeated laser heating on the
machining contour, as proposed in [31], frequently proves inadequate in ad-
dressing this issue, as the depth of microcracks attained through this method
remains insufficient for achieving a definitive qualitative separation.
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In [57], it is observed that an important disadvantage of the current CLT
technology is the considerable restriction on the allowable thickness of work
samples. This limitation is linked to the application of laser radiation, which
results in surface heating of the material. The authors [43, 57] propose em-
ploying controlled final cleaving as a solution to this issue. The proposed
solution involves applying additional impact on the material's surface in the
notching zone through elastic waves. The amplitude and frequency of these
waves are determined based on the requirement to deepen the notch to a
specified depth or to achieve through-cutting.

Reference [49] proposes the utilization of pulsed laser radiation as a
source of elastic waves. In [57], many implementations of this technology
are presented, with the Nd-laser approach for generating sound waves in lig-
uid being deemed the most effective. Simultaneously, it is observed that em-
ploying lasers for the direct excitation of shock acoustic waves to regulate
the movement of microcracks yielded unsatisfactory results. It is important
to note that, aside from the aforementioned two methods of generating elas-
tic waves in the material, the alternative methods suggested by the authors
involve mechanical impact on the surface, frequently resulting in damage,
which is generally unacceptable in most cases.

A variation of CLT proposed in [48] is noteworthy, since its implemen-
tation enhances the depth of microcrack penetration by multistage controlled
cooling. In [52], it is suggested that a refrigerant be employed to enhance
microcrack depth, utilizing “a two-level dispersed system comprising a dis-
persed air medium and a two-phase composition of the dispersed phase,
which includes water droplets as the first dispersed phase and a colloidal
composition or solid micro-particles as the second dispersed phase”.

The authors [55, 98-100] indicate that the controlled propagation of a
microcrack when using CO- laser radiation is feasible only with a material
thickness that is relatively small. They proposed employing the radiation of
a solid-state laser at a wavelength of 1.06 um as a technological tool.

Attention must be given to the observation that nearly all the studies
referenced regarding the separation of brittle nonmetallic materials through
thermal cleaving employed laser radiation, specifically CO: laser radiation,
to achieve surface heating of the material. The selection of this specific type
of laser as a technological instrument is based on several factors.

Specifically, [7, p. 10] states that “industrial CO2 lasers provide maxi-
mum power in continuous mode compared to other lasers, maximum perfor-
mance, are quite simple in design and durable”. Simultaneously, [7] high-
lights the potential applications of radiation emitted from CO; lasers, while
also addressing the inefficiencies associated with radiation from solid-state
lasers functioning at a wavelength of 1.06 um.

12



It is also concluded that “glass undergoes a heating process when ex-
posed to radiation of sufficient intensity (tens of watts), which can be em-
ployed for thermal cleaving. However, the potential applications of this type
of laser radiation are constrained. Initially, the losses in glass at the opera-
tional wavelengths of solid-state lasers are minimal, and a considerable por-
tion of the radiation power is dissipated during the processing phase. Sec-
ondly, the efficiency of solid-state lasers is limited to 2 %, raising concerns
regarding the economic viability of using this heating source extensively in
glass processing technology” [7, p. 10].

The study in publication [128] outlines the application of the techno-
logical unit “Kvant-20” for the heat treatment of glass. However, work [10]
raises concerns about its viability, citing the low rate of thermal cleaving as
a significant issue.

However, the studies [98-100, 129] provide results demonstrating the
feasibility of using radiation from solid-state lasers at a wavelength of
1.06 um for the processing of thick glasses.

In[129, p. 787], a method for cutting glass wafers using radiation from
a pulsed neodymium laser with passive mode synchronization is proposed.
The method involves the formation of microcrack channels, followed by the
subsequent (self)splitting of the material along these channels.

The authors of [98, 99] demonstrated the possibility of separating pack-
ages of glass wafers with a thickness of up to 24 mm using solid-state laser
radiation. Reference [100] indicates that the benefits of using solid-state la-
ser radiation encompass the capability of cutting multiple sheets simultane-
ously, specifically up to 4 to 6 sheets. The authors of these works cite the
challenges associated with processing thick samples using alternative meth-
ods as a key argument in support of utilizing the radiation from solid-state
lasers at a wavelength of 1.06 um as a technological tool.

Nonetheless, following the examination of these studies and the findings
from our experimental investigations [67], we must concur with the conclusion
that the autonomous application of radiation at a wavelength of 1.06 um for the
separation of brittle nonmetallic materials proves ineffective in all circum-
stances, with the exception of the previously mentioned specific instances.

One more drawback of CLT is the limited reliability of the separation
process in modes where there is a minimal distance from the edge of the
laser spot on the surface of the material being processed to the front of the
cooling zone, particularly when a fine mixture is employed as a refrigerant.

The analysis of the CLT process revealed multiple factors contributing
to its instability [73]. The presence of the refrigerant substance in the laser
Impact zone significantly influences the thermophysical conditions, leading
to frequent failures in the development of the splitting microcrack.
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It is important to highlight that the refrigerant plays a crucial role in the
process of laser-controlled thermocleaving, which enables the achievement
of a qualitatively new result, i.e., a controlled microcrack penetrating into
the glass at a specified depth [2, p. 35].

Research conducted by the author of [8] indicates (see Table 1.2) that
the most effective application as a refrigerant is a fine air-water mixture de-
livered under pressure to the processing area. The higher specific heat ca-
pacity of water, when compared to other substances used in the experiments,
accounts for this observation. The chemical composition of the refrigerant
Impacts the cracking process in silicate glasses and alumina ceramics, high-
lighting the potential for chemical reactions that may expedite the fracture
process [130, p. 140].

Table 1.2 — Comparative analysis of parameters involved in the laser-controlled
thermocleaving process of 6 mm thick sheet glass using various refrigerants

CLT rate Microcrack Refrigerant flow
Refrigerant name ’ depth, rate,
mm/s
mm ml/sec
Air current 7 0.72 -

Water 25 0.35 0.04
Propyl alcohol 20 0.35 0.08
Ethylic alcohol 25 0.35 0.1

Glycerin 10 0.45 0.1

Research findings indicate that the cooled surface exhibits not only a
zone characterized by stable intensive cooling but also the formation of a
film resulting from the spreading of liquid over the surface [73]. The primary
cooling of material areas heated by laser radiation typically occurs beneath
this film and is marked by considerable instability in heat exchange.

The aforementioned drawbacks can be addressed by employing a gas
stream as a refrigerant [97], although this method is inefficient. Alterna-
tively, a specialized vacuum device can be utilized to extract the refrigerant
substance, though this presents significant technical challenges.

In [57], challenges encountered during the material cutting process us-
ing the CLT method in perpendicular directions were observed. The authors
of this work proposed a method for non-contact microdefect creation to ad-
dress these issues, achievable through exposure to radiation from various
types of pulsed lasers. In this scenario, it is posited that erbium and TEA
CO: lasers represent the most suitable tools for defect formation. The authors
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of [131] propose utilizing mutually perpendicular cuts on opposite sides of
the workpiece for this purpose.

Paper [108] proposes a method for laser cutting via thermal cleaving.
The primary characteristic of this method is that the cross section of the CO-
laser beam, at a wavelength of 10.6 um, is shaped on the working surface as
a V- or U-shaped spot. A proposal was given in [50, 132] to provide optimal
conditions along the cutting line by employing a laser beam that delivers a
radiation power density distribution on the material surface, which decreases
from the periphery towards the center of the beam. It is expected that em-
ploying such laser beams will prevent material warming along the cutting
line. Nonetheless, the application of laser beams in the suggested structures,
while potentially enhancing the quality of thermal cleaving, is not advanta-
geous due to the considerable complexity it introduces to the optical systems
of the respective setups.

A novel variation of the method for microcrack formation in brittle non-
metallic materials is presented in [112]. The laser beam is pointed at the
material, ensuring that the focal spot is positioned between the front and
back surfaces of the material. Simultaneously, a coolant jet is directed onto
the surface area above the focal spot, leading to the formation of an internal
crack within the material, which does not reach any of the material's surfaces.

Several effective technical solutions outlined in [113] deserve individ-
ual recognition. In this study, the authors propose the introduction of a cool-
ing source within the laser beam impact zone on the material surface. This
approach aims to achieve a notable reduction in the deviation of the splitting
microcrack from the processing line. The invention proposes the use of an
additional laser beam to preheat the material, thereby enhancing the pro-
cessing speed. To mitigate edge effects, it is suggested to modify the pro-
cessing speed at various stages of the treatment procedure. Besides, the setup
in this invention includes a novel final cleavage device designed as tubes
situated in technological recesses, which expand in volume as the pressure
of the fluid flowing through them increases.

Research paper [44] provides a double-beam method of through-the-
thickness laser thermocleaving, using radiation from two CO2 lasers. When
the surface of a brittle nonmetallic material wafer is subjected to heating via
two laser beams that strike the material surface at a specified distance apart
and are offset from the separation line in a direction perpendicular to the
relative displacement of the laser beams and the material, compression
stresses develop in the heating zones. Concurrently, substantial tensile
stresses emerge in the region situated between these heating zones. This is a
prerequisite for the development of a splitting microcrack. Unlike controlled
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thermal cleaving, where separation occurs through the heating of the mate-
rial surface with a laser beam and subsequent local cooling using a refriger-
ant, the application of heating via two laser beams to create a controlled mi-
crocrack allows for the elimination of refrigerant in the cutting process. In
many circumstances, it is of paramount significance. This cutting procedure
is largely inappropriate for producing small-sized products due to the expan-
sion of the heat-affected zone. This explains the constraints on the effective
Implementation of this strategy in contemporary industry.

It was previously observed that in the process of producing glass prod-
ucts through laser thermal cleaving, the temperature within the laser pro-
cessing area must remain below the glass transition temperature specific to
the type of glass being used [7, 31]. It is important to clarify that, in certain
instances, heating the processing zone to a temperature above the glass tran-
sition temperature can be beneficial.

In [104], a method for cutting thin glass is introduced, involving the
heating of the glass to a temperature exceeding the softening point during
the initial exposure to a focused CO: laser beam. This process results in the
formation of a band of material, either concave or convex relative to the
product's surfaces, characterized by residual tensile stresses in the near-sur-
face layers. The width of this band approximates the diameter of the laser
beam. With continued exposure to the defocused beam, further tensile
stresses develop, ultimately surpassing the glass's strength and leading to
crack formation.

A method for creating through-holes in glass is proposed in [102]. This
invention fundamentally involves the process of heating a localized area of
material using Y AG-laser radiation, followed by the cooling of the irradiated
zone. The glass is subjected to heating at a temperature exceeding the sof-
tening point across its entire thickness. The process of crack formation in
[102, p. 2] is outlined as follows: “As the glass volume expands and
“freezes” in the irradiation zone, residual thermoelastic stresses are gener-
ated, compressing within the local zone and stretching beyond it, leading to
a crack along the line of maximum tensile stresses, encircling the local heat-
ing zone*.

It is essential to focus specifically on the techniques of laser thermal
cleaving that employ the interplay of laser radiation effects across various
wavelengths. In an early contribution to this field, Lambert introduced a
technique for double-beam laser cutting of glass in 1976 [133].

In the Soviet Union, the application of double-beam material processing
technology was carried out to enhance the efficiency of laser cutting for di-
electric materials featuring a metallized surface [134].
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The concept proposed by Lambert was expanded upon in the studies
conducted by C. Tsai [115, 119, 120]. The statement indicates that a system
of microcracks develops on the surface of ceramics when subjected to fo-
cused YAG laser radiation, which subsequently evolve due to thermal
stresses caused by the defocused beam of CO: laser radiation. The analysis
of the aforementioned works leads to the conclusion that the processing
methods that integrate laser scribing and through thermal cleaving exhibit
the drawbacks associated with each of these techniques.

The double-beam method for segmenting a sheet of brittle material into
fragments of desired geometry, as proposed in the invention [135], is note-
worthy. This procedure unfolds in two distinct phases: first, the laser pro-
cessing of the sheet is executed to create a scribing line, followed by a sec-
ondary laser processing that results in the formation of a fracture. The scrib-
ing process involves the localized effect of the pulsed laser beam on distinct
segments of the scribing line, facilitating their heating followed by the cool-
ing of these segments. The final cleaving is simultaneously conducted under
the influence of CO:> laser radiation functioning in continuous mode. The
authors [135] employ supplementary cooling of the heated surface, integrat-
ing the techniques outlined in Tsai's works. Nonetheless, the edges produced
by this cutting technique are marked by a quality that is not sufficiently high,
attributed to the preliminary scribing process employed.
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CHAPTER 2. NUMERICAL SIMULATION TECHNIQUES
AND EXPERIMENTAL EQUIPMENT

2.1. Numerical simulation techniques

Considerable challenges encountered with analytical approaches to ad-
dress thermoelasticity issues have led to the adoption of numerical tech-
niques for simulating laser thermal cleaving processes. The finite element
method (FEM) is particularly well-suited for these applications [136]. “The
fundamental concept of the FEM is that any continuous quantity, like tem-
perature or displacement, can be represented by a discrete model constructed
from a collection of piecewise-continuous functions defined over a finite
number of subregions™ [136, ¢ 10].

A variety of works, such as [136-139], outline the fundamentals of the
FEM and its practical applications.

The application of the algorithm typically involves four steps [140]:

1) extraction of finite elements;

2) identification of the approximating function for each element;

3) integration of the finite elements into a cohesive ensemble;

4) calculation of the vector of nodal function values.

The key benefits of employing the FEM for calculating laser thermo-
cleavage modes of brittle non-metallic materials within the framework of
the phenomenological model described above include the following:

— consideration of the dependence of material properties on tempera-
ture during numerical simulation;

— simplification of the problem when using mixed boundary conditions;

— applicability of the method for composite materials;

— utilization of the FEM for solving problems involving bodies of ar-
bitrary geometric shapes.

ANSYS software is one of the most renowned packages for finite ele-
ment analysis, used for dealing with a diverse array of problems related to
deformable solid mechanics, heat exchange and transfer, hydro aerodynam-
ics, acoustics, and electrodynamics. This program serves as a toolkit de-
signed for mathematical modelling and computational experimentation, in-
corporating efficient numerical methods for the execution of user-developed
models [141, 142].

ANSY'S software functions as an open system for programming, using
the integrated APDL language alongside various high-level programming
languages. The user can embed procedures and elements, modify and add
menus, and connect message files to create custom programs.

18



Developing universal computer technologies internally is generally un-
feasible and often impractical in many instances.

The exceptional quality of this software product is demonstrated by the
inclusion of ANSY'S software for finite element analysis in the roster of ap-
plications certified by the Software Certification Board of Gosatomnadzor
(Federal Nuclear and Radiation Safety Authority) of Russia [143]. Calcula-
tions of the static stress-strain state of core elements and reactor equipment con-
structed from metals and alloys are advised to be conducted within the linear-
elastic region, while also considering deformations such as plasticity and creep.

It is important to acknowledge the substantial volume of publications
that showcase successful finite-element simulations of various laser technol-
ogies for materials processing, using the ANSY'S software package. The out-
comes of the simulation regarding laser thermohardening processes are de-
tailed in [144]. It is important to emphasize the studies [115, 118-120],
where ANSYS software was effectively implemented to compute the ther-
moelastic fields generated in brittle nonmetallic materials during the process
of laser thermal cleaving.

The simulation of laser thermocleavage processes in ANSYS employs
thermal-strength analysis tools that are relevant for strength analysis derived
from the results of the thermal conductivity problem [145]. In ANSYS soft-
ware, thermal and strength analyses are conducted in a sequential manner,
aligning with the approach used to address the uncoupled thermoelasticity
problem within a quasi-static framework.

In the application of the FEM within ANSY'S for determining tempera-
ture fields, the matrix equation representing the heat transfer process can be
expressed as follows [145]:

[CI1{T}+ [KI{T}={Q}, (2.1)

where [C] is the specific heat capacity matrix;
{T'} is the time derivative of the temperature at the node;
[K] is the effective thermal conductivity matrix;
{T} is the nodal temperature vector;
{Q} is the vector of effective heat flow at the node.

In this scenario, matrices [C] and [K] incorporate the temperature de-
pendence of thermal conductivity and heat capacity of the material. Addi-
tionally, vector {Q} accounts for the characteristics of the laser beam impact
and the cooling effects on the material surface due to the refrigerant influence.

The determination of the temperature field represents the initial phase
in the simulation of the laser thermal cleavage process. The subsequent step
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of significant importance involves the assessment of thermoelastic stresses
within the work material.

In [136], it is observed that the standard formulation of the FEM pre-
sumes the definition of the displacement field. Consequently, solving the
problem requires the minimization of the system's potential energy. The re-
solvent equation for handling this problem in ANSYS software is expressed
as follows:

[K{u}={F}, (2.2)

where [K] is the stiffness matrix;
{F} is the nodal force vector;
{u}is the nodal displacement vector.

When simulating laser thermal cleavage processes, the formation of the
vector {F} is executed by considering the effects of deformation linked to
the thermal expansion of the material during laser heating, as well as its
compression in the area subjected to the refrigerant. Subsequently, the iden-
tified values of nodal displacements are used to ascertain the components of
the stress tensor [136].

The main disadvantage of the FEM, along with any variational method,
was highlighted in [138] as the challenge of acquiring a-priori estimates. The
reliability can solely be assessed through testing for precise solutions.

In [146], a summary of three primary sources of error in the numerical
solution of problems using the finite element method is presented:

— discretization error resulting from the approximation using basis
functions;

— round-off error associated with the finite representation accuracy of
numbers in computational devices;

— error in the mathematical model, stemming from its misalignment
with physical reality.

Furthermore, it was observed in [147] that the origin of error is linked
to the initial data, which is typically derived from experimental procedures;
however, overall, the precision of the results obtained does not surpass the
precision of the initial data [139].

Reference [141] indicates that round-off errors occurring during arith-
metic operations on computers are less significant compared to the other
types of errors mentioned previously; consequently, this source of errors will
not be addressed further.

A primary issue in employing the FEM is the validation of the selected
finite element size, as any numerical approach exhibits a dependence of the
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findings on the nature of discretization [148]. The main reason for the FEM
error that requires thorough examination is discretization error [146]. Ac-
cording to [149], employing coarse network models results in an underesti-
mation of outcomes by 20 —40 % relative to the actual values.

A common practice of substantiating the convergence of the FEM to an
exact solution involves comparing the numerical solution, performed with a
large number of domain partition intervals, with the previous lower-order
approximation. The proximity of the derived solutions acts as an indicator
of the method's convergence [146]. As stated by [149], reducing the element
size to a specific extent enhances the detail of the computational model and
yields reliable results.

However, it is important to emphasize that the most effective method
for verifying the accuracy of numerical simulation results is through com-
parison with precise analytical solutions [138].

To evaluate the error arising from the implementation of the chosen fi-
nite element model, the precise analytical solution [9] of the inhomogeneous
linear heat conduction equation was used

2 T (v _l_aT(f,t):—Q(F,t)
Ve-T(r,1) N : (2.3)
with a source
Qrt)=1P, oexp{‘(x‘vﬁf —0) —vz}, (2.0

which models the uniform motion of the laser beam along a straight line.

In the above equations:

A is the thermal conductivity of the material;

a 1S the thermal diffusivity of the material,

Po is the laser power density at the beam’s center;

v IS the absorption constant of the medium;

v is the linear velocity of the laser beam;

R is the laser beam radius.

The Green's function for the thermal conductivity equation in a semi-
infinite medium, considering heat transfer from the surface, is represented
as follows [150]:
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Here, ho = h/A represents the relative heat-transfer coefficient (h is the
heat-transfer coefficient), t=t—t’.
It is widely acknowledged [150, 151] that

T(r,t)=[d°F [dt'G(r, I, t—t)-Q(r',t'). (2.6)

The integration of equation (2.6) generates the subsequent expression
for the temperature field:

P'ya Rt

T(r,t)= jdt f(r,7, (2.7)

where
R is laser beam radius

o {—(x—v-rr—(y)Z)}

2
F(F 1) = 44 a TEZR y
a-T+

x{exp(yz-a-r—y-z)-erfc(y-\/a-r—z/\/4-a-r)+
+L:°exp(y2 -a-r+y-z)-erfc(y-\/a-r+z/\/4-a-r)—

2:h,

(2.8)

a-r+z/\/4-a-t)}.
As the absorption coefficient approaches infinity, the solution repre-

sented by equations (2.7) — (2.8) can be expressed as [9]:

T(r.) = Px a-R jdt F(F.7), (2.9
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_22

ex
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(2.10)

The derived exact analytical solution (2.9) was eventually employed to
assess the validity of the finite-element simulation findings. The sufficiency
of the acquired results was assessed by juxtaposing the maximum temperature
values derived from the FEM with those based on the analytical solution (2.9).

The calculations were performed with the following parameters in
mind: Po = 2.238:10° W/m?2, R =1.5-10° m, v = 25-10° m/s. The charac-
teristics of silicate sheet glass and alumina ceramics used for calculations
are presented in Table 2.1. The calculations derived from expression (2.9)
yielded a maximum temperature of 769.7 °K for sheet glass and 347.1 °K
for polycore.

The verification results of the numerical simulation presented in
Table 2.2 indicate that the finite element model demonstrates convergence
to the exact solution as the element sizes are decreased. The discretization
error is approximately 2 — 3.5 %.

Table 2.1 — Characteristics of various types of silicate glasses and alumina ceramics

. . Sheet Fused Polycore 22XC
Material properties | 0o quarz | 222 | (VK 100-1) | (VK 94-1)
Density, kg/m?® 2450 2200 2390 3960 3860
Specific heat capacity, 860 880 837 260 760
J/kg -K
Thermal conductivity, | aq 134 | 096 | 32,50 10.45
W/m -K
Thermal linear
expansion coefficient, 89 5 52 75 80
deg 10”7
Young's modulus, GPa 70 78 66 380 247
Poisson ratio 0.22 0.17 0.21 0.22 0.22
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Table 2.2 —Parameters of finite element models and the results of the investigation into
the accuracy of solutions

Material Sheet glass Sheet glass | Sheet glass | Polycore

Material type Solid70 Solid70 Solid90 Solid90
Sample spacing, s 0.01 0.005 0.005 0.005

Element edge length in
cutting plane, 0.25 0.125 0.125 0.125
103 m
Temperature peak, K 720.7 731.4 744.3 340.6
Percentage error, % 6.4 5.0 3.3 1.9

We will now focus on an additional source of error, namely, the er-
ror that is present in the mathematical model employed.

The thermal conductivity and heat capacity of silicate glass and alumina
ceramics exhibit a notable dependence on the temperature of the material.
Considering this dependence, the maximum temperature in the silicate glass
sheet was determined to be 731.4 °K, which is lower than the previously
calculated temperature of 637.7 °K that did not account for this dependence.
Consequently, the previously used models for the laser thermocleavage pro-
cess of silicate glass produced significantly overestimated temperature val-
ues in the laser irradiation zone. The error in the calculation of temperature
fields was around 10 — 15 %.

The calculations conducted in [99] suggest that the energy flux density
from the glass surface resulting from radiation at the glass transition temper-
ature is approximately 3-10* W/m?, while the flux density attributed to con-
vective heat transfer remains below 25 W/m2. In [31], power densities en-
closed in the range of 0.3-10° W/m? to 20-10° W/m? were used for thermal
cleaving. Thus, when determining the temperature fields generated during
laser thermal cleaving, energy losses from the material surface due to radia-
tion and convection can be neglected, with the exception of the region ex-
posed to the refrigerant.

Furthermore, aside from the previously identified sources of error in the
employed model, it is important to highlight that the uncoupled quasi-static
formulation of the thermoelasticity problem is utilized for determining stress
fields. The distinctive feature of this model for laser thermocleavage pro-
cesses is the neglect of the interdependence between the strain field and the
temperature field (the coupling effect), along with the disregard for dynamic
effects resulting from the motion of solid particles during thermal expansion
[152]. However, reference [9] presents a statement regarding the relatively
small magnitude of the coupling effect and the dynamic effects observed
during laser thermal cleaving.
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The material fracture criterion employed in this study to elucidate the
physical regularities of laser thermal cleaving of silicate glasses and alumina
ceramics calls for particular attention. As previously noted, it is appropriate
to use the tensile strength of specific types of silicate glass and alumina ceram-
ics as a criterion for material fracture when simulating the relevant processes.

Thus, the criterion of maximum tensile stresses, first introduced by
E. loffe [153, p. 193], is chosen as the main criterion for determining the
direction of crack development in this study. As per this criterion, the laser
micro-crack propagates in the direction perpendicular to the action of maxi-
mum tensile stresses. The propagation of a crack in the tensile zone is noted
to halt its growth and may exhibit a tendency to “reflect” from the compres-
sion zone [154, p. 188].

Further enhancement of the accuracy in engineering calculations related
to the laser thermocleavage process can be achieved through the application
of fracture mechanics, specifically using the Griffiths-Irwin theory of crack
formation. By examining laser thermal cleaving through this methodology,
one can gain a clearer understanding of the temperature and stress values
present in the processing area. This possibility arises from the disturbance in
heat exchange between the material parts separated by a crack, with the tip of
the moving crack serving as a source of heat [155, p.178]. In this scenario, as
previously mentioned, there exists a concentration of stresses at the crack tip.

By employing the previously mentioned approach for simulating laser
thermocleavage processes in this study, it was feasible to address the identi-
fied challenges and, primarily, to effectively ascertain the physical principles
and characteristics associated with various forms of laser thermal cleaving
of brittle materials. Simultaneously, to uncover the unique characteristics of
microcrack formation under various laser thermal cleaving schemes, we uti-
lized the spatial distributions of thermoelastic fields calculated for the pro-
cessing modes. These modes are either detailed in existing literature [31] or
have provided satisfactory results in our experiments.

2.2. Experimental test procedure

This work focuses on the processes involved in the laser separation of
brittle nonmetallic materials, specifically those resulting from microcrack
formation due to thermoelastic stresses. Therefore, the experimental study
program encompassed measurements of the technological parameters asso-
ciated with laser thermal cleaving and an analysis of the geometric charac-
teristics of the resulting microcracks.
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The primary factors impacting the process of laser thermal cleaving are
the energy parameters of laser beams, including radiation power for contin-
uous mode lasers, and radiation energy and pulse duration for pulsed mode
lasers. Additionally, the size and shape of the beams on the surface of the
material being processed play a significant role.

The average power and energy of laser radiation were measured with
the IMO-2H meter consisting of a sensing head, a measurement unit, and a
power attenuator (Figure 2.1). The specifications of the IMO-2H meter for
average power and energy of laser radiation are given in Table 2.3, refer-
enced from [156, p.64].

Figure 2.1 — Meter for average power and energy pulses of laser radiation IMO — 2H

Table 2.3 — IMO — 2H specifications

Operating wavelength, um 1.06; 10.6
Power measurement range, W 102+ 102
Energy measurement range, J 102+ 10!
Maximum beam diameter, mm 12

Basic error, % 7

The relative instability of the average power was calculated as a per-
centage using the following formula:

P P
S, =t _mn.100, (2.11)
Pmax + I:)min
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where P_ and P_ are the maximum and minimum values of the aver-

age power obtained throughout the measurement process. The average
power of the ILGN 802 laser exhibited a relative instability of 8 %.

The extinction coefficient [157] was determined by measuring the
transmission of YAG laser radiation by wafers composed of alumina ceram-
ics and silicate glasses of different thicknesses, using the IMO-2H meter as
outlined in [158].

The intensity of laser radiation was initially measured following the
method described in [158]. Afterwards, along the trajectory of the laser
beam, which is orientated perpendicular to its direction, wafers composed
of silicate glass or alumina ceramics with different thicknesses were posi-
tioned. The intensity of the transmitted radiation was subsequently measured.

The extinction coefficients were calculated by measuring the transmit-
tance of the wafers in relation to their thickness, applying a formula that
incorporates the radiation losses due to reflection from both surfaces:

| =1,-(1—R?)exp(—kI), (2.12)

where | is the radiation intensity incident on the wafer surface;
| is the radiation intensity after the wafer transit;

R is the reflectance;
| is the wafer thickness.

The determined extinction coefficients for the YAG laser in sheet glass
and polycore are 72 m and 1560 m?, respectively, aligning well with the
data presented in [158].

The velocity of the laser beam's relative motion and the material being
processed was established in a programmatic manner. The refrigerant sup-
ply was controlled using a reducer equipped with a manometer.

The depth of laser cracks, along with the quality and accuracy of mate-
rial separation into fragments, was assessed using a toolroom microscope
BMI-1C (Figure 2.2).

The toolroom microscope’s performance specifications are presented
in Table 2.4.

Table 2.4 — BMI-1C performance specifications

Longitudinal measuring range, mm 0+ 150
Traverse measuring range, mm 0+50
Microscope magnification, diameters 10; 15; 30; 50

Basic error, pm +3
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Figure 2.2 — Toolroom microscope BMI-1C

Figures 2.3 and 2.4 illustrate a standard end view of glass products pro-
duced through conventional processing and laser thermal cleaving methods.

The accuracy attained in the application of the splitting microcrack dur-
ing the experimental studies was approximately 0.05 mm. This measure-
ment was primarily influenced by the error associated with linear displace-
ment and the positioning of the coordinate table.

The quality of the optical elements and the variability in the power of
the generated laser radiation, attributed to the technical characteristics of the
equipment, influenced the cutting accuracy.

Glass samples underwent strength testing via transverse bending and
centrally-symmetric bending using an INSTRON 5567 testing machine. In
the transverse bending tests, a total of 30 to 40 glass samples were used,
each measuring 90x20x5 mm. The spacing between the supports for the
bending tests was established at 60 mm. The indenter radius was set to
5 mm, and the displacement speed of the indenter was maintained at
0.05 mm/s. A total of 30 to 40 glass samples, each measuring 100x100x5 mm,
were used for the centrally-symmetric bending strength tests. The ground
ring had a radius of 20 mm, while the shaping ring had a radius of 10 mm.
The displacement speed of the indenter was set at 0.05 mm/sec. The strength
of the samples acquired through the controlled laser thermocleavage method
was measured at 68.3 + 4.8 MPa for transverse bending and 195.2 = 4.0 MPa
for centrally-symmetric bending.
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The outcomes of the strength tests performed align well with the find-
ings reported in [38], supporting the conclusion that using laser thermal
cleaving enhances the strength of glass product edges when compared to the
strength obtained through conventional cutting methods.

OO i Ny

Figure 2.3 — End view of a glass wafer when cutting with a diamond tool

Figure 2.4 — End view of a glass wafer during the cutting process
via controlled laser thermal cleaving
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2.3. Laser beam machine equipment

To examine the mechanisms of laser thermal cleaving of brittle non-
metallic materials, laser beam equipment was used, which was designed and
developed with the applicant's involvement during the T-3 task “To develop
and create technological complex for laser processing of materials and mas-
ter its production” under the State Scientific and Technical Program “Laser
Systems” [63, 70, 95].

The selection of a laser technology version for development and imple-
mentation, along with its application efficiency, is directly contingent upon
the attributes of the fundamental laser equipment. Consequently, the devel-
opment of laser beam equipment, incorporating YAG and CO: lasers,
emerged as a critical objective, essential for providing technological support
in the investigation of high-precision separation techniques of brittle non-
metallic materials.

Throughout all operating modes of the device, process gas (mainly air)
Is used. The primary function of air is to protect the lens, while its secondary
role involves creating an air-water mixture that acts as a refrigerant during
the laser thermal cleaving of brittle non-metallic materials.

The device consists of a fixed assembly comprising two lasers and a
coordinate table, which is governed by a computer numerical control (CNC)
system (see Figures 2.5 and 2.6). The technical specifications of the ma-
chine, as outlined in Table 2.5, along with a detailed description of its com-
ponents, are presented below.

The ILGN-802 emitter functions as a source of infrared radiation, char-
acterized by a wavelength of 10.6 um. The YAG KLT 00.03.00.000 SB
emitter is composed of a quantron KLT 00.03.02.000 featuring an active
element, a pulse pump lamp, and reflectors. It includes resonator compo-
nents such as mirrors and holders, a shutter for radiation interruption, and a
telescopic nozzle.

The ILGN-802 transmitter receives its power supply from the IPL-3
power supply source.

The equipment is constructed using the following structural assemblies:

Modul 1

— YAG emitter operating in a pulse mode (KLT 00.03.00.000);

— YAG laser power supply unit IPL-2-6000;

— cooling unit UO-1;

Modul 2

— ILGN-802 emitter operating in a continuous mode;

— CO2 laser power supply unit IPL-3;

— cooling unit LSO-158A,;
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Figure 2.6 — Overview of the operating area of the laser beam machine equipment

Table 2.5 — Specifications of the device

Wavelength of YAG laser radiation, pm 1.064
Pulse duration of YAG laser radiation, ms 0.5+8
Range of YAG laser pulse repetition rate variation, Hz 1 +300
Maximum radiation energy in a YAG laser pulse, J 2+30
Wavelength of CO; laser radiation, pm 10.6
Maximum power of CO> laser radiation, W 75
Continuous operation time of the device, h, min 4
Rotary table diameter, mm 500
Rotary table speed, rpm 0-+34
Maximum linear displacement along X and Y axes, mm 500
Accuracy of linear displacement along X and Y axes, mm 0.05
Maximum displacement speed along X and Y axes, mm/min 6000
Positioning accuracy, mm, max 0.05
Refrigerant H20
Maximum power consumption from AC mains, kW 9
Weight of the workpiece, kg, max 5
Maximum mass of the device, kg, max 500
Length, mm 3500
Width, mm 3500
Height, mm 2000
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Coordinate system

— coordinate table UKPT-2M;

— rotation unit KLT 02.06.000;

— laser rotation unit at 90° UPLI 90.00.00.000;

— casing KLT 00.02.00.000;

— video camera KRS S400;

— backlight unit TD 2.431.000;

— monitor MM-9M (TS-4410);

— CNC system SINUMERIC 802S;

— Pentium IV computer;

— control cabinet TS-8.

The IPL-2-6000 power supply unit is engineered for the synchronous
generation of current pulses in the emitter lamps of the solid-state YAG laser
model KLT 00.03.00.000, as well as for the management of its operating
modes. The system delivers pumping power of up to 6000 W, allowing for
frequency modulation of radiation in the range of 1 + 300 Hz, with pulse
durations adjustable within 0.5 + 8 ms. The device UPLI 90.00.00.00.000
rotates the laser beam by 90°. This optical system comprises a configuration
of lenses and mirrors.

The casing KLT 00.02.00.000 functions as a protective barrier against
laser radiation exposure. The casing covers the laser housings and the laser
beam rotation unit UPLI 90.00.00.00.000.

The KRS S400 video camera, MM-9M (TS-4410) monitor, and TD
2.431.000 backlight unit are used for the visualization of material processing.

The SINUMERIC 802S CNC system is engineered to manage stepper
motors associated with the coordinate table (X, Y, ¢ coordinates), the step-
per motor for the rotation unit, components of the pneumatic system, and
protective shutters that obstruct the beam when it is essential to halt the sup-
ply of laser radiation to the processing area.

The computer is engineered to facilitate the execution of large-scale
technological programs on machine equipment, which cannot be accom-
plished with the CNC system due to its RAM limitations. Additionally, it
serves the purpose of storing and editing technological programs. The com-
puter is capable of visualizing the processing zone and recording video in-
formation onto a hard disc.

The TS-8 control cabinet is a robust assembly designed to house the
power supplies for both lasers and the cooling unit, the safety interlocking
device, and components of the pneumatic system.
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2.4. Experimental models of laser equipment

Experimental studies of double-beam laser thermocleavage processes
were conducted using the advanced laser apparatus that was developed.
Nonetheless, the design characteristics of the device hindered the successful
execution of experimental studies in several instances, preventing the appli-
cation of methodologies that could enhance the technology for high-preci-
sion separation of brittle nonmetallic materials.

This situation required the design and assembly of experimental
setups for laser apparatus aimed at the relevant experimental investigations.
In this instance, alongside the equipment provided, supplementary equip-
ment was employed.

In conducting experimental studies, the CO: lasers LGN-703 and
ILGN-709, along with the solid-state laser LTN-103, were utilized. The
LGN-703 laser emitter produced radiation with an output power ranging
from 30 to 40 W, while the ILGN-709 emitter generated radiation with an
output power of 120 W, operating at a wavelength of 10.6 um. The solid-
state emitter LTN-103 is designed to generate radiation at a wavelength of
1.06 um, allowing for a seamless adjustment of the output power in the range
of 0 to 250 W.

Alongside the previously noted laser equipment, a five-axis stepper mo-
tor control device DSI-5 and a heat gun SKIL 8003 were used.

It is important to highlight that throughout the experimental process,
several devices for laser thermal cleaving were developed and produced,
with their availability being closely linked to the success of the research un-
dertaken. The identified technical solutions have been secured through pa-
tents pertaining to utility models and methods for laser thermal cleaving of
brittle nonmetallic materials [84—89].

A prototype of the setup developed by us [91] was used in order to in-
vestigate the impact of supplementary gas flows (specifically heated air) on
the controlled laser thermocleavage process. Figure 2.7 provides a schematic
representation of this setup.

The laser cutting model for brittle non-metallic materials includes the
following components: CO: laser 1, focusing lens 2, coordinate table 3, de-
fect application mechanism 4, refrigerant supply nozzle 5, heating and gas
supply device 6 and vertical movement mechanism 7 with carriage 8. Fo-
cusing lens 2, defect application mechanism 4, refrigerant supply nozzle 5,
and gas heating and supply device 6 are positioned on carriage 8. The
setup is equipped with a coordinate table control unit 9.
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The operation of unit 9 is managed through a process program that is
input into computer 10. The designation 11 signifies a product composed of
the material intended for processing.

The laser produces radiation that is extensively absorbed in the surface
layers of the material undergoing processing (for the processing of silicate
glasses and alumina ceramics, a CO- laser emitting radiation at a wavelength
of 10.6 um is used).

10 L~

Figure 2.7 — Experimental model of the laser setup
for thermocleaving of brittle nonmetallic materials

A shutter (not depicted in Figure 2.7) is employed to prevent the irradi-
ation of the sample, redirecting radiation away from the processing area dur-
ing the process of positioning the product on the table, focusing the laser
radiation, and fine-tuning the systems for delivering refrigerant, heated air,
and the defect application mechanism.

The coordinate table promotes the relative displacement of laser beams
and the workpiece within the horizontal plane. The mechanism for defect
application is specifically engineered for the introduction of local defects
along the thermocleavage line and features a device that facilitates the ver-
tical movement of the cutter. The nozzle allows for the pressurized delivery
of a fine air-water mixture into the processing area.
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The heating and gas supply device is primarily designed for the extrac-
tion of refrigerant from the area subjected to laser radiation exposure. This
device also offers preheating for the surface of the workpiece.

The computer software is adapted to modify the functioning of the con-
trol unit for the coordinate table and the vertical movement mechanism
based on a predetermined technological program. This unit also regulates
the refrigerant supply mechanism, manages the defect application mecha-
nism, controls the heating and gas supply device, and adjusts the position of
the damper that governs the laser radiation supply.

In order to explore the process of laser thermal cleaving along curvilin-
ear trajectories, a prototype of a laser setup was used, characterized by the
implementation of a five-coordinate control system of stepper drives [86].
Figure 2.8 presents a schematic diagram illustrating the model of this setup.

1

|

Figure 2.8 — Experimental model of the laser setup
for thermocleaving along curvilinear trajectories

The primary components of the prototype model include: CO: laser 1,
focusing lens 2, coordinate table 3, vertical movement mechanism 4 with
carriage 5, defect application mechanism 6, refrigerant supply unit 7, nozzle
8, and mechanism 9 for the horizontal movement of the nozzle, which en-
sures the cooling zone is positioned according to the specified horizontal
coordinates. The configuration also includes a control unit 10. Position 11
specifies the product intended for processing.
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The setup incorporates a mechanism for the horizontal movement of
the nozzle, enabling independent motion and the direct supply of refrigerant
to the laser radiation exposure line. This design enhances the precision of
the splitting crack orientation along the laser radiation exposure line during
cutting of curvilinear contours. The vertical movement mechanism enables
the maintenance of optimal radiation power density during processing. This
capability is crucial for the manufacturing of products from brittle non-me-
tallic materials that are constrained by curvilinear contours of complex spa-
tial shapes.

A prototype of the setup was created to study the processes of laser
thermal cleaving of tubular-shaped brittle nonmetallic materials using vari-
ous methods, including double-beam methods. The layout of the setup is
illustrated in Figure 2.9 [84].

Figure 2.9 — Experimental model of the laser setup
for thermocleaving of tubular-shaped materials

The setup for laser cutting of brittle non-metallic tubular-shaped
materials includes CO: laser 1, focusing lens 2, YAG laser 3, focusing lens
4, rotating drum 5, defect application mechanism 6, refrigerant feeder 7, and
supporting bracket 8. The bracket 8 is equipped with focusing lenses 2 and
4, a defect application mechanism, and a refrigerant feeder. The setup
includes a control unit 9. The control unit's operations are synchronised
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through the technological program inputted into computer 10. Position 11
denotes a tubular product composed of the material designated for processing.

Laser 1 generates radiation at a wavelength that aligns with the surface
absorption characteristics of the material designated for treatment. The radi-
ation of laser 3 has a wavelength corresponding to the bulk absorption by the
material. As previously mentioned, for the processing of silicate glass and
alumina ceramics, it is appropriate to utilize a CO> laser emitting radiation
at a wavelength of 10.6 microns as laser 1, and a YAG laser emitting radia-
tion at a wavelength of 1.06 microns as laser 2.

The prototype model has lens 2, which is securely mounted on bracket
8 to focus the radiation from laser 1. In contrast, lens 4, intended for focusing
the radiation from laser 3, is installed to allow for rotation. The rotating drum
5 is engineered for precise positioning of the work pieces 11 within the pro-
cessing area. The individual work pieces 11 are sequentially positioned
within the grooves of the drum 5. Simultaneously, the workpiece 11 situated
in the working area undergoes rotation.

2.5. Properties of silicate glasses and alumina ceramics

The Terminology Commission of the USSR Academy of Sciences de-
fined glass as “all amorphous bodies obtained by supercooling the melt, ir-
respective of their chemical composition and solidification temperature
range, which, due to a gradual increase in viscosity, exhibit mechanical
properties of solids, and the transition from liquid to glassy state should be
reversible” [159 p.p.10].

Inorganic as well as organic substances can exist in a glassy form. The
composition of inorganic glasses may encompass nearly all elements of the
periodic table. Inorganic glasses can be classified into many categories based
on their composition: elemental, oxide, halide, chalcogenide, and mixed
[160, p. 130].

Oxide glasses are glasses primarily composed of oxygen-containing
compounds. Oxide glasses are categorized into the following classes based
on the type of glass-forming oxide: silicate glasses, borate glasses, phos-
phate glasses, germanate glasses, and borosilicate glasses.

Silicate glasses are the most significant oxide glasses, constituting 95 %
of all mass-produced industrial glasses. In terms of prevalence, they are in-
comparable to glasses of other categories [159]. Silicate glasses are recog-
nized as crucial technical materials, whose advancement and application sig-
nificantly influence several fields of research and technology [161]. Refer-
ence [7] highlights the significant role of glass in electrovacuum manufac-
turing and instrumentation, using its superior vacuum, electrical insulation,

38



and thermal insulation qualities. Consequently, glass is extensively imple-
mented in the production of structural components for electrovacuum and
gas discharge devices, as well as in microelectronics.

As noted in [162], ceramics refer to any polycrystalline materials ob-
tained through the sintering process of nonmetallic powders of natural or
artificial origin.

A wide variety of ceramic materials exists, showcasing significant di-
versity. In [164, p. 5], a classification of ceramics is proposed, which is based
on the presence of a specific chemical substance in the manufactured ceramic
product, where the crystalline phase predominates in this type of ceramics.

This classification allows for the grouping of all existing types of ce-
ramics into several primary classes:

— ceramics composed of highly refractory oxides (oxide ceramics);

— ceramics derived from silicates and aluminosilicates;

— ceramics using titanium dioxide, titanates, zirconates, etc.;

— spinel-based ceramics;

— ceramics incorporating chromites of rare earth elements;

— ceramics formulated from refractory oxygen-free compounds.

As observed in [164], among the diverse range of ceramic materials,
oxide ceramics are the most widespread. Meanwhile, study [162] high-
lighted that the most important material for electronic engineering is alu-
mina-oxide ceramics, which represent the most prevalent category of oxide
ceramics. Alumina, or corundum, ceramics are polycrystalline materials pri-
marily composed of aluminum oxide. This nomenclature is derived from the
natural mineral corundum, which is essentially pure aluminum oxide, repre-
sented by the chemical formula Al2Oz. In this context, “technical alumina
ceramics are composed not solely of Al.Os; they may also include certain
additives and impurities from raw materials. It is standard practice to refer
to corundum ceramics as those containing 95 % or more Al,Os, with corun-
dum being the primary crystalline phase” [163, p. 98].

In [163], it is found that alumina ceramics are extensively utilized
across multiple technological domains, including radio-electronics, owing
to their physical, mechanical, and electrophysical properties. The primary
application area for alumina ceramics is in the production of integrated cir-
cuit substrates [162]. In [163], it is observed that following the development
of transparent ceramics known as “Polycore”, the scope of scientific and in-
dustrial applications for alumina ceramics was considerably broadened, par-
ticularly in the domains of aviation and space technology.

Thus, the choice of samples from silicate glasses and alumina-oxide ce-
ramics as the main materials for studying the regularities of laser thermal
cleavage processes is justified by the prevalence of these materials in various
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applications. Both classes are recognized as common brittle nonmetallic ma-
terials utilized across numerous fields of human endeavor [7, 165]. This sit-
uation arises from the advantageous interplay of multiple technical proper-
ties of silicate glasses and alumina ceramics [160, 163].

Let us consider the main parameters characterizing the properties of sil-
icate glasses and alumina ceramics. Understanding these parameters is es-
sential for analyzing the physical principles underlying the laser thermo-
cleavage processes of these materials. The parameters are as follows:

p is the density;

c1s the specific heat capacity;
A is the heat-conductivity coefficient;
o, is the thermal linear expansion coefficient;

E is the Young's modulus;

v IS the Poisson ratio.

Table 2.1 [7] provides a summary of the properties of silicate glasses
and alumina ceramics at room temperature.

The properties of materials are primarily influenced by their chemical
composition, as detailed in Table 2.6 [7, 159]. The effect of each oxide on
specific material properties is distinct and can be quantified by a numerical
coefficient. The degree of influence of an oxide is proportional to its content
in the material.

Table 2.6 — Chemical composition of certain types of silicate glasses and alumina ceramics

Chemical composition, %

Material type
SI02 | AL203| MgO [Na20O|CaO|K20|SO3|Fe203/B203|Cr203
Sheet glass 71.7 2 4.1 |146|6.7|0.32/0.5]0.08 | — —
Fused quartz 100 — — - | = = -1 - — —
S52-1 68.7 | 3.5 — |44 - |44 — | — |19.0| -
Polycore (VK 100-1) | — 98 | 02| — | — | - | -] - - -
22XC (VK 94-1) 276 | 944 | 235 — | — | — | — | - — 1049

Given that laser thermal cleaving involves substantial temperature var-
lations in the work material, it is essential to consider the temperature de-
pendencies of various properties of silicate glasses and alumina ceramics
when conducting numerical simulations within the context of the uncoupled
quasi-static theory of thermoelasticity. The discussion pertains to the specific
heat capacity and thermal conductivity of the materials previously mentioned.
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The data presented in references [7, 165, 163, 166] indicates that the
specific heat capacity of silicate glasses and alumina ceramics exhibits an
Increase as temperature rises. The specific heat capacity of silicate glasses is
observed to increase by approximately 1.5 times from room temperature to
the glass transition temperature. In contrast, the specific heat capacity of alu-
mina ceramics increases by 1.3 times within the temperature range from
room temperature to 1000 °C [7, 166].

According to reference [7], an increase in the temperature of silicate
glasses from room temperature to the glass transition temperature results in
an approximate twofold increase in their thermal conductivity. The thermal
conductivity of alumina ceramics exhibits a significant reduction upon heat-
ing. Specifically, when the temperature varies from room temperature to
1000°C, a nearly fivefold decrease in thermal conductivity is recorded [163].

As shown by [7], the temperature dependence of additional character-
istics of silicate glass and alumina ceramics is minimal and can be disre-
garded in future simulations of laser thermal cleaving processes.

The successful implementation of any laser thermal cleavage technol-
ogy is contingent upon the occurrence of fracture resulting from the materi-
al's brittleness. With regard to reference [167], two primary types of fracture
are identified: plastic and brittle. The initial emergence of these terms oc-
curred as technical concepts applied in practice. In the context of physical
theory, the phenomena of plastic and brittle fracture can be accurately de-
scribed using the terms “shear fracture” and “cleavage fracture,” respec-
tively [163]. In [163], the brittleness of a material is characterized as the ratio
of shear resistance to tensile strength. When the ratio exceeds one, the ma-
terial is classified as brittle.

However, it should be noted that the brittleness of materials can be brit-
tleness proper, both as a material property determined by the nature of inter-
atomic interaction and the crystallochemical structure of the substance and
as a brittle state of the material. The brittle state of a material is determined
by such factors as the microstructure of the material and the conditions of its
deformation. “Under certain external conditions (temperature, pressure),
brittle materials acquire the ability to plastic deformation. This means that
the rates of stress relaxation processes reach values not lower than the rate
of application of these stresses™ [130, c. 102].

Consequently, the temperature within the processing area during laser
thermal cleaving must be restricted to levels that prevent the relaxation of
thermoelastic stresses, which results from plastic deformation.
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When determining the upper limit of permissible temperatures for
glasses, select the glass transition temperature that corresponds to the spe-
cific type of glass. For silicate glass sheets, the glass transition temperature is
516 °C; for fused quartz, it is 1200 °C; and for glass S52-1, it is 522 °C [7].

In the case of alumina ceramics, the literature does not provide specific
temperature values at which these materials transition to a plastic state. The
complexity of the fracture mechanism in ceramic materials that include one
or more crystalline phases, along with a glassy phase, is noteworthy [168].
Fracture may manifest either through the body of the glassy phase or along
the crystalline structures. Under certain conditions, materials that possess a
fully crystalline structure may experience fractures along grain boundaries
while maintaining their overall integrity [163].

The condition for macroscopic plasticity of polycrystalline materials,
as noted in [130], is the existence of multiple independent active slip sys-
tems. Simultaneously, it is noted that systems involving aluminum oxide are
already present at approximately 1000 °C. Accordingly, it will be consid-
ered that for aluminum-oxide ceramics, the transition to the plastic state oc-
curs at temperatures exceeding 1000 “C, which dictates the brittle fracture
mechanism (separation) at temperatures below this threshold [130].

Given that laser thermal cleaving leads to brittle fracture, it is logical to
utilize the tensile strength of specific silicate glass and alumina ceramics as
a criterion for material fracture when modelling the associated processes.

It is important to note that strength refers to a material's ability to with-
stand mechanical failure [165]. Simultaneously, based on the magnitude of
destructive loads, distinctions are made among tensile, bending, and com-
pression strengths. It is observed in [165] that the strength of materials is
influenced by the state of the product's surface, its dimensions, the surround-
ing environment, and temperature. Furthermore, it is found that the strength
of glasses is influenced by their homogeneity, while the strength of ceramics
is contingent upon their microstructure.

Theoretical estimates suggest that the strength value is approximately
one tenth of the elastic modulus for the corresponding material [169]. The
actual strength values are significantly lower. The theoretical strength of a
solid body refers to the strength exhibited by a body possessing an ideal
structure, free from damage and defects, at a temperature of absolute zero,
subjected to quasi-static homogeneous tensile strain [169]. The theoretical
strength of SiO: is approximately 10 GPa, while the theoretical strength of
Al>O3 is 50 GPa [130].

The typical tensile strength values for silicate glasses range from 35 to
100 MPa, while for alumina ceramics, they range from 80 to 300 MPa
[164, 163]. The low values of real strength can be explained by the Griffith
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theory, which states that calculating the strength of a product requires con-
sideration of microcracks on the surface and the significant stress concen-
tration at the tips of these microcracks [130].

Reference [165] indicates that silicate glasses exhibit the lowest
strength at a temperature of 200 °C. With rising temperatures, the strength
of most ceramic materials notably diminishes; specifically, alumina ceram-
ics experience a pronounced reduction in strength at temperatures exceeding
800 °C [163].

The durability of glasses and ceramics is influenced by the physical and
chemical properties of the environment. Surface-active agents promote the
development of pre-existing microcracks and contribute to the formation of
additional ones. Water serves as an effective surface-active medium for sil-
icate glasses and alumina ceramics [130, 165].

In accordance with [163], it is observed that the structural characteris-
tics and porosity of ceramics play a significant role in determining their
strength. The strength properties of ceramics decline as porosity increases,
primarily due to the stress concentration surrounding the pores. Generally,
fine-grained ceramics exhibit superior strength compared to coarse-grained
ceramics, a phenomenon attributed to the reduced stress levels present at the
grain boundaries. Defects and inhomogeneities in glass lead to a notable re-
duction in its strength [165].
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CHAPTER 3. SIMULATION OF SINGLE-BEAM LASER
THERMOCLEAVAGE PROCESSES AND DEVELOPMENT
OF ASCHEME TO ENHANCE ITS STABILITY

3.1. Examination of the process underlying the production of
splitting microcracks during controlled laser thermal cleaving

To clarify the mechanisms of laser thermal cleaving implemented by
various technologies, the temperature and stress fields were computed for
each version utilizing the finite element approach. The following presents
the outcomes of simulating the processing of brittle nonmetallic materials
using the CLT method and the through-the-thickness laser thermocleaving
technique [63]. The technological parameters determined during experi-
mental investigations of brittle nonmetallic material separation via the CLT
method (using an air-water mixture as a refrigerant) and the through-the-
thickness laser thermocleaving method are employed in the calculations
(Table 3.1). Figure 3.1 illustrates the arrangement of laser beams and the
refrigerant in accordance with the experimental settings.

Table 3.1 — Modes for laser thermal cleaving of silicate glass

Cross section Sample dimensions, Cuttin Laser
shape and Refrigerant mm spee dg power
laser beam supply _ transverse mm /s’ densit%/,
parameters thickness | i o cions W/m

Circle absent 9 1.57-10°
R=18mm present 15 1.57-108
Ellipse absent 3 30x20 17 1.28-108
A=9mm
B=22mm present 27 1.28:10°

The calculations employed the properties of sheet glass as presented in
Table 2.1. The relationships between the coefficients of heat conductivity
and specific heat capacity with respect to temperature were considered.

Furthermore, it was presumed that the parameters employed for the air-
water mixture supply facilitated the cooling of the glass surface, with a heat
transfer coefficient of 6800 W/m?K [152].

Figure 3.2 shows the relationship between the stresses oyy, Which act
perpendicular to the separation plane, and the distance from the center of the
laser beam section on the surface of the work material. The graphs exhibit a

resemblance to the time sweep graphs of stress fields oyy at a specific point
on the sample surface.
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Figure 3.1 — Arrangement of laser beams and a refrigerant in the processing area
1 is the circular cross-section laser beam;
2 is the elliptical cross-section laser beam; 3 is the refrigerant
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Figure 3.2 — Stresses oyy on the material surface versus the distance
to the laser beam cross-section center

1 is the through-the-thickness thermocleaving with a circular cross-section beam at
(Y=0); 2 is the CLT, with a circular cross-section beam at (Y=0);

3 is the through-the-thickness thermocleaving, with an elliptical cross-section beam at
(Y=0); 4 is the CLT, with an elliptical cross-section beam at (Y=0); 5 is the CLT, with
a circular cross-section beam at (Y=1 mm); 6 is the CLT, with an elliptical
cross-section beam at (Y=1 mm)
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Figure 3.3 presents the distribution of stress fields oyy in the separation
plane of silicate glass when the material is exposed to laser radiation alone
(through-the-thickness thermocleavage mode). Figure 3.4 illustrates the
specified dependence obtained when the work material is subjected to both
laser radiation and refrigerant simultaneously.
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Figure 3.3 — Stress distribution oyy in the separation plane, MPa
(Through-the-thickness thermocleaving when exposed
to a circular cross-section beam)
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Figure 3.4 — Stress distribution oyy in the separation plane, MPa
(CLT when exposed to an elliptical cross-section beam)

Comparing Figures 3.3 and 3.4 reveals that a notable compressive stress
zone develops at the laser beam impact point in both cases, enveloped by a
tensile stress zone at the front and depth of the material.

At CLT (Figure 3.4), unlike the mode of through-the-thickness thermal
cleaving (Figure 3.3), an additional tensile stress zone is established in the
upper layers of the sample, with its position influenced by the localization
of the refrigerant exposure. This tensile stress zone is constrained by the
compressive stress zone created by the laser beam.

Through the analysis of the distribution of thermoelastic fields, it was
found that the initiation of the splitting microcrack occurs in the surface lay-
ers of the material from a crack-like defect in the microstructure within the
tensile stress zone created due to the refrigerant supply. Further, the initial
microcrack starts its movement and propagates to the compressive stress
zone formed by laser radiation. Subsequently, the unsteady crack growth
stops, and its further propagation is determined by the change in the spatial
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distribution of tensile and compressive stress zones due to the mutual move-
ment of the work material, laser beam and refrigerant.

Thus, the distribution of compressive stresses in the sample volume de-
termines the shape and depth of microcrack development, the initialization
and development of which occurs in the tensile stress zone generated in the
refrigerant impact zone.

3.2. Analysis of the mechanism involved in the formation
of a splitting microcrack during parallel laser thermal cleaving

Parallel laser thermal cleaving is a specific type of laser thermal cleav-
ing characterized by the formation of a splitting crack that propagates paral-
lel to the flat surface of the material being processed (Figure 3.5). During
experimental studies, parallel laser thermal cleaving is performed by direct-
ing a laser beam onto the workpiece. The elliptical cross-section of the beam
Is aligned with its minor axis parallel to the movement direction of the laser
beam in relation to the glass wafer (Figure 3.6).

Figure 3.5 — Visual representation of a glass wafer produced
via parallel laser thermal cleaving [124]

The study focused on the characteristics of crack formation and pro-
gression along the surface, examining the distribution of thermoelastic fields
generated in glass when subjected to heating by a laser beam with an ellip-
tical cross-section, aligned with the minor axis in the direction of displace-
ment [59]. The calculations were performed using the characteristics of sil-
icate glass sheet given in Section 2.1. The thickness of the wafer was as-
sumed to be h = 2 mm, the velocity of relative displacement of the laser
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beam and the glass wafer V = 16-1072 m/s. Calculations were performed with
the following parameters of the laser beam of elliptical cross-section: major
axis B = 8-:10° m, minor axis A = 1.2.107 m, radiation power density
Po = 3-10° W/m?2,

——
-— —

Figure 3.6 — Schematic illustrating the development of a splitting crack,
parallel to the surface

Figure 3.7 illustrates the distribution of temperature fields created in the
analyzed sample under the specified conditions. The solid lines represent
isotherms corresponding to the temperature values indicated in the figures.
The highest local temperature within the analyzed sample remains below the
glass transition temperature, which is essential for effective glass separation
through laser thermal cleaving.

Figure 3.7 — Computational temperature distribution
during parallel thermal cleaving, °C
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Figure 3.8 shows the distribution of stress fields o2, that act perpendic-
ular to the surface of the sample. A compressive stress zone is observed to
form in front of the center of the elliptical laser beam. A tensile stress zone
Is established within the material, specifically at the depth corresponding to
the backward displacement from the center of the elliptical cross-section of
the laser beam. The magnitude of these stresses has the potential to initiate
crack formation.

Figure 3.8 — Computational distribution of stresses oz,
during parallel thermal cleaving, MPa

It is important to highlight that, as suggested in [10], to enhance the
probability of a crack developing parallel to the surface, it is beneficial to
start its progression from an inclined microcrack situated at the appropriate
depth. This recommendation arises from the observation that the strength of
glass diminishes considerably when a microcrack appears, leading to tensile
thermal stresses within the material that are sufficient for thermal delamina-
tion. Figure 3.9 demonstrates that, at the specified values of laser beam pa-
rameters, tensile stresses attain their peak at a depth of 0.5 mm.

In this scenario, a lag of their maximum from the center of the elliptical
laser beam is observed at A/2, which subsequently results in the lag of the
splitting crack noted in the experiment [10]. As the distance from the vertical
plane that intersects the minor axis of the elliptical laser beam (Y = 0) in-
creases, a gradual shift of the stress maximum towards the surface of the
work material is noticed (Figure 3.10). This phenomenon accounts for the
deflection spotted in the experimentally obtained cracks [10].

Figure 3.11 demonstrates that the tensile stresses oyy on the surface at-
tain values around 20 MPa. It is important to note that the laser beam is
shaped like an ellipse, with its minor axis aligned in the direction of dis-
placement.
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Figure 3.9 — Stresses o2, versus distance to the center of cross section
for the elliptical laser beam at Y = 0 mm
1-Z2=02mm;2-Z2=05mm;3-Z2=08mMm;4-Z2=1.1mm;5-Z2=1.3mm
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Figure 3.10 — Stresses oz, versus to the center of cross section

for the elliptical laser beam at Y =4 mm
1-Z2=02mm;2-Z2=05mm;3-Z2=08mm;4-Z2=11mm;5-Z2=1.3mm

Thus, the effective stress area oz, and the resulting stress on the sample
in the direction perpendicular to the sample surface are higher than in the
plane that intersects the minor axis of the elliptical laser beam. In this case,
the process of through-the-thickness thermocleaving is a noticeable compe-
tition to the process of thermal cleaving. In practice, this is evident in the
fact that even at minor deviations from the specified mode, thermal delami-
nation evolves into through-the-thickness thermal cleaving [10].
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Figure 3.11 — Stresses oyy versus distance to the center of cross section
for the elliptical laser beam at Y = 0 mm
1-72=0;2-Z2=02mm;3-Z2=04mm;4-27Z=0.6 mm;
5-Z2=08mm;6-Z=1.1mm

3.3. Laser separation through the controlled laser thermocleavage
technique on quartz glasses synthesized via the sol-gel method

The advancement of contemporary industrial production requires the
creation of not only innovative materials but also suitable technologies for
their processing. Recently, the synthesis of quartz glasses using the sol-gel
method has gained significant popularity. The sol-gel method enables the
production of highly pure and activated quartz glasses, which are suitable
for applications in fiber optics, optoelectronics, and laser technology [170].
In this connection, it seems relevant to investigate the potential application
of CLT for cutting quartz glasses produced through the sol-gel method. It is
important to highlight that the properties of these glasses closely resemble
those of fused silica glass (Table 3.2). However, at the submicron scale, their
structure differs from the structure of fused silica glass by greater random-
ness and a large number of defects [171]. Therefore, additional research is
required prior to the application of CLT for cutting quartz glasses produced
via sol-gel technology.

The analysis of literature regarding the dimensional processing of brit-
tle nonmetallic materials in [2] revealed that gas-laser cutting is extensively
utilized for cutting quartz glass. Nonetheless, the application of this technol-
ogy entails significant energy expenses and lacks a high degree of precision.
Furthermore, following the gas-laser cutting of quartz glass, it is necessary
to conduct additional annealing of the products to eliminate any residual
thermal stresses [2].
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Table 3.2 — Properties of quartz sol-gel glasses

Glass parameter Sol-gel glass
Density, kg/m? 2201
Specific heat capacity, J/ kg-K 250
Thermal conductivity, W/m-K 0.7
thermal linear expansion coefficient, deg-10~7 5.7
Young's modulus, GPa 73
Poisson ratio 0.16

The high thermal stability of quartz glass (the coefficient of linear ther-
mal expansion of quartz glass is an order of magnitude less than that of most
industrial silicate glasses [7, 165]) complicates its separation via thermal
cleaving. Nevertheless, research [10] indicated the successful implementa-
tion of laser thermal cleaving for cutting quartz glasses. It is noted that ther-
mal cleaving of quartz glass can be realized both with and without a refrigerant.

The processing of quartz glass without refrigerant is achieved using a
laser beam with an elliptical cross-section. The minor axis of the beam is
aligned with the direction of movement. This method resembles the parallel
laser thermal cleaving technique illustrated in Figure 3.6. However, it was
demonstrated in [2] that this option of laser thermal cleaving of quartz glass
exhibits low cutting accuracy, a feature typical of through-the-thickness la-
ser thermal cleaving.

The study highlighted in [2] indicates that the processing option em-
ploying a circular laser beam for heating the cutting line, paired with sharp
local cooling of the heating zone, demonstrates significantly greater effec-
tiveness. In comparison to the previously discussed option, using CLT
alongside a circular laser beam enhances the stability of the separation pro-
cess, resulting in a twofold increase in processing speed and an accuracy
improvement ranging from three to nine times [2].

We conducted experimental studies on the thermal cleaving processes
of quartz gel glasses, utilizing this specific processing option where the po-
sitioning of the laser beam and refrigerant in the cutting plane coincides with
the CLT scheme presented in Figure 3.1. [60, 64]. Thermal cleaving
of quartz sol-gel wafers was conducted in the following manner. The quartz
wafer designated for processing was maneuvered using a coordinate device
in relation to the fixed laser emitter and a nozzle that supplied the refrigerant.
The quartz surface was heated using CO> laser radiation. The heated surface
of the glass underwent rapid cooling as it transitioned through the area of
refrigerant exposure.
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The experimental studies established the possibility in principle of gen-

erating a splitting microcrack in quartz sol-gel glass through the use of CLT.

Nonetheless, it is important to point out that the corresponding modes

of microcracking exhibit increased sensitivity to the slightest variations in

technological parameter values. This is evident in the experiment through the

frequent failures of crack formation that occur with even minor deviations from
the specified technological parameters during the processing mode.

To reveal the peculiarities of the CLT of sol-gel glasses according to
the previously outlined methodology, a finite-element solution was con-
ducted to address the distribution of thermoelastic fields in quartz wafers
within the quasi-static formulation [60, 64]. The material parameters used in
the calculations are provided in Tables 2.1 and 3.2. The calculations consid-
ered the relationship between the heat conductivity coefficient and specific
heat capacity as a function of temperature [10, 165]. The technological pa-
rameters chosen for the calculations are presented in Table 3.3.

Table 3.3 — Technological parameters for laser processing of quartz sol-gel glass

Laser beam cross-section parameters | Laser power, W | Cutting speed, mm/s

Circle, R=1 mm 35 60

Ellipse
A=3mm,B=1mm

35 40

Calculations were performed for a wafer with geometric dimensions
20x10x0.5 mm.,

Figure 3.12 illustrates the temperature fields generated in wafers of
specified sizes during processing with laser beams of circular and elliptical
cross-sections, while Figure 3.13 depicts the distribution of stresses cyy ex-
erted in the material perpendicular to the cutting plane. Figure 3.12 reveals
that both processing modes achieve comparable maximum temperatures,
around 1200 °C, which is the maximum permissible for processing quartz
glasses by the CLT method, as temperatures over this threshold render the
glasses plastic [165].

Figure 3.13 shows a region of compressive stresses generated at the
point of laser radiation exposure, which, when employing a circular cross-
section beam, exhibits a greater stress magnitude and more pronounced lo-
calization in the separation plane.

Furthermore, Figure 3.13 demonstrates the formation of a tensile stress
zone in the upper layers of the material, with its location dictated by the
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refrigerant impact zone. This zone is constrained by the region of compres-
sive stresses generated by the laser beam and is distinguished by marginally
elevated values when employing a laser beam with an elliptical cross-sec-
tion. In both options, the tensile stresses oyy acting perpendicular to the cut-
ting plane are insufficient for the stable initiation of the splitting microcrack.

1200

300

400

1200 1

300 1

400

b)

Figure 3.12 — Temperature as a function of distance
to the center of the laser beam cross-section
a) circular cross-section laser beam;
b) elliptical cross-section laser beam;
1-2=0;2-Z2=01mm;3-Z2=0.2 mm;
4-7=03mm;5-Z2=0.4mm
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Figure 3.13 — Stresses ayy versus distance to the center
of the laser beam cross-section
a) circular cross-section laser beam;
b) elliptical cross-section laser beam;
1-Z2=0;2-2=01mm;3-Z2=0.2 mm;
4-7=03mm;5-7Z2=0.4mm

The analysis of thermoelastic field distribution indicates that the initia-
tion of a splitting microcrack should occur in the tensile stress zone on the
material's surface. In this scenario, additional technological operations are

required to initiate the microcrack.

In [10], it is observed that the preliminary deposition of a defect on the
surface of quartz glass is insufficient to attain the desired outcome, as it leads
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to an increase in the proportion of absorbed energy within the damaged area
and the subsequent melting of the defect. A successful solution for enhanc-
ing the reliability of microcrack nucleation is proposed in the same work.

The process involves the preliminary heat treatment of the quartz glass
surface at the initial point of the trajectory using a stationary laser beam,
followed by rapid cooling and the introduction of a defect in the refrigerant
supply area. This method has yielded positive results in the processing of
quartz sol-gel glasses.

Consequently, the research findings indicate that there are no signifi-
cant differences in the separation of sol-gel-derived quartz glass and fused
silica glass through laser thermal cleaving. The implementation of the ther-
mocleavage process necessitates specific measures to facilitate the nuclea-
tion of a splitting microcrack.

3.4. Distinctive characteristics of laser thermal cleaving under the
simultaneous influence of laser radiation, refrigerant, and hot airflow
on the material surface

As stated in Chapter 1, a notable drawback of CLT is the limited relia-
bility of the separation process, particularly in modes with a small distance
from the boundary of the laser impact zone to the front of the cooling zone.
Analysis of the CLT process revealed multiple factors contributing to the
instability of cracking. The refrigerant's significant influence on the thermal-
physical conditions within the laser impact zone leads to frequent failures in
the development of splitting microcracks.

A consequence of this situation is that CLT does not ensure reliable
separation when the splitting microcracks are positioned at a close distance
from each other, such as in the production of miniature items. The develop-
ment of the subsequent splitting microcrack is frequently halted when the
refrigerant, residual from the deposition of previous microcracks, intersects
with the impact trajectory of the laser beam.

According to reference [161], the impact of a liquid on the surface of
heated glass results in the formation of a vapor film. During the subsequent
cooling of the glass, the thickness of the film decreases. The liquid transi-
tions from the film boiling stage to the nucleate boiling stage, followed by
convection cooling. Simultaneously, both film and nucleate boiling exhibit
a low heat transfer coefficient, attributed to the low thermal conductivity of
steam. The same study highlights that the heat exchange process during the
cooling of a heated glass surface by atomized liquid is primarily influenced
by the hydrodynamics of the refrigerant as it flows over the material surface.
This process is characterized by the formation of a thin liquid film that is
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continuously renewed by the influx of new refrigerant. Under specific con-
ditions, particularly when the refrigerant supply speed is sufficiently high,
the liquid on the surface does not reach the boiling point. In this scenario,
the heat exchange conditions on the surface are mainly determined by the
flow rate of the liquid across the surface. The heat transfer coefficient is
elevated when the atomized liquid impacts the glass surface at high veloci-
ties. The stability of heat transfer also depends on the velocity of the liquid.
At lower velocities, the heat transfer mode exhibits instability, whereas at
higher velocities, it becomes stable and can be adjusted.

Thus, an important factor is that on the cooling surface of the material,
influenced by the refrigerant, there emerges not only a region characterized
by stable intensive cooling but also a region exhibiting unstable weak cool-
ing, which arises from the refrigerant's flow over the surface (Figure 3.14).
Simultaneously, the pre-cooling of the material sections subjected to laser
irradiation in this area demonstrates instability and a low cooling rate, at-
tributed to the insufficiently high speed of liquid movement across the material
surface, which consequently undermines the reliability of the cracking process.

Figure 3.14 — Visual representation of glass wafers exposed to refrigerant

The arrow indicates the area of stable intensive cooling, which is surrounded
by a liquid film generated from the refrigerant flowing over the surface

The identified drawbacks lead to the inefficiency of the technology in
question, necessitating further investigation into the process and the formu-
lation of a strategy aimed at enhancing the reliability and quality of the sep-
aration of brittle nonmetallic materials.
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The findings from a series of studies demonstrated the rationale behind
the combined effect of laser radiation, refrigerant, and hot airflow on the
surface of materials [94].

Experimental investigations into laser cleaving processes were conducted
using a prototype of a laser processing setup, as illustrated in Figure 2.5.

Figure 3.15 schematically illustrates the mutual arrangement of the la-
ser radiation exposure area, the refrigerant-cooled zone, and the area heated
by hot airflow, as used in the experiments [73].

Figure 3.15 includes the following components: 1 is the laser beam, 2
Is the refrigerant, 3 is the hot airflow, 4 is the work piece composed of brittle
non-metallic material. 5 is the laser beam cross-section in the cutting plane,
6 is the area of intense cooling by the refrigerant, 7 is the liquid film of the
spreading refrigerant, 8 is the region of hot airflow. The horizontal arrow
signifies the direction of product movement.
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Figure 3.15 — Mutual arrangement of the laser radiation exposure area, cooling zone
and the area heated by hot airflow

The separation of brittle nonmetallic materials is accomplished through

the sequential execution of the operations detailed in the proposed pro-
cessing scheme.
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The initial blank is positioned on the coordinate table. A defect is
introduced at the beginning of the processing line. Subsequently, the laser
beam is directed to the segment of the processing contour that contains
the deposited defect.

The product is afterwards transported along the processing line utilizing
a coordinate table, which is aligned with the laser beam, heated air supply
device, and nozzle. The absorption of laser radiation in the surface layer re-
sults in the heating of the wafer. The refrigerant is delivered to the zone that
has been preheated through the application of laser radiation and the flow of
hot air. Additionally, the area affected by the laser is situated within the zone
influenced by the hot airflow. The glass wafer is concurrently subjected to
heating from two surface heat sources: CO- laser radiation and a hot airflow,
followed by cooling with the refrigerant. The refrigerant zone exerts a sig-
nificant influence on the formation of temperature fields, facilitated by sta-
ble and intensive cooling.

In the course of the experiments, parallel separating cuts were made on
M3 glass samples which had a thickness of 3 + 5 mm with a spacing of
5 mm between each cut. An ILGN-802 laser operating at a radiation wave-
length equal to 10.6 microns and a radiation power of 40 + 60 W was used.
During glass separation, the laser radiation was focused into beams of ellip-
tical cross-section with a major axis of A =6 + 12 mm, and a minor axis of
B = 0.5 + 2 mm. The airflow was heated to a temperature of 200 + 300 °C
before being introduced into the processing zone. The cutting speed of the
samples was 10 + 30 mm/s.

Experimental studies revealed that the hot airflow removes the refrig-
erant from the laser beam impact zone, thereby preventing the introduction
of additional refrigerant. This mechanism ensures the stabilization of ther-
mophysical conditions within the laser impact zone.

To clarify the peculiarities of the CLT process influenced by the com-
bined effects of laser radiation, refrigerant, and hot airflow on the material
surface, we addressed the issue of thermoelastic field distribution through
the application of the finite element method [94, 171].

The calculations were performed using the data regarding the properties
of silicate glass sheet as outlined in Section 2.1, along with the specified
parameters of the laser beam cross-section: major axis A = 6-10% m, minor
axis B = 1.4-107 m; laser radiation power P = 40 W, diameter of the nozzle
of the hot air supply device D = 3 mm, distance from the nozzle to the surface
Z =10 mm. The hot air temperature was set at 250 °C. An enhanced cooling
zone was established in a circular form with a diameter of 3 mm. The calcu-
lations were carried out for a wafer with size dimensions of 24x12x3 mm.
The traverse speed of the workpiece relative to the laser beams was assumed
to be 10 mm/s.
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Figure 3.16 illustrates the calculated temperature fields generated in the
sample under study due to the treatment outlined in Figure 3.15, while Fig-
ure 3.17 depicts the corresponding distribution of stresses oyy acting perpen-
dicular to the cutting plane. Figure 3.16 indicates that when the sample's
surface is simultaneously subjected to laser radiation, refrigerant, and hot
airflow, a localized area of elevated temperatures (approximately 500 °C)
arises from the laser's influence. Additionally, a broader region on the mate-
rial's surface exhibits temperatures ranging from 200 °C to 250 °C, which is
attributed to the impact of the hot airflow.
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Figure 3.16 — Temperature distribution (°C) on the material surface resulting
from the combined influence of laser radiation, hot airflow, and a refrigerant

Upon examining Figure 3.17, it becomes evident that the incorporation
of hot airflow does not result in any significant variations in the spatial dis-
tribution of tensile and compressive stress zones when compared to the con-
ditions observed at CLT. Consequently, it can be concluded that the mecha-
nism underlying the formation and progression of the splitting microcrack is
identical in both scenarios examined (Section 3.1).

Alongside the calculations of thermoelastic fields generated by the
combined influence of laser radiation, refrigerant, and hot airflow on the
material surface, analogous calculations were conducted for options that dif-
fered from the previous ones by the lack of hot gas flow.
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Figure 3.17 — Stress distribution oyy (MPa) on the material surface resulting
from the combined influence of laser radiation, hot airflow, and a refrigerant

Figure 3.18 illustrates the relationship between the distribution of
stresses oyy, Which act perpendicular to the separation plane, and the distance
to the centers of laser beam cross-sections on the sample surface.
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Figure 3.18 — Stresses oyy as a function of distance to the center of the laser beam
cross-section (Y = 0 mm)

Z=H/2;5-2Z=-H (CLT with additional exposure to hot airflow);

4—-7=H/2;6—-Z=-H (CLT without exposure to hot airflow)
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As previously mentioned, the graphs shown in Figure 3.18 resemble the
time sweep of the stress fields oyy at specific locations within the sample.

When analyzing the relationships illustrated in this figure, it becomes
evident that the most notable variations in the spatial distribution of stresses
generated during processing, both with and without hot airflow, are found in
the surface layers of the material. The observed differences are characterized
by a significant rise in compressive stresses within the area subjected to laser
radiation exposure, measuring (—169 MPa and —121 MPa, respectively. Ad-
ditionally, there is an increase in tensile stresses in the region exposed to
refrigerant, recorded at 59 MPa and 42 MPa, respectively. The rise in
stresses is attributed to the elevation of the maximum temperature in the pro-
cessing area from 412 °C to 509 °C.

Therefore, by using the supplementary effect of hot airflow, it facilitates
not only the removal of refrigerant from the area affected by laser radiation
but also enhances tensile stresses as a result of preheating. This consequently
enhances the stability of microcrack formation.

The study [114] also employs preheating of the material along the laser
thermocleavage path. However, for this purpose, the authors of this patent use
a second laser, which proves to be economically impractical given that the ex-
penses associated with hot air sources are considerably less than those of lasers
(in our experimental investigations, we utilized a heat gun SKIL 8003).

3.5. Examination of laser cleaving processes in quartz glass as part
of linear fracture mechanics

The simulation of laser processing within the framework of thermoe-
lasticity theory, excluding the consideration of an initiating defect and a la-
ser-induced crack in the material, limits the applicability of the results for
precise calculations of the technological parameters involved in the laser
cleaving of quartz glass. This is due to the significant impact that both the
initiating defect and the laser-induced crack have on the distribution of stress
fields. Furthermore, it is important to recognize that the assessment of the
spatial localization of thermoelastic fields does not enable us to ascertain
with the required precision whether the crack induced by the laser will prop-
agate in a stable manner. To address this issue, it is essential to identify the
critical state based on the principles of fracture mechanics [155, 173].

In [20], an effort was undertaken to apply fracture mechanics criteria
for the analysis of laser cleaving in quartz glass. The calculations were con-
ducted under the assumption of an infinite plate that is weakened by a semi-

62



infinite crack. The approximation notably diminishes the precision of calcu-
lations regarding the modes of laser-induced crack formation in quartz glass,
thereby rendering the results unsuitable for precise calculations of the tech-
nological parameters associated with this process.

As referenced in [172, 174], algorithms were developed for the 2-D and
3-D simulation of the thermally induced crack formation process, utilizing
the principles of thermoelasticity and linear fracture mechanics through the
finite element remeshing technique. The finite element remeshing suggested
by the authors of [172, 174], guided by the computed values of the stress
Intensity factor at the crack tip, greatly enhances the precision of modelling
laser cleaving in brittle nonmetallic materials.

In this regard, it is logical to explore the laser cleaving of quartz glass
through the perspective of thermoelasticity theory and linear fracture me-
chanics, while considering the parameters of the initiating defect and em-
ploying the finite element remeshing technique outlined in [172, 174].

The simulation of laser cleaving of quartz wafers was conducted using
the algorithm established in references [172, 174] (see Figure 3.19). The
fields of thermal stresses were determined within the context of the uncou-
pled thermoelasticity problem, employing a quasi-static formulation and
employing the finite element method [139].

The conditions for laser-induced crack growth are as follows: the cal-
culated stress intensity factor K, at the crack tip must surpass the critical
stress intensity factor Kic, and the stresses at the crack tip must be tensile
[172]. The critical stress intensity factor Kic represents a mechanical prop-
erty of a material that defines its ability to resist the propagation of a normal-
fracture crack in brittle fracture [173, 155].

Special elements modelling stress singularity at the crack tip were used
to enhance the accuracy of K, calculations. In order to achieve the root as-
ymptotics at the crack tip, the nodes of isoparametric elements were adjusted
by a quarter of the element side towards the tip [172, 173].

The diagram in Figure 3.20 illustrates the impact zones of the laser and
refrigerant within the cutting plane. Position 1 indicates the laser beam,
position 2 denotes the refrigerant, position 3 identifies the crack, and
position 4 represents the glass wafer. The horizontal arrow in the figure il-
lustrates the movement direction of the workpiece in relation to the laser
beam and the refrigerant.

This research provides the calculations for quartz glass and sheet-like
silicate glass to facilitate comparative analysis. The characteristics of these
materials are detailed in Table 2.1. The critical stress intensity coefficients
Kic for sheet-like silicate glass and quartz glass are measured at
0.5 MPa m¥? and 0.7 MPa m*?, respectively.
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Figure 3.19 — Algorithm for finite element simulation of laser cleaving
in quartz glass
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Figure 3.20 — Layout of laser and refrigerant impact areas
in the cutting plane of the glass wafer

Calculations were performed for rectangular wafers with geometric di-
mensions of 15x20x1 mm. Simulation was carried out for the scenario in-
volving exposure to laser radiation at a wavelength of 10.6 um.

The parameters of the laser beam were set as follows: major axis
A = 6-10 m and minor axis B = 2-:107 m. The wafer movement speed in
relation to the laser beam and refrigerant was established at v = 15 mm/s. It
was determined that the parameters for the air-water mixture supply would
effectively cool the glass surface, achieving a heat transfer coefficient of
7000 W/m?K [161]. The radius of the refrigerant spot was measured at
Rn = 3 mm, while the length of the initiating crack was adjusted between
0.75 mmand 1.5 mm,

Note that the temperature in the processing area during laser cleaving
should remain within limits that prevent the relaxation of thermoelastic
stresses. The upper limit of permissible temperatures for glasses is deter-
mined by the glass transition temperature specific to each glass type. For
quartz glass, this temperature is 1473 K, while for sheet-like silicate glass, it
is 789 K [7].

During the numerical experiment, the laser radiation power values re-
quired to heat the material to the glass transition temperature were estab-
lished based on the specified processing parameters and sample geometry.
For quartz glass thermal cleaving, the maximum allowable laser radiation
power is P = 30 W, while for sheet-like silicate glass, itis P = 10 W.

Figures 3.21 to 3.26 present the results of the calculations. Figures
3.21 —3.23 illustrate the calculated curves for two distinct cases: 1 represents
the thermal cleaving of quartz glass, while 2 depicts the thermal cleaving of
sheet-like silicate glass. In the comparative analysis of laser thermal cleaving
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of quartz glass and sheet-like silicate glass, the length of the initiating crack
was maintained at 1 mm, and the finite element remeshing technique was not
employed, resulting in a constant crack length throughout the analysis.
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Figure 3.21 — Calculated temperature values T at the crack tip

As previously mentioned, under the specified processing parameters,
the material reached the glass transition temperatures of quartz and sheet-
like silicate glass (refer to Figure 3.21).

(0}

vy,

MMa
4004

-400+

-800 - T T T v T
0.3 0.6 t,c

Figure 3.22 — Calculated values of elastic stresses oyy at the crack tip
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The graphs depicted in Figure 3.22 clearly demonstrate that during the
laser thermal cleaving of quartz and sheet-like silicate glasses, notable com-
pressive stresses develop at the tip of the initiating defect due to the effects
of laser heating. The maximum compressive stress values at the tip of the
initiating defect are —168 MPa for quartz glass and —692 MPa for sheet-like
silicate glass.

Furthermore, the influence of the refrigerant leads to the development
of tensile stresses at the tip of the initiating defect, with maximum values
reaching 143 MPa for the simulation involving quartz glass and 388 MPa
for the sheet-like silicate glass, as illustrated in Figure 3.22.

The graphs presented in Figure 3.23 indicate that two maxima of stress
intensity coefficients are consistently established at the tip of the initiating
crack. The second maximum of stress intensity coefficient values suggests
that for quartz glass, the value is 0.82 MPa m¥?, while for sheet-like silicate
glass, it is 2.14 MPa m¥2, This corresponds to tensile stresses at the crack
tip, implying that both necessary conditions for the initiation of crack devel-
opment are fulfilled.

When comparing the magnitude of thermoelastic stresses and the stress
intensity factors at the crack tip during the thermal cleaving of sheet-like and
quartz glasses, it is evident that for quartz glass, the maximum values of the
stress intensity factor are 2.6 times lower. It is important to consider that the
comparison is conducted at varying maximum temperature values in the pro-
cessing area (see to Figure 3.21).
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Figure 3.23 — Calculated values of stress intensity factor K; at the crack tip

It is noteworthy that the selected processing modes provide virtually
minimal necessary values of the stress intensity factor when cutting quartz
glass. Thus, a slight increase in processing speed or a slight decrease in laser
power will prevent the stress intensity factor at the crack tip from attaining
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the critical stress intensity factor values, ultimately resulting in the failure of
the laser-induced crack formation process during the experiment. The pri-
mary factor contributing to the low values of stress intensity factors at the
crack tip is the significantly lower coefficient of linear thermal expansion of
quartz glass, which is an order of magnitude less than that of the majority of
commercial silicate glasses.

To study the influence of the initiating defect parameters on the process
of laser-induced crack initiation, calculations of stress values and stress in-
tensity factors at the crack tip were performed for different values of the
initiating defect length using the finite element remeshing technique.

Figures 3.24 — 3.26 illustrate the calculated curves corresponding to
various initiating defect lengths. Specifically, 1 represents the curves for a
initiating defect length of L = 0.75 mm, 2 corresponds to L =1 mm, and 3
depicts the curves for L = 1.5 mm.
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Figure 3.24 — Calculated values of X coordinates at the crack tip
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Figure 3.25 — Calculated values of elastic stresses oyy
at the crack tip
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In all three calculated cases, it is observed that laser-induced cracks
originate from initiating defects (see Figure 3.24). It is important to consider
the significant impact that the length of the initiating defect has on the mag-
nitude of thermoelastic stresses and the stress intensity factors at the crack
tip, as illustrated in Figures 3.25 — 3.26.
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Figure 3.26 — Calculated values of stress intensity factor K at the crack tip

Thus, at an initiating defect length of L = 0.75 mm, the maximum stress
intensity factor is Ki = 0.79 MPa m¥?; for L = 1 mm, the maximum stress
intensity factor increases to K; = 0.86 MPa m¥?; at L = 1.5 mm, the maxi-
mum stress intensity factor reaches K; = 0.94 MPa m*2,

Thus, by increasing the length of the initiating defect, it is possible to
enhance the probability of laser-induced crack initiation, which is crucial for
developing the modes of laser thermal cleaving of quartz glasses. The appli-
cation of 3-D simulation technology for the thermally induced crack for-
mation process, within the context of thermoelasticity theory and linear frac-
ture mechanics, utilizing a finite element remeshing technique, enables the
execution of essential calculations for the technological modes of laser ther-
mal cleaving of quartz glasses, while considering the parameters of the ini-
tiating defect.

3.6. Peculiar aspects of controlled laser thermal cleaving of
crystalline silicon

The works focused on the study of controlled laser thermal cleaving of
various crystals are especially noteworthy (see, for example, [17]). It is im-
portant to highlight that in these studies, the numerical simulation of ther-
moelastic fields is conducted within a two-dimensional framework and does
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not consider the anisotropic nature of the elastic properties of crystals. Sim-
ultaneously, it is recognized that the dynamics of different physical pro-
cesses, even within cubic crystals, can undergo qualitative changes when
compared to isotropic media [175, 176]. In this context, it appears logical to
conduct a three-dimensional simulation of the controlled laser thermal cleav-
ing process in a cubic silicon crystalline system, while considering its ani-
sotropic properties.

The finite element method [139] was employed to simulate the pro-
cesses involved in laser thermal cleaving of silicon wafers. In the simulation
of controlled laser thermal cleaving, the initial step involved calculating the
temperature fields. Subsequently, the focus shifted to determining the ther-
moelastic stresses that arise due to the effects of laser radiation and refriger-
ant interaction with silicon. This sequence of simulations yields results
within the context of the uncoupled thermoelastic problem in a quasi-static
formulation. From a physical perspective, the quasi-static formulation of the
thermoelastic problem involves the assumption that the stress state is estab-
lished significantly quicker than thermal equilibrium is attained [152].

The maximum tensile stress criterion was selected as the determining
factor for the direction of crack propagation [153]. The laser microcrack
propagates in a direction that is perpendicular to the maximum tensile stress
application, as per this criterion. A crack propagating in the tensile zone is
considered to cease its growth upon reaching the compression zone.

For the calculations, the density, specific heat capacity, thermal con-
ductivity coefficient, and coefficient of linear thermal expansion of silicon
were assumed to be p = 2330 kg/m?, C = 758 J/(kg-K), A = 109 W/ (m-K),
o =2.33-10° K, respectively [177, 178].

The calculation of thermoelastic fields generated in a monocrystalline
silicon wafer due to sequential laser heating and refrigerant exposure was
performed for three distinct options: | — three-dimensional analysis of an
isotropic plate, Il — three-dimensional analysis of an anisotropic plate
cleaved in the (100) plane, I11 — three-dimensional analysis of an anisotropic
plate cleaved in the (111) plane.

The expression of Hooke's law for anisotropic materials can be repre-
sented in matrix form [167, 179]

Gj :ZCik (& _8L),

where
Gl:(jxx’ G, :ny’63:(jzz’ G4:ny’ Os :Gyz’ 06 :ze’
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represent stresses, while

€ =E€u1 €, =E,183 =€, £, =28,,1 & = 28,1 § =2¢

denote elastic deformations, and

xz !

g =, AT, &, = AT ,&; =a AT , &,=0, g, =0, g =0,

stand for temperature deformations.

For cubic crystals, if the directions of acting forces leading to tensile
and shear stresses are combined with the main crystallographic directions

<100>, the matrix {c_} takes the following form [167]

Cll C12 C12

C12 Cll ClZ

C12 C12 Cll
{Cif= 0 0 0
0 0 0
0 0 0

The matrix {c_}for the case when the wafer is cleaved in the <111>

plane can be expressed as follows [179]

m m m
C11 C12 + E C12 +
m m
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3 3 3
{Cik} =
0 0 0
0 0 0
omom "
32 32

71

0 0 0
0 0 0
0 0 0
C., 0 O
0 c, O
0 0 C,

0 0

0 0

0 0
m m

Cpt— ——

44 6 3\/5

_m +
3\/5 44




where
m=C,, —Cp, —2C,,.

The following elastic rigidity constants were used for the calculations:
C11=1.656-10°> MPa, C12=0.6386-10°> MPa, Css= 0.7953-10° MPa [180].

For modeling the controlled laser thermal cleaving of an isotropic sili-
con wafer, Young's modulus E = 1.9-10° MPa, Poisson's ratio v = 0.42 (op-
tion | a) were considered as per [179]. Besides, Young's modulus and Pois-
son's ratio determined by the following equations were employed (option
| b): E =1/S11, v = -S12/S11, where Su1 and Si2 are the coefficients of the
flexibility matrix equal to 7.68-102 GPa* and —2.14-10~® GPa [167].

Figure 3.27 illustrates the positions of the laser and refrigerant impact
zones within the cutting plane, along with the configurations of their cross-
sections. Position 1 indicates the laser beam, position 2 denotes the refriger-
ant, position 3 represents the silicon wafer, while positions 4 and 5 illustrate
the cross-sections of the laser beam and the refrigerant's zone of influence
on the cutting plane, respectively.
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Figure 3.27 — Arrangement of laser and refrigerant impact areas in the cutting plane
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The horizontal arrow in the figure indicates the movement direction of
the workpiece relative to the laser beam and the refrigerant.

Calculations were performed for discs with a radius of 15.5 mm and
thicknesses of h = 0.2 mm and h = 0.4 mm. The radius of the laser spot is
R = 0.5 mm, and the power of the radiation is P = 60 W. The wafer move-
ment speed relative to the laser beam and the refrigerant was set at
v =10 mm/s and v = 100 mm/s. Calculating thermoelastic fields in samples
of varying sizes, processing speeds, and laser radiation power presents no
fundamental challenges.

Simulation was conducted for exposure cases involving laser radiation
at wavelengths of 1.06 um and 0.808 um. The selection of laser radiation at
a wavelength of 1.06 um for numerical simulation was necessitated by the
requirement for experimental validation of the simulation outcomes. The in-
vestigation of laser radiation parameters at a wavelength of 0.808 um for
numerical calculations is significant due to silicon's substantial absorption
of radiation at this wavelength. Currently, there are laser emitters available
that possess adequate power to facilitate the process of controlled laser ther-
mal cleaving. Moreover, experimental studies on the separation of silicon
wafers into crystals, as detailed in [175], utilized a setup incorporating a la-
ser that generated radiation at the specified wavelength.

As previously stated, calculations were conducted for three distinct op-
tions for comparative analysis: an isotropic plate, a plate cleaved in the (100)
plane, and a plate cleaved in the (111) plane. The study modelled the effects
of laser radiation exposure at wavelengths of 1.06 pum and 0.808 um on
plates with thicknesses of 0.2 mm and 0.4 mm, which were in motion rela-
tive to the laser at velocities of 10 mm/s and 100 mm/s.

The results of the calculations are presented in Tables 3.4 and 3.5, as
well as Figures 3.28 and 3.29.

Table 3.4 — Calculated values for the maximum and minimum temperatures in the wafer
undergoing processing

laser radiation at a wavelength | laser radiation at a wavelength
of 1.06 um 0f 0.808 um
h=0.2 mm h=0.4 mm h=0.2 mm h=0.4 mm
v=10|v=100{v=10 |v=100| v=10 ([v=100| v=10 |v=100
mm/s | mm/s | mm/s | mm/s | mm/s | mm/s | mm/s | mm/s
maximum 507 427 508 419 1640 | 1154 | 1095 804
minimum 297 293 304 293 320 293 331 293

Tempera-
ture in the
wafer , K

Analysis of the data presented in Table 3.4 and Figure 3.28 indicates
that the maximum temperature values for all design modes remain below the
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melting point of silicon. This condition is essential to prevent brittle fracture
of the wafer due to thermoelastic stresses. The maximum temperature is ob-
served during the processing of a thin wafer (h = 0.2 mm) at a low speed
(v = 10 mm/s) for radiation at a wavelength of 0.808 pum. The significant
impact of a high thermal conductivity coefficient on the development of temper-
ature fields during the laser thermal cleaving of silicon wafers is noteworthy.

The thermal conductivity of silicon leads to a notable reduction in the
maximum temperature during the processing of thick samples, as opposed
to thinner samples, when utilizing radiation at a wavelength of 0.808 pm.
The observed change is approximately 30 % when analyzing the cutting of
samples with thicknesses of 0.2 mm and 0.4 mm. It is important to highlight
that the use of radiation at a wavelength of 1.06 microns as a technological
tool result in a weakly expressed effect, attributed to the volumetric nature
of absorption of this radiation by crystalline silicon.

Table 3.5 and Figure 3.29 present the calculated maximum tensile and
compressive stresses in the processing area during controlled laser thermal
cleaving for three distinct options. | is the three-dimensional analysis of an
isotropic plate (la is based on the data of [178], Ilb is based on the data of
[167]); Il is the three-dimensional analysis of an anisotropic plate cleaved in
plane (100); Il is the three-dimensional analysis of an anisotropic plate
cleaved in plane (111).

Table 3.5 — Calculated values for the maximum tensile and compressive stresses in the
processing area

@ laser radiation at a wavelength | laser radiation at a wavelength of
Ec 245
S|Sp 984 of 1.06 um 0.808 um
2|E 852> h=02mm | h=04mm h=0.2mm h=0.4 mm
O s % = @ év=10Vv=100v=10 |v=100| v=10 |v=100| v=10 |v =100
©  mm/s| mm/s | mm/s | mm/s | mm/s | mm/s | mm/s | mm/s
: 1.7 0.9 10.0 2.9
la tensile 8.2 (5.4) 7.3 (5.9) 49.7 (33.1) 24.0 (20.2)
compressive |-46.4| —-27.9 | 458 | -26.1 | -296 | -178 | 172 | -102
: 1.2 0.6 6.8 2.0
b tensile 5.6 3.7) 5.0 (4.0) 33.8 (22.6) 16.4 (13.8)
compressive (-31.7| -19.1 | -314 | -17.8 | 199 | -122 | -118 | —69.5
: 1.3 0.7 7.9 2.0
I tensile 6.3 (4.2) 5.6 (4.6) 38.5 (26.0) 18.6 (16.1)
compressive (-36.1| —21.3 | -35.6 | —-19.6 | —223 | -135 | 129 | -75.1
: 1.4 0.6 8.1 2.2
i tensile 6.7 (4.4) 5.8 (4.8) 40.4 (27.4) 194 (16.8)
compressive (-38.7| —22.7 | —-38.0 | —20.8 | -240 | -143 | -139 | -80.1
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7N

Figure 3.28 — Temperature field distribution on the surface of the silicon wafer cleaved
in plane (111), K
a) v=10 mm/s, b) v=100 mm/s

300

b)
Figure 3.29 — Field distribution of thermal stresses on the surface of the silicon wafer
cleaved in plane (111), MPa
a) v=10 mm/s, b) v=100 mm/s
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The data presented in Table 3.5 indicates that employing an isotropic
model for the controlled laser thermal cleaving of anisotropic materials, such
as silicon, produces considerable inaccuracies. In comparing the maximum
tensile stresses in the cutting plane of the plate cleaved along the (100) plane,
it is observed that the isotropic model results in errors of 48 % and 16 % for
options la and Ib, respectively. Modelling the processing of the plate cleaved
in the (111) plane results in errors of 39 % and 20 % for options la and 1b,
respectively.

It should be noted that the difference in maximum tensile stress values
in plates cleaved along the (100) and (111) planes ranges from 3 % to 10 %,
aligning well with the findings of [179]. It is essential to consider this vari-
ation in stress values when determining the parameters of the separation pro-
cess, such as adjusting the cutting speed or laser power.

Attention must be directed towards the specific characteristics of spatial
localization of thermoelastic fields during high-speed controlled laser ther-
mal cleaving. When cutting at a speed of 100 mm/s, a zone of tensile stresses
develops in the area of laser radiation exposure prior to the zone of compres-
sive stresses (see Figure 3.29). These tensile stresses are significantly greater
In magnitude than those in the zone of refrigerant exposure. The values of
these stresses are presented in parentheses in Table 3.5.

Experimental studies employing laser radiation at a wavelength of
1.06 um were conducted to validate the results of the numerical simulation.
Figure 3.30 presents an end view of the silicon wafer that has been separated
via a controlled laser thermocleavage technique. The experimental results
demonstrated the effectiveness of the employed simulation technique.

Figure 3.30 — End view of a silicon wafer separated
via controlled laser thermal cleaving

Thus, the results indicate that the anisotropy of the elastic properties of sili-
con wafers must be considered in simulations of laser thermal cleaving processes.

Analysis of laser cleaving of silicon wafers along the (110) plane

The calculation of thermoelastic fields presented above was conducted
for wafers cleaved in the (100) and (111) planes, although it is important to
note that silicon single crystals cleaved in the (110) plane are also used in
practice.
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Thus, the matrix {c, }for the (110) cut can be expressed as follows:

&4_&4_(:44 &
2 2 2
Ci Ca ¢ G
2 2 % 2
{Cik}_ c:12
0
0
0

+%?—CM cC, 0 0
— % +C, C, 0 O
Cp cC, 0 O

0 o c, O

0 0o 0 C,

0 0O 0 O

o O o o

Cn Gy
2 2

Calculations were conducted for discs with a radius of 15.5 mm and
thicknesses of h = 0.2 mm and h = 0.4 mm. The laser spot radius is
R = 0.5 mm, and the radiation power is P = 60 W. The speed of the wafer
movement relative to the laser beam and the refrigerant were selected as
v =10 mm/s and v = 100 mm/s. Simulation was conducted for cases of ex-
posure to laser radiation at wavelengths of 1.06 pm and 0.808 pm.

The findings of the calculations are presented in Table 3.6 and Figures
3.31 —3.33. The values of the maximum thermoelastic tensile and compres-
sive stresses generated in the silicon wafer for the three processing options
under examination are presented in Table 3.6.

Table 3.6 — Calculated values for maximum tensile and compressive stresses in the

processing area

@ laser radiation at a wavelength | laser radiation at a wavelength
| EE28 of 1.06 pm of 0.808 pm
2| Eg 22| h=02mm [ h=04mm | h=02mm | h=04mm
o < s
O §§§§ v=10|v=100|v=10|v=100|v=10|v=100{ v=10 |[v=100
- O @©
% mm/s | mm/s | mm/s | mm/s | mm/s | mm/s | mm/s | mm/s
| tensile 7.9 1.6 6.9 0.8 48.1 9.8 23.2 2.6
compressive | -43.4 | -25.4 | -40.3 | -21.0 | -273 | 164 | -153 | —89.3
I tensile 9.3 2.0 7.8 1.1 57.3 | 12.1 | 26.1 3.6
compressive | —49.1 | -28.5 | —42.6 | -22.1 | -309 | —185 | 163 | -94.6
i tensile 8.5 1.7 7.3 0.9 52,2 | 10.3 | 245 2.9
compressive | -46.8 | -27.0 | -41.7 | -21.5 | -294 | -175 | -158 | -92.0
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Figures 3.31 — 3.33 illustrate the field distributions of thermal stresses for
wafers with a thickness of h = 0.2 mm, processed at a speed of v = 10 mm/s,
under the influence of laser radiation at a wavelength of 0.808 um.

It is important to highlight that the lack of thermal conductivity anisot-
ropy in silicon crystals results in the calculated temperature values in the
processing area and the patterns of their formation for cuts (110), (100), and
(111) being identical when the same treatment parameters and wafer sizes
are chosen.

Figure 3.31 — Field distribution of thermal stresses on the surface of the silicon wafer
when the laser beam progresses towards [11 0], MPa

Figure 3.32 — Field distribution of thermal stresses on the surface of the silicon wafer
when the laser beam progresses towards [001], MPa
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The analysis of the data given in Table 3.6 shows that the highest values
of tensile stresses are reached during thermal cleaving of cut (110) when the
laser beam is moved towards [001] (Il processing option), and the lowest

values are reached when the laser beam is moved towards [110] (I processing
option). The difference in the values of maximum tensile stresses formed

during processing towards [001] and [110] ranges from 11 % to 28 %. This
difference in the values of tensile stresses should be taken into account when
selecting the parameters of the laser thermal cleaving process.

We should distinctly observe the unique characteristics of the spatial
localization of the thermoelastic fields generated during the laser thermal
cleaving of cut (110) towards [111] (see Figure 3.33). The distribution of
thermoelastic fields generated in this operating mode exhibits a slight asym-
metry concerning the line of exposure to laser radiation. The asymmetry of
the thermoelastic stress fields arises from the asymmetry of the Young's mod-
ulus surface cross-section relative to direction [111] (see [178]), and this factor
must be considered when determining the parameters for thermal cleaving.

Figure 3.33 — Field distribution of thermal stresses on the silicon wafer surface when
the laser beam progresses towards [110], MPa

3.7. Peculiar aspects of controlled laser thermal cleaving of
crystalline quartz

Considerable attention is given to analyzing the unique characteristics
of laser thermal cleaving in different crystals. This research area is important
because traditional crystal separation methods result in substantial material
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loss and contamination of surfaces used in the process. The studies that ex-
amine the controlled laser thermal cleaving of quartz crystals are especially
noteworthy [16, 47]. The examination of the nuances in this technology's
application within quartz crystal processing is significant due to the exten-
sive industrial use of quartz crystal components, which exceeds an annual
consumption of 1 billion dollars [181]. These studies highlight the essential
importance of considering the crystallographic orientation of the material
being processed when determining the parameters for laser thermal cleaving.
Nevertheless, the authors focus solely on the anisotropy of thermal expan-
sion in quartz crystals, neglecting the influence of crystallographic direction
on other properties of these crystals. In this context, it is logical to explore
the unique aspects of the controlled laser thermal cleaving process of crys-
talline quartz, considering the anisotropic characteristics of thermal expan-
sion, thermal conductivity, and elastic properties of the crystals.

The finite element method was employed to simulate the laser thermal
cleaving of quartz plates [139]. Initially, the temperature fields were com-
puted, followed by the determination of the thermoelastic stresses induced
by the interaction of laser radiation and refrigerant on the crystalline quartz
wafer. This simulation algorithm establishes the outcomes derived from the
uncoupled thermoelasticity problem within the quasi-static formulation
[152]. The criterion of maximum tensile stresses was employed to analyze
the results obtained [153].

Calculations were conducted for square wafers with geometric dimen-
stons of 20x20%1.5 mm and 20x20x%0.75 mm. Simulation was performed for
the scenario involving exposure to laser radiation at a wavelength of
10.6 um. The radius of the laser radiation spot was 1.5 mm, and the power
of the radiation was 50 W. The speed of wafer movement in relation to the
laser beam and the refrigerant were selected as v =5 mm/s and v = 15 mm/s.

Standard initial orientations of square-shaped crystal samples were em-
ployed for simulation [182]. In the analysis of the three examined cuts, the
directions of the laser beam travel were aligned with the crystallographic
axes present in the corresponding cutting plane (see Figure 3.34). Following
the guidelines outlined in [182], two letters representing the crystallographic
axes of the crystalline element were employed to specify the cuts. The first
letter indicated the axis aligned with the thickness of the sample, while the
second letter referred to the axis aligned with the length of the sample.

The square samples used in the zy-cut analysis clearly provide a suffi-
cient basis to concentrate only on the processing option along the X axis.
Consequently, the analysis of thermoelastic fields generated in a single-crys-
tal quartz wafer due to sequential laser heating and refrigerant exposure was
conducted for five distinct options: | is the zy-cut analysis, involving the
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movement of the laser beam along the X-axis; Il is the yx-cut analysis, with
the laser beam also moved in the X-axis direction; Il is the yx-cut analysis,
where the laser beam is directed along the Z-axis; IV is the xy-cut analysis,
pertaining to the movement of the laser beam in the Z-axis direction; V is
the xy-cut analysis, focusing on the movement of the laser beam in the
Y-axis direction.

1
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Figure 3.34 — Layouts of laser and refrigerant exposure zones in cutting plane

Figure 3.34 illustrates the arrangement of laser and refrigerant impact
zones within the cutting plane for the five processing options examined in
this study. Position 1 denotes the laser beam, position 2 refers to the refrig-
erant, position 3 signifies the laser-induced crack, and position 4 pertains to
the quartz plate. The horizontal arrow in the figure illustrates the movement
direction of the workpiece in relation to the laser beam and the refrigerant.

In the calculations, the density and specific heat capacity of crystalline
quartz were assumed to be p = 2643 kg/m?® and C = 741 J/kg-K, respectively.
The simulation considered the variations in physical properties of crystalline
quartz across different crystallographic directions. The thermal conductivity
coefficients and linear thermal expansion values for crystalline quartz were
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taken as A || = 12.3 W/m -K, a|| =9-10° Kt along the third-order symmetry
axis Z, while A+ = 6.8 W/m-K, o= 14.8-10" K-* were noted for the direc-
tion perpendicular to the axis Z, respectively [178, 180].

Low-temperature quartz is classified within the trigonal system, leading
to its elastic properties being characterized by six independent components
of the elastic modulus tensor. The matrix entry for the zy-cut is detailed as
follows [183]

Cll C12 ClS C14 O O
Clz C11 C12 _C14 0 0
c, C, C, O 0 0
{Cik } - C14 _C14 0 C44 0 0
0 0 0 0o C, C,
o 0 0 0 cC, Cu=Cp
2
The matrix {c, }for the yx-cut can be expresses as
C11 C13 C12 _C14 0 0
c. C, C, O 0 0
C12 C13 Cll C14 O O
{Cik} - _C14 0 C14 C44 0 0
o 0o o o Su=% —C,
2
0 0 O 0 —C C

C., C, C, 0 0 0
C13 C:11 C12 0 0 14
C13 C12 C11 0 0 _C14
C = _
{ 'k} 0 0 0 C11 5 Clz _C14 0
0o 0 0 -C, C, O
0 C, -C 0 0 C

14



The following elastic rigidity constants were used for calculations:
Cu = 86.75-10° MPa, Ci2 = 5.95-10° MPa, Ciz = 11.91-10° MPa,
C14 =—17.8-10° MPa, Cs3 = 107.2-10° MPa, Cas = 57.8-10° MPa [178, 180].

To determine the contribution of anisotropy of various properties of
crystalline quartz to the formation of temperature fields and thermal stresses
during controlled laser thermal cleaving, four sets of material properties
were employed for each of the five calculation options:

—a set of features that considers the relationship of thermal conductivity
coefficients, coefficients of linear thermal expansion, and elastic properties
of quartz crystals with respect to the crystallographic direction;

— a set of features that considers the relationship of only the thermal
conductivity coefficients with respect to the crystallographic direction;

— a set of features that considers the relationship of only the coefficients
of linear thermal expansion with respect to the crystallographic direction;

—a set of features that considers the relationship of only the elastic prop-
erties of quartz crystals with respect to the crystallographic direction.

The values for Young's modulus and Poisson's ratio provided in [181]
were used to simulate the controlled laser thermal cleaving of an isotropic
quartz wafer. The thermal conductivity coefficient and linear thermal expan-
sion coefficient were calculated as the arithmetic mean of their values along
the Z-axis and in the perpendicular direction.

As previously stated, for the comparative analysis, calculations were
conducted for five distinct processing options of square-shaped crystalline
elements with standard initial orientation. Additionally, four different sets
of material features were applied for each processing option, considering the
anisotropy of quartz crystals to varying extents.

The outcomes of the conducted calculations are presented in Tables 3.7
and 3.8, along with Figures 3.35-3.37,

Table 3.7 — Calculated values of maximum temperatures in the wafer

D Maximum temperature in the wafer T, K
o3 2 h=0.75 mm h=1.5mm
“ g5 v=5mm/s| v=15mm/s | v=5mm/s | v=15mm/s
I 1546 991 1116 820
I, v 1468 1013 1163 909
I, 1v 1523 1049 1202 933

Table 3.7 displays the calculated maximum temperature values for a set
of features, considering the anisotropic nature of thermal conductivity in
quartz crystals.
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Note that all calculated temperature values remain below the melting
point of crystalline quartz. This condition is essential for the occurrence of
brittle fracture in the wafer due to thermoelastic stresses. The calculated op-
tions indicate that the lower temperature values are associated with the op-
erating mode of thick wafers (h = 1.5 mm) at a high speed (v = 15 mm/s).

300

b
Figure 3.35 — Temperature field distribution on the quartz wafer surface

(v=5mm/s, h=0.75 mm), K
a) processing options Il and V, b) processing options 111 and 1V
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Figure 3.36 — Field distribution of thermal stresses on the quartz wafer surface
(v=5mm/s, h=0.75 mm), MPa
a) processing option Il, b) processing option IlI
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Figure 3.37 — Field distribution of thermal stresses on the quartz wafer surface
(v=5mm/s, h=0.75 mm), MPa
a) processing option 1V, b) processing option V
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Table 3.8 — Calculated values of maximum tensile and compressive stresses within the
processing area

o a set of features a) a set of features b)
ES 28 - - -
5 SS3S h=075mm | h=15mm | h=075mm | h=15mm
= S and=

8— g%gg v=5|v=15|v=5|v=15|v=5 |v=15|v=5 |v=15
1 mm/s | mm/s | mm/s | mm/s | mm/s | mm/s | mm/s | mm/s

tensile 838 | 318 | 429 | 235 | 724 | 27.7 | 36.4 | 23.7

! compressive | 641.9 | 328.4 | 414.2 | 262.5 | 550.0 | 278.4 | 337.8 | 211.3
tensile 635 | 21.1 | 33.2 | 265 | 695 | 27.0 | 405 | 31.3

: compressive |512.7 | 287.6 | 355.9 | 244.1 | 559.9 | 322.1 | 414.2 | 294.5
tensile 85.1 | 388 | 56.2 | 432 | 70.4 | 30.2 | 48.0 | 3538

. compressive | 607.3 | 388.4 | 459.1 | 335.2 | 528.4 | 314.1 | 395.2 | 618.0
tensile 93.1 | 424 | 73.0 | 55.1 | 70.4 | 30.2 | 48.0 | 39.8

v compressive | 628.5 | 377.3 | 480.8 | 355.3 | 528.4 | 314.1 | 395.2 | 286.5
tensile 65.7 | 22.7 | 343 | 263 | 695 | 27.0 | 405 | 31.3

v compressive |520.9 | 292.9 | 356.0 | 245.4 | 559.9 | 322.1 | 414.2 | 294.5

a set of features c) a set of features d)

tensile 88.2 | 339 | 479 | 278 | 60.2 | 234 | 328 | 22.7

! compressive | 669.4 | 377.8 | 473.9 | 326.3 | 449.5 | 253.6 | 312.5 | 215.7
tensile 496 | 164 | 223 | 142 | 88.4 | 33.1 | 47.2 | 345

: compressive |410.3 | 224.6 | 256.0 | 166.7 | 587.2 | 330.1 | 409.9 | 282.3
tensile 87.2 | 36.1 | 54.0 | 425 | 642 | 248 | 319 | 16.2

. compressive | 590.2 | 335.0 | 418.7 | 295.5 | 512.0 | 284.5 | 348.7 | 232.2
tensile 872 | 36.1 | 54.0 | 425 | 69.1 | 27.2 | 372 | 223

v compressive | 590.2 | 335.0 | 418.7 | 295.5 | 524.8 | 294.3 | 357.7 | 244.1
tensile 496 | 164 | 223 | 142 | 872 | 33.7 | 47.2 | 339

v compressive |410.3 | 224.6 | 256.0 | 166.7 | 597.1 | 334.2 | 412.8 | 284.8

The anisotropy of thermal conductivity in quartz requires distinct atten-
tion to the temperature fields generated in the square-shaped elements for
three cases of the five processing options analyzed in this study:
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— the first case involves cutting the crystal wafer perpendicular
to the Z-axis, with the cutting line positioned in the plane perpendicular to
this axis (option I);

— the second case entails cutting the crystal wafer perpendicular to the
Z-axis, with the cutting line positioned in the plane parallel to this axis (op-
tions 1l and V);

— the third case involves cutting the crystal wafer along the-Z axis, with
the cutting line positioned in the plane parallel to this axis (options Il and V).

The analysis of the data presented in Table 3.7 indicates that the mini-
mum temperature values occur during the processing of the zy-cut (pro-
cessing option ). This phenomenon can be attributed to the significantly
higher heat transfer coefficient along the Z-axis of quartz crystals compared
to their values in the directions perpendicular to this axis (1 || exceeds A by
almost a factor of two).

The processing of the yx- and xy-cuts is associated with higher temper-
ature values when the laser beam is moved along the Z-axis (I11 and IV pro-
cessing options). It is important to highlight that these values are only mar-
ginally elevated compared to the temperature values generated during the
processing of the same cuts when the laser beam travels along the X-axis
and Y-axis, respectively (Il and V processing options). Consequently, the
greatest disparity between processing options Il and Il for the calculation
parameters is limited to 3.6 %, whereas the difference between options 111
and | amounts to 12.1 %.

Table 3.8 presents the calculated values of the maximum tensile and
compressive stresses generated in the processing area for the five examined
processing options. The calculations allow us to assert that simulating con-
trolled laser thermal cleaving of quartz crystals necessitates careful consid-
eration of the anisotropy of all properties that affect the formation of ther-
moelastic fields in the sample. Considering just one of the material's aniso-
tropic characteristics results in considerable errors. For instance, when con-
sidering solely the anisotropy of thermal conductivity in assessing the tensile
stresses in the processing area for the examined modes, the error amounts to
34.2 %. If we take into account only the anisotropy of thermal expansion,
the error increases to 46.4 %. Furthermore, when only the anisotropy of elas-
tic properties is considered, the error escalates to 62.5 %.

The analysis of the data presented in Table 3.8 indicates that the maxi-
mum tensile stress values occur during the thermal cleaving of the yx- and
xy-cuts when the laser beam is directed along the Z axis (processing options
I11 and V). The elevated temperature values observed during the implemen-
tation of processing options Il and IV (see Table 3.7) contribute signifi-
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cantly to this phenomenon when compared to other processing options. Fur-
thermore, the development of elevated tensile stresses during the implemen-
tation of processing options Il and IV is facilitated by increased values of
the linear thermal expansion coefficient in the direction perpendicular to the
plane of the laser-induced crack, as opposed to the values observed during
the processing of the yx- and xy-cuts along the X and Y axes, respectively
(processing options 11 and V).

The low temperature values in the processing area, combined with the
minimal linear thermal expansion coefficient in the direction perpendicular
to the laser-induced crack plane, result in reduced tensile stresses during the
implementation of the Il and V processing options. Tensile stresses gener-
ated at the zy-cut separation during processing option | exceed the calculated
stresses for options Il and V, while being lower than those for options I
and IV. This outcome can be attributed to, firstly, the low temperature values
in the processing area (see Table 3.7), and secondly, the significant values
of the linear thermal expansion coefficient in the direction that is perpendic-
ular to the plane of the laser-induced crack.

The results obtained highlight the critical significance of the anisotropic
nature of thermal conductivity in quartz crystals, as well as the anisotropy
of their thermal expansion, on the magnitude of thermoelastic stresses gen-
erated during the controlled laser thermal cleaving of this material. None-
theless, the existence of anisotropy in elastic properties requires a distinct
examination of all five options for the processing of square-shaped crystal
elements with the standard initial orientation explored in this study. It is es-
sential to focus on the unique characteristics of the spatial localization of the
thermoelastic fields generated during the laser thermal cleaving of the xy-
cut (IV and V modes). Figure 3.37 demonstrates that the distribution of ther-
moelastic fields generated during the controlled laser thermal cleaving of the
Xy-cut exhibits asymmetry in relation to the line of laser radiation exposure.
The asymmetry of the elastic stress fields in practice results in an undesirable
deviation of the laser-induced crack from the processing contour, which
must be considered when selecting the parameters of thermal cleaving.

To validate the outcomes of the numerical simulation, experimental in-
vestigations were carried out employing laser radiation at a wavelength of
10.6 um. Figure 3.38 presents an end view of the quartz wafer separated via
the controlled laser thermal cleaving technique. The experimental results

demonstrated the effectiveness of the simulation technique employed.

Thus, the findings indicate that it is essential to consider the anisotropic
behavior of the thermal expansion, as well as the anisotropic characteristics of
thermal conductivity and elastic properties in quartz crystals.
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The simulation outcomes can inform the selection of parameters and en-
hance the process of precision separation of quartz wafers in the fabrication of
crystal elements.

Figure 3.38 — End view of quartz wafers separated
through controlled laser thermal cleaving

Peculiar aspects of controlled laser thermal cleaving of crystalline
quartz

In practical applications, quartz crystals of AT- and BT- cuts are the most
commonly used [184]. In this context, we examined the unique characteristics
of the laser thermal cleaving process for AT- and BT-cut quartz crystals.

Any arrangement of a crystal element with regard to the X, Y, Z axes can
be achieved through a sequence of successive rotations from one of the initial
orientations of this crystal element. For an AT-cut, a rotation of 35% is executed,
while for a BT-cut, a rotation of 49° is carried out [185] (see Figure 3.39).

The matrix {C, } for the AT-cut can be expressed as follows

86.74 -825 2715 -366 O 0
-8.25 12977 -7.42 570 0 0
2715 -7.42 10283 992 0 0

{C,}= -10° Pa.
-3.66 570 992 3861 O 0
0 0 0 0 6878 257
0 0 0 0 257 28.96
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Figure 3.39 — AT- and BT-cuts of the crystalline quartz

Correspondingly, for the BT-cut, the matrix {C, }is of the form

86.74 2753 -863 0057 0 0
2753 9824 -567 -1280 O 0
-8.63 -5.67 130.86 0.17 0 0
{C,}= -10° Pa
0.057 -1280 0.7 4036 O 0
0 0 0 0 2987 -6.49
0 0 0 0 -6.49 67.87

The calculation of thermoelastic fields generated in a quartz wafer due
to sequential laser heating and refrigerant exposure was carried out for four
different options: | is the AT-cut analysis with the laser beam orientated par-
allel to the X-axis; Il is the AT-cut analysis with the laser beam orientated
perpendicular to the X-axis; Il1 is the BT-cut analysis with the laser beam
orientated parallel to the X-axis; IV is the BT-cut analysis with the laser
beam orientated perpendicular to the X-axis.

The thermoelastic stress fields generated in quartz wafers during laser
cleaving were calculated using the finite element method, adhering to the un-
coupled thermoelastic problem within the quasi-static formulation [139, 152].

Calculations were conducted for square wafers with geometric dimen-
sions of 20x20x1.5 mm and 20x20x0.75 mm. The simulation process was
performed for the scenario involving exposure to laser radiation at a wave-
length of 10.6 um. The radius of the laser radiation spot was R = 1.5 mm,
and the power of the radiation was P = 50 W. The wafer movement speed in
relation to the laser beam and refrigerant was set at v = 5 mm/s and
v =15 mm/s.

The outcomes of the computations are presented in Tables 3.9 — 3.10
and Figures 3.40 — 3.41.
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Table 3.9 presents the maximum temperature values recorded in the quartz
wafer for the four processing options analyzed. The values for maximum ther-
moelastic tensile and compressive stresses are provided in Table 3.10.

Table 3.9 — Calculated values of maximum temperatures in the wafer undergoing
processing

- Maximum temperature

2 in the wafer T, K

8 h=0.75 mm h=15mm
v=5mm/s v=15mm/s | v=5mm/s | v=15mm/s

I 1520 994 1125 842

] 1538 1005 1136 847

"I 1502 999 1135 862

v 1531 1018 1156 871

Table 3.10 — Calculated values of maximum tensile and compressive stresses in the
processing area

S Maximum stresses in h=0.75 mm h=15mm
b= the processing area, v=5 v=15 v=5 v=15
©) MPa mm/s mm/s mm/s mm/s
| compressive 650 343 431 281
tensile 85 33 45 22
I compressive 717 381 483 319
tensile 100 40 53 34
i compressive 605 322 401 264
tensile s 77 27 42 19
Y, compressive 563 316 395 272
tensile 74 31 50 30

Figures 3.40 and 3.41 illustrate the distributions of temperature fields
and thermal stresses for wafers with a thickness of h = 0.75 mm, processed
at a speed of v =5 mm/s.

The review of the data in Table 3.9 suggests that the anisotropic char-
acteristics of quartz crystal properties, when considering AT- and BT- cuts,
do not have a substantial impact on the peak temperature values within the
processing area. Significantly more critical elements include parameters like
processing speed and the geometric dimensions of the wafer being pro-
cessed. Consequently, the variations induced by the anisotropy of thermo-
physical properties result in maximum temperature differences that do not
exceed 3 %. In contrast, the differences arising from processing speed and
sample geometry for the chosen design parameters can reach up to 45 %.
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The analysis of the data values presented in Table 3.10 indicates that both
the processing speed and the geometric dimensions of the wafer significantly
affect the thermoelastic stresses generated in the processing area. The vari-
ations resulting from these factors contribute to a disparity in the maximum
tensile stress values, ranging from 50 % to 80 %. The anisotropy of quartz
crystal properties significantly influences the maximum values of thermoe-
lastic stresses in the processing area. Consequently, the observed differences
In the maximum values of tensile stresses surpass 35 %. It is essential to
consider this variation in tensile stress values when determining the param-
eters for the laser thermal cleaving process.

300

400
500

1000

a) b)

Figure 3.40 — Temperature field distribution on the crystalline quartz surface:
a) option I; b) option Il

2) b)

Figure 3.41 — Thermoelastic stress field distribution on the crystalline quartz surface:
a) option I; b) option Il
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The results reveal the importance of considering the anisotropic prop-
erties of quartz crystals when determining the parameters for laser thermal
cleaving of AT- and BT-cut quartz wafers.

3.8. Simulation of laser processing for diamond crystals

Diamond stands out as a highly promising material for the development
of next-generation equipment. The distinct physical characteristics guaran-
tee reliable performance in the demanding environments of devices utilizing
it [210]. In examining the present landscape of technology for processing
super hard materials, it becomes evident that laser processing offers consid-
erable benefits compared to alternative techniques for cutting diamond crys-
tals. The benefits of this technology primarily encompass its high-power
density and the localized effect attained through the concentration of laser
radiation on the material being processed. This capability allows for the cre-
ation of narrow cuts with minimal thermal influence, all while maintaining
a high level of productivity in dimensional processing. Furthermore, it is
important to highlight the significant technological performance of laser ra-
diation, which enables the automation of the treatment process while main-
taining high quality [1].

As stated in [187], it is particularly noteworthy to investigate the effi-
ciency of laser processing of diamonds in various crystallographic direc-
tions, specifically when laser radiation is directed along the third- and
fourth-order symmetry axes. Regrettably, the referenced study conducts the
simulation of temperature fields using a one-dimensional approach, which
considerably undermines the reliability of the numerical estimates obtained.

The paper [188] presents the results of a three-dimensional simulation
of hole formation induced by laser radiation along the third and fourth order
symmetry axes of diamond crystals.

This study elucidates the distinctive effects of laser radiation on dia-
mond crystals along three crystallographic orientations (aligned with the
symmetry axes of the second, third, and fourth order) during the relative
motion of the laser beam and the affected surface.

The application of laser on diamond crystals during dimensional pro-
cessing results in a substantial rise in temperature, accompanied by phase
transitions. Figure 3.42 illustrates a generalized schematic of phase transfor-
mations in diamond crystals induced by laser radiation [187].

According to this schematic, laser cutting of diamond crystals leads to
their graphitization, evaporation, recrystallisation, and the production of di-
amond polycrystals. The examination of all aforementioned changes in
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simulation poses considerable challenges; hence, this study employed a sim-
plified model of diamond transformations induced by laser radiation:
diamond = phase transition = graphite = evaporation. The intensive
graphitization stage of diamond crystals is considered to occur when the ma-
terial attains a temperature of 2300 K.

Aama3s
Pexpucranianzanus
Pa3oBblii nepexon
I'pajur
Aima3 ¢ HapylmeHHOii
KPHCTAJIHYECKOi {} Hcnapenne
emeTKoil
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Yraepon copep:xanuii map

H Ia3Ma ————

{} Kpucranamsanus

I'padur, o, p - kapounsbI,
JIOHCJeHJIAT, OJTHKPHCTAJLIbI
ajiMa3a, CTeKJI0yIJIepoa,
HeyNnopsii04eHHbIi rpadur

Figure 3.42 — Schematic representation of transformations of diamond
induced by laser radiation

The finite element method [139] was employed to examine the charac-
teristics of laser processing in diamond crystals. The simulation of the dia-
mond-—graphite phase transition involved cyclic verification of the attain-
ment of the graphitization temperature by the material's points, followed by
the allocation of graphite thermophysical properties to the relevant regions
of the finite element model. The precise alignment of hexagonal graphite
planes parallel to the (111) planes of diamond crystals was considered, irre-
spective of the direction of the incident laser radiation.

In the calculations, the density, specific heat capacity, and thermal con-
ductivity coefficient of diamond and graphite were assumed to be equal to
the following values: p. = 3520 kg/m?3, pg = 2300 kg/m?; C. = 854 J/kg'K,
Cy = 994 J/kg'K; ha = 427 Wim'K, Al = 88 W/m'K, Ag| = 355 W/m-K
[187]. The symbol AgL stands for the thermal conductivity coefficient of
graphite in the direction that is perpendicular to the hexagonal faces, while
the symbol Aq|| indicates the thermal conductivity coefficient of graphite in
the direction that is parallel to the hexagonal faces.
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The calculation of temperature fields generated in diamond crystals due
to laser heating was conducted for four distinct options: 1 is the three-dimen-
sional analysis influenced by laser radiation along the second-order sym-
metry axis (L2), Il is the three-dimensional analysis influenced by laser ra-
diation along the third-order symmetry axis (L3), I11 is the three-dimensional
analysis influenced by laser radiation along the fourth-order symmetry axis
(L4), IV is the three-dimensional analysis excluding graphitization effects
under the influence of laser radiation.

The process of laser heating of diamond crystals was simulated follow-
ing the scheme illustrated in Figure 3.43, with 1 indicating the laser beam
and 2 representing the diamond sample. The arrow, accompanied by the des-
ignation V in the figure, shows the direction of movement of the workpiece
in relation to the laser beam.

Figure 3.44 illustrates the partitioning of the crystal into finite elements.

Figure 3.43 — Arrangement of the laser beam within the processing area

Figure 3.44 — Finite element partitioning of the computational domain



Calculations were performed for a sample shaped as a rectangular par-
allelepiped with geometric dimensions of 2x3x1.5 mm, using the specified
values of technological processing parameters: laser power density
Po = 1.8-10'° W/m?2, radius of the laser beam cross-section R = 0.05 mm. The
modulus of the relative velocity of the laser beam and the sample was
V =7 mm/s.

As previously stated, the simulation was conducted under four distinct
sets of conditions: I is the laser beam is orientated along the L2 axis, 11 is the
laser beam is orientated along the L3 axis, I11 is the laser beam is orientated
along the L3 axis, IV is the diamond-graphite phase transition was excluded
from the simulation. The findings of the calculations are provided in Figures
3.45 - 3.48.
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Figure 3.45 — Temperature distribution in diamond crystal, K
A — processing option I, B — processing option Il,
C — processing option 111, D — processing option IV

Figure 3.45 illustrates the computed distributions of temperature fields
generated in diamond crystals during laser processing, while Figures 3.46
and 3.47 present the calculated time dependences of temperature at the cen-
ter of the beam cross-section.
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Figure 3.46 — Calculated temperature variation over time at the center
of the beam cross-section
1 — processing option I, 2 — processing option |1, 3 — processing option |1,
4 — processing option 1V
(Z=0,Y=0)
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Figure 3.47 — Calculated temperature variation over time at the center
of the beam cross-section
1 — processing option I, 2 — processing option |1, 3 — processing option |11,
4 — processing option 1V
(Z=-2-10-5, Y=0)

Upon examination of the data provided in Figures 3.45 and 3.46, it is
evident that the temperature within the laser processing area attains its peak
values when the laser beam aligns parallel to the L3 axis, with the maximum
temperature recorded at the transition to stationary mode being 3099 K.
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When exposed to laser radiation along the axes L2 and L4 of the crystal, the
observed maximum temperature values are 2675 K and 2506 K, respec-
tively. The temperature in the laser impact area was recorded as the lowest
in the simulation, excluding the diamond-graphite phase transition, with the
maximum temperature in stationary mode reaching 2346 K. Figure 3.47 il-
lustrates that there is no notable difference in the temperature values obtained
across all four simulation options when achieving the steady-state mode of cut-
ting at a short distance from the surface along the laser beam axis.

Figure 3.48 demonstrates the computed configurations of graphitization
regions on the surface of a diamond crystal. The data indicates that the larg-
est cut width occurs when the laser beam is aligned with the L3 axis, while
the narrowest cut width is observed when the crystal is irradiated along the
L4 axis. The graphitization region created during processing along the L4
axis exhibits a clear asymmetry in relation to the displacement line of the
laser beam's cross-sectional center.

Figure 3.48 — Computed configuration of the graphitization region on the surface
of a diamond crystal
A — processing option I,
B — processing option 11,
C — processing option 111

The revealed features of the formation of temperature fields and graph-
itization regions can be attributed to the consideration of the strict orientation
of hexagonal graphite faces parallel to the (111) planes of diamond during
the simulation process. The anisotropic nature of graphite's thermophysical
properties explains why the temperature in the processing area and the cut
width attain their maximum values when laser radiation is directed along the
L3 axis, while the minimum values occur when it is oriented along the L4
axis. The temperature values and parameters of the graphitization region for
the diamond crystal processing option with laser radiation along the L2 axis
are situated in an intermediate range compared to the values derived from
the other two processing options discussed here.
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The noted disparity in temperature values and substance parameters in-
side the graphitization region must be considered while determining laser
processing settings.

Peculiar aspects of thermoelastic field formation during laser pro-
cessing of diamond crystals

The localization features of thermoelastic stress fields that are generated
in diamond crystals under laser exposure in the aforementioned crystallo-
graphic orientations require consideration.

The calculation of thermoelastic stress fields generated in diamond
crystals due to laser impact was performed using the finite element method
within the context of the unrelated thermoelasticity problem in a quasi-static
framework [139, 152, 153]. The process of simulating the diamond-—graphite
phase transition was conducted following the algorithm outlined in [189].

Diamond is classified within the cubic system, which allows for the
characterization of its elastic properties through three independent compo-
nents of the elastic modulus tensor. The elastic rigidity constants used for
calculations are as follows: C11 = 1079 GPa, C12 = 124 GPa, C4s = 578 GPa
[190]. Simultaneously, the values for Young's modulus and Poisson's ratio
provided in [191] were used to simulate the laser treatment of an isotropic
diamond plate.

The calculation of thermoelastic fields generated in diamond crystals
due to laser irradiation was conducted for four distinct options: | is the anal-
ysis of the effects of laser radiation along the second-order symmetry axis
(L2), Il is the analysis of the effects of laser radiation along the third-order
symmetry axis (L3), Il is the analysis of the effects of laser radiation along
the fourth-order symmetry axis (L4), IV is the analysis of the effects of laser
radiation without considering graphitization and anisotropy properties of di-
amond crystals. At the same time, the simulation for the first three calcula-
tion options was executed with an emphasis on graphitization.

Calculations were carried out for a sample shaped as a rectangular par-
allelepiped with geometric dimensions of 2 mmx3 mmXx1.5 mm, using the
specified values of technological processing parameters: laser radiation
power density Po = 1.8 x 10 W/m?, the laser beam cross-section radius
R = 0.05 mm. The modulus of the relative velocity of the laser beam and the
sample was V =7 mm/s.

The results of the performed calculations are presented in Table 3.11
and Figure 3.49. In Table 3.11, oxx denotes the stresses acting along the
X-axis, and oyy represents the stresses acting along the Y-axis, as depicted
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in Figure 3.43. Figure 3.49 shows the calculated field distributions of ther-
mal stresses in the case of laser processing of diamond crystals along the
fourth-order symmetry axis.

a)

Figure 3.49 — Field distribution of thermoelastic stresses in diamond during

its processing along the L4 axis: a) oxx Stresses; b) oyy stresses

Table 3.11 — Outcomes related to the calculations associated with the simulation of laser
processing on diamond crystals

Processing option

Maximum v
Stresses 110 111 100
in the processing area, MPa
tensile 98 90 96 95
Oxx compressive 1230 1850 1070 1020
tensile 117 95 91 110
Oyy compressive 1460 2090 1260 1200

The examination of the data presented in Table 3.11 indicates that con-
sidering the anisotropy of diamond crystal properties and the graphitization
process significantly influences the values of thermoelastic stresses in the
laser processing area. This leads to the conclusion that employing an iso-
tropic model for the laser processing of diamond crystals results in signifi-
cant errors. In comparing the maximum stresses generated in the diamond
crystal processing area along the L2 axis, it is evident that employing the
isotropic model results in an error of up to 18 %. When simulating the dia-
mond crystal processing along the L3 and L4 axes, the observed errors are
45 % and 14 %, respectively. Furthermore, it is important to highlight that
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the variation in the maximum stress values generated during processing
along various symmetry axes spans from 8 % to 42 %. It is essential to con-
sider this variation in tensile stress values when determining the parameters
for laser processing of diamond crystals.

3.9. Enhancing the effectiveness of laser controlled thermal
cleaving of silicate glasses using the photoelastic technique

During the implementation of laser cleaving, variations from the estab-
lished processing parameters can arise due to factors such as inconsistencies
in refrigerant supply, a decrease in laser radiation power density, and the
presence of defects in the material being processed, among others.

The combination of these factors results in the disruption of the splitting
crack's development, necessitating ongoing visual monitoring to ensure
timely intervention in the separation process or adjustments to processing
parameters.

To automate the management of splitting crack development and the
dynamic alteration of processing parameters during the laser cutting of sili-
cate glasses, the use of the photoelastic approach is recommended.

One of the criteria for analyzing the initiation and progression of a split-
ting crack is the excess of the stresses in the material beyond its tensile
strength. For brittle materials, the subsequent criteria can be chosen as ap-
plicable stresses: the criterion for the maximum normal stresses, according
to which the cause for material failure is considered to be the highest of the
three principal main normal stress; the criterion for maximum tangential
stresses, according to which it is assumed that the limit state of the material
occurs when the highest tangential stress reaches its permissible value,
which is determined from tensile-compression experiments (ceq=01—03); the
criterion for specific potential energy of shape alteration, when the danger-
ous state occurs once the specific potential energy of shape alteration reaches
its limit value, which is determined from simple tensile-compression exper-
iments (comparison is based on equivalent on Mises stresses).

The polarization-optical method, also known as the photoelastic
method, relies on a physical and mechanical phenomenon. In this process,
linearly-polarized waves, as they traverse a deformed element of a transpar-
ent model, experience a phase shift or optical travel difference. The extent
of this shift is contingent upon the stress-strain state of the element. The in-
terference pattern derived from the superimposition of these waves allows for
the extraction of information regarding the magnitude and spatial distribution
of stresses or deformations present in the material being analyzed. This
method's practical application is demonstrated in several studies [192—-196].
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A prototype setup was developed to dynamically ascertain the values of
thermoelastic stresses, allowing for subsequent adjustments of the pro-
cessing parameters. The schematic representation of this setup is illustrated
in Figure 3.50 [197].

12

Figure 3.50 — Setup for laser cutting of silicate glasses:
1 is the coordinate table, 2 is the laser, 3 is the focusing lens, 4is the laser,
5 is the focusing lens, 6 is the refrigerant supply unit, 7 is the defect mechanism,
8 is the polarized light source, 9 is the video camera with analyzer,
10 is the vertical displacement mechanism, 11 is the carriage,
12 is the set-up control unit, 13 is the computer

A video camera equipped with an analyzer and a polarized light source
Is used to visualize the distribution of thermoelastic stresses in the developed
prototype. The acquired image allows for the analysis of the resulting iso-
chromes and isoclines, leading to the calculation of thermoelastic stresses.
If required, adjustments can be made to the technological parameters of pro-
cessing, such as radiation power density, processing speed, and refrigerant
supply intensity.

Figure 3.51 illustrates the interference patterns achieved through con-
trolled laser thermal cleaving with this prototype setup. The patterns are
acquired without a crack (Figure 3.51. a), with a nonthrough crack
(Figure 3.51. b), and with a through-the-thickness splitting crack
(Figure 3.51. c).
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Figure 3.51 — Images of the processing area captured using
the photoelastic technique
a is the area of laser beam and refrigerant exposure, b is the non-through
thickness splitting crack, c is the through-the-thickness splitting crack

Figures 3.52 and 3.53 illustrate the computed stress distributions in the
sample at a specific moment, highlighting the conditions with and without a
nonthrough splitting crack. The computations were executed using the finite
element method.

The design parameters for processing silicate glass and its properties
were selected based on the experimental findings. Given that the motion of
the beam and the refrigerant occurs along the center of the sample, and con-
sidering the symmetry on either side of the separation plane, the representa-
tion of the fields is provided for half of the sample. The front face of the
sample represents a section along the material separation plane.

The analysis of Figures 3.52a and 3.52b reveals a pronounced region of
tensile stresses on the material's surface in the refrigerant supply area, char-
acterized by a rapid cooling effect on the material. The peak stresses are
concentrated along the path of the laser beam or beams, as well as the impact
of the refrigerant. The crack nucleation takes place at the material's surface.
The area of tensile stresses, resulting from the influence of the refrigerant,
penetrates deeply into the material and is constrained from beneath by the

104



areas of compressive stresses generated by the laser beams. The develop-
ment of the nucleated crack is constrained within these regions, preventing
it from penetrating deeply into the material.
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Figure 3.52 — Distribution of thermoelastic fields in the sample (MPa) during laser
processing in the absence of a splitting crack:
a) stresses o2 perpendicular to the separation plane,
b) principal stresses o1, ) principal stresses o3,
d) stress intensity ¢ = MAX(|o, o, 5,—5y)),

,|0, =03,

e) von Mises equivalent,
1 is the laser radiation exposure area, 2 is the refrigerant exposure area

The interference pattern reveals regions of significant compressive and
tensile stresses, indicated by zones exhibiting heightened intensity of trans-
mitted light. The analysis of this image alongside the computed distribution
of stress intensity (specifically, the maxima of the difference of principal
stresses) and the Mises distribution of equivalent stresses leads to the con-
clusion that the intensity of transmitted light is directly related to the magni-
tude of stresses. As the value of stresses increases, so does the intensity of
the polarized light. Nonetheless, distinguishing between the areas of com-
pressive and tensile stresses based on these images proves to be challenging.

Figures 3.51a and 3.51b illustrate that a dark band is observed along the
boundaries of a splitting crack. This phenomenon can be attributed to the
existence of a free surface that is perpendicular to the surface of the material,
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as well as the near-zero stress values in the vicinity of the crack faces. This
observation is further validated by numerical simulation within the context
of linear fracture mechanics, as depicted in Figure 3.53.
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Figure 3.53 — Distribution of thermoelastic fields in the sample (MPa)
during laser processing in the presence of a splitting crack in the material
a) stresses o2 perpendicular to the separation plane,

b) principal stresses o1, ¢) principal stresses o3,

d) stress intensity ¢ = MAX(|o, - ,|.|5, — 04|, |0, —0,),

2 b

e) von Mises equivalent

By examining the intensity of the transmitted polarized light in the re-
gion where the refrigerant is present, one can determine whether a splitting
crack is present or not. A distinct dark band along the material processing
line signifies the existence of a crack, whereas a consistent area of uniform
intensity allows us to confirm its absence. This enables the creation of a
computer program that can dynamically identify the presence of a splitting
crack during the controlled laser thermocleaving of silicate glasses. It does
this by analyzing images captured by a video camera and can adjust the pro-
cessing parameters or halt the technological process as required.
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CHAPTER 4. CONTROLLED DOUBLE-BEAM LASER THERMAL
CLEAVING OF BRITTLE NON-METALIC MATERIALS

When processing brittle non-metallic materials using laser thermo-
cleavage methods, CO. laser radiation at a wavelength of 10.6 um is pre-
dominantly employed. This wavelength is effectively absorbed in the thin
surface layers of silicate glasses and alumina ceramics, serving as the pri-
mary technological tool (Section 1).

The application of radiation from solid-state lasers emitting at a wave-
length of 1.06 um for the high-precision processing of silicate glasses and
alumina ceramics has not been sufficiently adopted. This is primarily due to
the minimal absorption of such radiation in these materials, leading to inef-
ficiencies in the processing methods employed [7]. The utilization of radia-
tion at a wavelength of 1.06 um is advantageous for the processing of thick
wafers composed of silicate glass and alumina ceramics. This advantage
arises from the volumetric absorption characteristics of the specified wave-
length within these materials.

In the analysis of existing literature and our experimental studies, it was
observed that the efficiency of the separation process for brittle nonmetallic
materials, when using radiation at a wavelength of 1.06 microns, was found
to be insufficiently high.

The current most effective method for high-precision processing of brit-
tle nonmetallic materials, known as CLT, presents a notable disadvantage
that limits its broader implementation. The limitation of the depth of the
splitting microcrack when using laser radiation at a wavelength of 10.6 um
Is attributed to its considerable absorption by the surface layers of silicate
glasses and alumina ceramics.

The most effective solution for various challenges in laser technology
is achieved through double-beam processing methods, which involve the
simultaneous exposure of materials to two laser radiation beams of differing
wavelengths. The results of studies on the threshold behavior of metal cut-
ting using the combined radiation of a CO> laser and a pulsed YAG laser, as
presented in [198], indicate that the enhancement in process efficiency is
attributable to the implementation of double-beam technology.

It is essential to develop a new double-beam method aimed at high-
precision processing of brittle nonmetallic materials. This method should
incorporate the primary advantages of CLT while enabling an increase in the
depth of penetration of the splitting microcrack. The proposed method in-
volves a double-beam approach for laser-controlled thermal cleaving of brittle
nonmetallic materials. This technique employs simultaneous radiation from a

solid-state YAG laser operating at a wavelength of 1.06 um and a CO: laser
emitting at a wavelength of 10.6 um, along with a refrigerant [67, 89].
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It is important to highlight that the application of established double-
beam techniques for laser thermal cleaving [123, 134] renders the solution
to the specified task unfeasible. This is due to the use of YAG laser radiation
at a wavelength of 1.06 um for the formation of a scribe channel, which
results in the inability to achieve the edge quality typical of CLT. The con-
trolled double-beam laser thermal cleaving closely resembles the previously
established double-beam method for thermal cleaving of ceramic-metal
structures [134].

The characteristics of heating nonmetallic materials when exposed to
laser radiation of varying wavelengths were examined in [199-201]. The
study presented in [199] demonstrated the potential to alter the structure of
the temperature field within the sample volume across a broad range, partic-
ularly when examining the characteristics of semiconductor heating under
double-frequency laser exposure. A conclusion was reached in [201] regard-
ing the mutual influence of radiation at various frequencies on the thresholds
of pulsed optical breakdown of the gallium arsenide surface, accompanied
by a proposed model for a qualitative explanation of this phenomenon. It is
Important to recognize that the aforementioned papers just offer insights into
the configurations of temperature fields; this alone does not suffice for a
thorough investigation into the mechanisms behind the formation of splitting
microcracks during double-beam laser thermal cleaving.

The development of a double-beam technique for controlled thermal
cleaving demanded further investigation into the mechanisms behind the for-
mation of splitting microcracks when brittle nonmetallic materials are sub-
jected to laser radiation at varying wavelengths. This required numerical
simulation of temperature fields and stress distribution throughout the dou-
ble-beam processing.

At the same time, it became evident that a preliminary investigation into
the mechanisms of double-beam thermal cleaving of metal-ceramic structures,
which had previously been well examined experimentally, was justified.

4.1. Simulation of double-beam laser thermal cleaving of
metal-ceramic structures

In modern technologies, a range of techniques for joining heterogene-
ous materials, including ceramics and glass with metals, is extensively em-
ployed. Metal-ceramic structures exhibit significant potential owing to their
elevated mechanical strength and capability for operation under high-tem-
perature conditions. Products made from this type of material include ce-
ramic substrates designed for hybrid integrated circuits featuring a metal-
lized surface. The current methodologies for processing structural materials
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In microelectronics and instrument engineering rely on metal-cutting equip-
ment equipped with abrasive tools. Cutting modes are established empiri-
cally, taking into account the physical and mechanical properties of materi-
als, the geometric dimensions of samples, and the accuracy requirements for
their processing.

Alternative methods of dimensional processing, such as thermochemi-
cal, electro erosion, chemical-catalytic, and ultrasonic techniques, have not
achieved widespread use in industrial technology. This is primarily due to
the challenges associated with their implementation in production environ-
ments and their associated low labor productivity [202]. The examination of
double-beam laser thermal cleaving processes in metal-ceramic structures is sig-
nificant, serving both as a foundational step in understanding the mechanisms of
controlled double-beam thermal cleaving and possessing intrinsic value on its
own. An experimental and theoretical investigation into the thermal cleaving of
ceramic-metal structures was conducted in references [134, 57].

As indicated in [57], during the process of laser separation of a bilayer
sample, laser beam 1 (Figure 4.1) passes through ceramic layer 3 and is sub-
sequently absorbed by metallic layer 4, resulting in heating of that layer. The
thermal conductivity results in heat transfer into the non-metallic layer from
the metallized surface side. The radiation energy from beam 2, absorbed in
the surface layer of ceramic 3, is used for heating purposes.

Figure 4.1 — Arrangement of laser beams in the context of double-beam
processing for metal-ceramic structures
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The physical modelling of the laser separation of metal-ceramic struc-
tures presented in [57] accurately represents the primary characteristics of
the process. However, it fails to consider the impact of bulk absorption of
alumina ceramics by laser radiation at a wavelength of 1.06 um on the re-
sulting distribution of thermoelastic fields. The model presented in [57] was
used in [203] to examine the separation process of a multilayer metal coating
on a ceramic wafer.

To address volumetric heat generation, we conducted measurements of
the extinction coefficient. This coefficient represents the sum of the true ab-
sorption coefficient, which indicates the fraction of radiant energy absorbed,
and the coefficient that accounts for primary beam energy loss resulting from
other processes, mainly scattering [157]. The extinction coefficient was de-
termined through the measurement of transmission coefficients of YAG la-
ser radiation incident on alumina ceramic wafers of varying thickness, with-
out a metal coating, using the IMO-2H laser power meter (Section 2.2) as
outlined in [158].

In the refined model of the process described in [62], the ceramic wafer
IS subjected to heating from two surface heat sources positioned on the sur-
face of alumina ceramics and at the “ceramic-metal” interface, along with a
bulk source generated by laser radiation at a wavelength of 1.06 um, where
the intensity distribution with respect to depth follows the Bouguer-Lambert
law. This model outlines the process of double-beam splitting of metal-ce-
ramic structures using the finite element method. It addresses the distribu-
tion of thermoelastic fields generated during the heating of a bilayer material
by laser sources, considering the volume absorption of laser radiation at a
wavelength of 1.06 um by alumina ceramics.

The properties of alumina ceramics given in Section 2.1 were used in
the calculations. Furthermore, the temperature dependencies of the thermal
conductivity coefficients for ceramics and gold were considered
[9, 140, 142, 158]. The modulus of elasticity, Poisson's ratio, and thermal
expansion coefficient for gold were assumed to be equal to E = 80.6 GPa,
v =0.422; ot = 165-107" K2, respectively.

The parameters of the laser beam used in the calculations were as fol-
lows: major axis A =4-10"2m, minor axis B = 1-10~ m for an elliptical beam
cross-section, with a radiation wavelength of 10.6 um and a radiation power
of 30 W; the radius of the YAG laser radiation spot R = 200 um, also with a
radiation power of 30 W. Calculations were conducted for a bilayer material
consisting of ceramic and gold, with the ceramic layer H having a thickness
of 1 mm and the gold layer h measuring 20 um. The sample's movement
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speed in relation to the laser beams was set at 30 mm/s. The ceramic sub-
strate has geometric dimensions of 20x10x1 mm, while the metal layer
measures 20x10x0.02 mm.

To ensure a comparative analysis, the distribution of thermoelastic fields
was computed solely under the influence of the CO; laser, using the same
values of technological parameters as those applied in the simulation of dou-
ble-beam processing. Figure 4.2 illustrates the temperature distribution curves
at the surface of the ceramic layer (Z = 0), at its midpoint (Z = H/2), and at
the ceramic-gold interface (Z = H). The solid lines demonstrate the isotherms
associated with the temperature values shown in the figures.
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Figure 4.2 — Distribution of temperature fields in metallized ceramics during

double-beam processing
A)Z=0;B)Z=H/2;C)Z=H

As Z increases from 0 to H in the analyzed sample, the computed
temperature values in the area of CO: laser exposure show a decline.
This phenomenon is attributed to the surface absorption of radiation at a
wavelength of 10.6 um, coupled with the low thermal conductivity of alu-
mina-oxide ceramics.

The spatial temperature distribution influenced by the bulk effect of
Y AG-Ilaser radiation remains relatively constant throughout the depth of the
material. Simultaneously, starting at Z = H/2, the influence of CO: laser does
not notably alter the location of isotherms with high temperature values. It
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Is important to emphasize that the highest calculated temperature values re-
main below 611°C. Consequently, the relaxation of stresses near microstruc-
ture defects in alumina ceramics due to plastic strains presents challenges,
leading to potential brittle separation of the metal-ceramic sample as a result
of crack propagation.

Figures 4.3 and 4.4 illustrate the distribution of stresses oy that act per-
pendicular to the sample’s separating plane on the surface of the metal-ce-
ramic structure at three locations: at the surface (Z = 0), in the middle
(Z = H/2), and at the ceramic—gold interface (Z = H). This is presented for two
processing variants: double-beam and the variant using only CO> laser exposure.
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Figure 4.3 — Distribution of stress fields oyy in metallized ceramics during
double-beam processing
a)Z=0;b)Z=H/2;¢c)Z=H

The data presented in Figures 4.3 and 4.4 clearly indicate that there are
notable differences in the contributions of CO: laser and YAG laser radiation
to the resulting stress distribution at various depths. At the surface of the
sample, the stresses induced by the CO: laser radiation attain significant lev-
els. However, from the midpoint of the sample, the stresses identified by the
YAG laser radiation exhibit elevated values; these stresses attain significant
levels at the ceramic—gold interface, attributed to the absorption of laser ra-
diation in the metal layer that has traversed the ceramic at a wavelength of
1.06 um. It is important to observe that on the surface of the bilayer metal-
ceramic structure, the isolines of elevated stresses encompass broader areas
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in the region subjected to CO- laser exposure. In contrast, the stress zones
resulting from the second laser exposure are less extensive, attributed to the
larger geometrical dimensions of the laser beam cross-section at a wave-
length of 10.6 um. Consequently, the formation of the splitting crack along
the laser impact line takes place in the surface layers of alumina ceramics
and is influenced by the stresses generated by the laser radiation at a wave-
length of 10.6 um.
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Figure 4.4 — Distribution of stress fields cyy in metallized ceramics

during CO> laser processing
a)Z=0;b)Z=H/2;c)Z=H

However, based on the analysis of stress distribution in the deeper lay-
ers of the material, it can be concluded that the stresses induced by laser
radiation at a wavelength of 1.06 um are significant for the propagation of
the splitting crack into the material.

These stresses arise from the reduction of crack deviations from the
separating plane and its stricter vertical orientation, which is observable not
only at the ceramic-gold interface, as indicated in reference [57], but also
within the alumina-oxide ceramic layers closer to the surface.

Note that the technology of double-beam processing of metal-ceramic
structures, examined in detail in this section, exemplifies the successful im-
plementation of selective laser radiation impact at varying wavelengths on
materials exhibiting diverse physical and chemical properties.
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Nonetheless, this technology fundamentally represents a variant of
through-the-thickness laser thermal cleaving and is consequently marked by
the drawbacks typical of this laser processing technique.

The logical development of this method involves the application of con-
current double-frequency laser impact on the material being treated, in con-
junction with the refrigerant. This represents an innovative approach to the
processing of brittle non-metallic materials through the technique of con-
trolled double-beam laser thermal cleaving.

4.2. Examination of the mechanisms involved in controlled
double-beam laser thermal cleaving of brittle non-metallic materials

This section outlines the findings from the numerical simulation regard-
ing the process of controlled double-beam laser thermal cleaving. The study
was conducted considering the impact of bulk absorption by the material of
laser radiation at a wavelength of 1.06 um on the overall distribution of ther-
moelastic fields, specifically in scenarios involving simultaneous exposure of
the work material to CO; and YAG laser radiation along with a refrigerant [67].

Figure 4.5 displays the layout of laser beams alongside the arrangement
of the refrigerant within the cutting plane. Position 1 indicates the laser beam
at a wavelength of 1.06 um, position 2 signifies the laser beam at a wave-
length of 10.6 um, and position 3 stands for the refrigerant feeding zone.

Figure 4.5 — Arrangement of laser beams and a refrigerant within the cutting
plane during double-beam controlled thermal cleaving

Following this layout, the material is concurrently heated by a local sur-
face heat source at the point of incidence of the beam at a wavelength of
10.6 microns, along with a bulk source generated by laser radiation at a
wavelength of 1.06 microns.
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The movement of the sample results in the surface heated by the laser
beams experiencing cooling, as it enters the region exposed to the refrigerant.

The mechanism of double-beam thermal cleaving was elucidated using
the finite element method, considering the temperature dependence of ther-
mophysical characteristics. The problem addressed the distribution of ther-
moelastic fields generated by the combined effects of CO: laser and YAG
laser radiation, along with refrigerant application, on the material.

The calculations were performed considering the properties of silicate
glass sheet as discussed in Section 2.1. The parameter values selected for the
simulation of the laser beams were as follows: major axis A = 6-10" m, minor
axis B = 2-1073 m for a beam of elliptical cross-section with a radiation wave-
length of 10.6 um and a radiation power of 15 W; radius of the YAG laser
radiation spot R = 1107 m, its radiation power 20 W. The calculations were
carried out for a wafer with geometrical dimensions 20x10x5 mm. The veloc-
ity of the workpiece relative to the laser beams V is assumed to be 10 mm/s.

Figure 4.6, a presents the outcomes of the temperature field calculations
within the volume of the examined sample during double-beam processing,
while Figure 4.7, a illustrates the related stress distribution oyy acting per-
pendicular to the separating plane.
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Figure 4.6 — Temperature distribution within the volume of the sample, °C
a) double-beam exposure; b) CO- laser and refrigerant exposure;
c) YAG laser exposure
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To facilitate additional comparative analysis, calculations of the ther-
moelastic field distribution were conducted for the single-beam CLT proce-
dure (Figures 4.6, b and 4.7, b) and the YAG-laser-only material treatment
procedure (Figures 4.6, c and 4.7, ¢). The identical values of the process pa-
rameters used in the calculations were those chosen in the simulation of dou-

ble-beam processing.
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Figure 4.7 — Stress distribution cyy within the volume of the sample, MPa
a) double-beam exposure; b) CO: laser and refrigerant exposure;
¢) YAG laser exposure

Figures 4.8 and 4.9 demonstrate the relationships between temperature
and stress oyy relative to the distance from the center of the elliptical section
of the laser beam in the cutting plane for CLT and controlled double-beam
laser thermal cleaving. These relationships are similar to the time sweep
of the temperature and stress fields for points of the sample positioned at
varying depths.

As previously stated, the primary criterion for optimizing process pa-
rameters using data on temperature fields is the maximum temperature value
in the processing zone, which determines the failure mechanism of brittle
nonmetallic materials.
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Figure 4.8 — Temperature dependence on the distance to the center of the cross-section
of the elliptical laser beam in the sample at various depths (at Y = 0 mm)
1 is the double-beam thermal cleaving Z = 0;
2 is the single-beam thermal cleaving Z = 0;
3 is the double-beam thermal cleaving Z = 0.2H;
4 is the single-beam thermal cleaving Z = 0.2H;
5 is the double-beam thermal cleaving Z = 0.1H;
6 is the single-beam thermal cleaving Z = 0.1H
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Figure 4.9 — Dependence of stresses oyy on the distance to the center of the
cross-section of the elliptical laser beam in the sample at various depth (at Y = 0 mm)
1 is the double-beam thermal cleaving Z = 0;

2 is the single-beam thermal cleaving Z = 0;

3 is the double-beam thermal cleaving Z = 0.2H;

4 is the single-beam thermal cleaving Z = 0.2H;

5 is the double-beam thermal cleaving Z = 0.1H;

6 is the single-beam thermal cleaving Z = 0.1H
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Let us reiterate that when processing silicate glass, we can select the
glass transition temperature as the upper limit of permissible temperatures
(for sheet glass produced through vertical drawing — 516 °C), which influ-
ences the brittle mechanism of material separation at lower temperatures.
The analysis presented in Figures 4.6 and 4.8 demonstrates that the specified
condition for the chosen processing parameters is satisfied across all three
scenarios examined. As anticipated, the maximum temperature reaches the
maximum values during double-beam exposure, while the lowest value of
the maximum temperature is associated with the exposure of the material
only to YAG laser radiation.

When comparing the distributions of stress fields oyy shown in
Figures 4.7 and 4.9 — 4.11, it becomes evident that in both single-beam and
double-beam processing, the nucleation of the splitting microcrack takes
place within the surface layers of the material, starting from a microstruc-
tural defect situated in the region of tensile stresses generated by the influ-
ence of the refrigerant.
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Figure 4.10 — Distribution of stress fields oy, (MPa) in the sample's separating plane
during single-beam thermal cleavingatY =0
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Figure 4.11 — Distribution of stress fields oy, (MPa) in the sample's separating plane
during double-beam thermal cleavingat Y =0
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The initial microcrack subsequently propagates to the region of com-
pressive stresses generated by laser radiation. Following this, the unsteady
crack growth ceases, and its further progression is influenced by the changes
in the spatial distribution of tensile and compressive stress regions, stem-
ming from the interactions between the material, laser radiation, and the re-
frigerant. This aspect of the mechanism underlying the development of split-
ting microcracks aligns with the previously provided description for CLT.

Nonetheless, in the context of double-beam processing, the region ex-
periencing compressive stresses is situated within the deeper layers of the
material. Consequently, employing double-beam technology enables the
formation of deeper microcracks compared to the single-beam processing
method. This is due to the spatial arrangement of compressive stress regions
within the sample volume, which influences the depth of penetration of the
induced microcrack into the material.

Furthermore, it is important to note that in the refrigerant feeding zone,
the tensile stress values during double-beam processing significantly exceed
those observed during single-beam processing. Consequently, the stability
of microcrack nucleation is notably enhanced during double-beam pro-
cessing. This detail holds significant relevance when processing materials in
orthogonal orientations.

As laser beams approach the sample's edge, the area of substantial com-
pressive stresses caused by the intense heating from CO- laser radiation di-
minishes significantly. Consequently, the development of microcracks tran-
sitions into an uncontrolled state, leading to a deviation of the crack from its
initial trajectory.

In double-beam processing, a region characterized by significant com-
pressive stresses is established throughout nearly the entire depth of the sam-
ple. Concurrently, the magnitude of these compressive stresses is consider-
ably greater than that observed in single-beam thermal cleaving. The mi-
crocrack subsequently becomes uncontrolled as it nears the edge of the sam-
ple, resulting in a decrease in edge defects.

During the analysis of stress fields generated in the material solely by
YAG laser radiation, it was observed that at a sufficiently high-power den-
sity of radiation, despite its weak absorption, thermoelastic stresses of sig-
nificant magnitude and spatial configuration are produced in the material,
enabling the realization of laser thermal cleaving.

However, as illustrated in Figure 4.7, ¢, the spatial distribution of stresses
oyy indicates that the conditions for through-the-thickness thermal cleaving
are satisfied, which is associated with several notable disadvantages previ-
ously discussed in the first chapter when outlining its characteristics.
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4.3. Development of an effective scheme for controlled double-beam
laser thermal cleaving

Following the analysis of thermoelastic fields presented in Section 4.2,
a conclusion was drawn regarding the practicality of employing double-
beam action for the development of an innovative technique aimed at the
separation of brittle non-metallic materials, specifically through controlled
double-beam controlled laser thermal cleaving.

It is necessary to point out that, based on the calculation results
(Figures 4.10-4.11), during double-beam exposure, the area of tensile
stresses concentrated in the refrigerant exposure region is confined by the
combined area of compressive stresses. This zone is created due to the over-
lapping regions where compressive stresses occur as a consequence of expo-
sure to laser radiation at wavelengths of 10.6 um and 1.06 pum, respectively.

In this scenario, accurately positioning the laser beam at a wavelength
of 1.06 um along the cutting line between the area affected by the laser beam
at a wavelength of 10.6 um and the area influenced by the refrigerant is es-
sential for creating a combined zone of considerable compressive stresses.
The spatial configuration of this zone is established in the surface layers due
to the influence of CO: laser, while the YAG laser affects the deeper layers
of the material.

Consequently, the significant impact of compressive stresses on the
shape and depth of the microcrack, when employing the outlined arrange-
ment of laser beams and the refrigerant, facilitates the development of a spa-
tial configuration of thermoelastic stress fields. This configuration results in
an enhanced depth of microcrack penetration in comparison to the single-
beam processing method.

The developed method addresses a technical challenge by enhancing
the quality of product separation from brittle non-metallic materials charac-
terized by significant end face heights under thermoelastic stress. This im-
provement is realized through the implementation of deep splitting mi-
crocracks of specific dimensions, which effectively eliminate noticeable de-
viations of the separation line from the trajectory of laser radiation during
the final material separation process.

The area of laser radiation exposure, characterized by a wavelength that
aligns with the volume absorption of the material being processed, must be
positioned along the cutting line. This line lies between the region where the
laser beam interacts with the wavelength that achieves maximum absorption in
the thin surface layer of the material and the area where refrigerant is applied.

Figure 4.12 illustrates the mutual arrangement of the laser beam impact
areas and the refrigerant-cooled area [89].
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Figure 4.12 — Arrangement of the impact area for laser beams in conjunction
with the refrigerant-cooled area

The positions indicated in the figure represent the following: 1 is the laser
beam at a wavelength of 10.6 um, 2 is the refrigerant, 3 is the laser beam at a
wavelength of 1.06 um, 4 is the workpiece composed of brittle non-metallic
material, 5 is the cross-section of laser beam 1 in the cutting plane, 6 is the
refrigerant exposure area, 7 is the cross-section of laser beam 2. The horizon-
tal arrow denotes the direction of movement for the workpiece.

Under experimental conditions, the procedure for controlled double-
beam laser thermal cleaving is executed as outlined below. The initial blank
of material 4 is positioned on the coordinate table.

A defect, such as a stab or cut, is introduced at the initial stage of the
processing line. Subsequently, laser beam 1 is aimed at the defect's location,
after which the coordinate table initiates the movement of workpiece 4 along
the processing line. Simultaneously, refrigerant is introduced into the zone
that has been preheated by laser radiation at a wavelength of 10.6 microns.
Additionally, laser beam 3, which emits radiation at a wavelength of

121



1.06 microns, is positioned along the cutting line between laser beam 1 and
the refrigerant exposure area.

A splitting microcrack is initiated at refrigerant supply point 2, origi-
nating from the applied defect. The microcrack develops within the tensile
stress zone created by the influence of the refrigerant, as analyzed in the
previous section regarding thermoelastic fields.

Furthermore, the initial microcrack propagates, extending into the re-
gion of compressive stresses generated by the combined influence of the la-
ser beam at a wavelength that aligns with the maximum absorption of radi-
ation in the thin surface layer of the material, as well as the laser beam at a
wavelength that corresponds to the bulk absorption of radiation by the material.

Once the non-stationary crack growth ceases, its subsequent progres-
sion is influenced by the alterations in the spatial arrangement of tensile and
compressive stress zones, which arise from the interaction between the work
material and the laser beams.

Following the outlined sequence of operations, experimental studies were
conducted to assess the effectiveness of the controlled double-beam thermo-
cleavage method for separating 5 mm thick wafers of silicate glass sheets.

The laser technological equipment described in Chapter 2 was utilized
throughout the experimental work.

The CO: laser beam focused on the glass surface, forming an elliptical
spot characterized by a major axis of A = 6-10° m and a minor axis of
B = 2.10 m. The measured distance L was determined to be 3 mm. The
YAG laser's radiation beam centered on the glass surface, forming a circular
spot with a radius of R=1-10° m.

The research revealed the dependencies of laser microcrack depth,
which is formed during double-beam laser thermal cleaving, on several fac-
tors: the speed of relative movement between the laser beams and the work
material (Figure 4.13), the power of laser radiation at a wavelength of
10.6 um (Figure 4.14), and the power of laser radiation at a wavelength of
1.06 um (Figure 4.15).

Figures 4.13 — 4.15 demonstrate that the depth of the microcrack exhib-
its a nearly linear relationship with both the rate of thermal cleaving and the
laser power, applicable for wavelengths of 1.06 um and 10.6 um. A small
section in Figure 4.15 stands out, where an increase in laser power leads to
a notable decrease in microcrack depth, attributed to the excessive heating
of the material and subsequent melting.
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Figure 4.14 — Microcrack depth versus YAG laser power
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Figure 4.15 — Microcrack depth versus CO> laser power

It is crucial to focus on Figure 4.16, illustrating how the depth of laser
microcracks varies with the positioning of laser beams on the glass surface.
The variable AX represents the distance between the centers of the laser
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beams, and in the graph, it assumes a negative value when the YAG laser
beam is situated between the refrigerant exposure area and the CO: laser
beam. Figure 4.16 illustrates that the peak values of microcrack depth occur
when the center of the YAG laser beam is shifted towards the refrigerant
exposure area. A notable reduction in microcrack depth, followed by a com-
plete halt in cracking, is observed when the center of the YAG laser beam is
shifted in the opposite direction.
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Figure 4.16 — Microcrack depth versus mutual arrangement of laser beams

The experimental results align well with the numerical simulations of
thermoelastic fields presented in Section 4.2, leading to the conclusion that
the penetration depth of the splitting microcrack can be adjusted during dou-
ble-beam impacts on silicate glass. Experimental confirmation indicated that
positioning a laser beam at a wavelength of 1.06 um along the cutting line
between regions subjected to laser radiation at 10.6 um and the refrigerant
optimizes the depth of the laser microcrack.

4.4. Laser thermal cleaving of thick alumina-oxide ceramics

Ceramic products offer several advantages over metal and polymer
products, which are influenced by the unique interatomic interactions pre-
sent in the chemical compounds that constitute ceramics. The benefits en-
compass significant elasticity, hardness, and a notable resistance to plastic
deformation [130]. Nevertheless, the characteristics of ceramics present
challenges in their processing. Simultaneously, the cutting of samples from
alumina ceramics with a thickness of 1 + 2 mm using CLT provides good
quality results. However, when attempting to process ceramic sheets thicker
than 6 mm with this method, achieving the formation of a high-quality split-
ting microcrack becomes challenging. In this context, it appears beneficial
to adjust the CLT method for cutting ceramic wafers up to 10 mm thick and
to investigate the mechanism behind their separation.
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Experimental investigations into the thermal cleaving of 10 mm thick
alumina ceramic wafers were conducted utilizing laser technological equip-
ment [65]. The positioning of the laser beam and the refrigerant in relation
to the cutting plane aligned with the schematic presented in Figure 3.1. The
workpiece intended for processing was positioned in conjunction with the
coordinate table, moving in relation to the fixed CO> laser and the nozzle
that delivered the refrigerant. The alumina wafer was heated by the absorp-
tion of CO: laser radiation in the surface layer. The heated surface of alumina
ceramics underwent rapid cooling in the refrigerant impact area. The results
obtained through experimentation served as the foundation for concluding
that it is fundamentally possible to achieve microcracks of sufficient depth
for mechanical final cleaving when cutting plates that are up to 10 mm thick.
Figure 4.17 presents a photograph depicting a sample of alumina ceramics
that have been separated through the process of laser thermal cleaving.

The key distinction of the developed technology compared to the estab-
lished CLT technology lies in the fact that it involves heating the surface
layers of the sample to temperatures that surpass the melting point of alu-
mina ceramics. As the cooling process progresses, the molten layers solidify,
leading to the development of a principal microcrack.

Figure 4.17 — Sample of alumina ceramics after laser thermal cleaving

To clarify the unique aspects of the mechanism of laser thermal cleav-
ing of thick ceramic wafers as outlined in the aforementioned scheme, the
challenge of determining the thermoelastic fields was addressed. The calcu-
lations used the properties of ceramics presented in Table 2.1, considering
the relationships between the thermal conductivity coefficient and specific
heat capacity as they vary with temperature.

Calculations were conducted for a plane-parallel wafer measuring
20x20x10 mm, using the following parameters for the laser beam: beam
cross-section radius R = 110~ m and radiation power P = 70 W. The laser
beam's movement speed relative to the surface of alumina ceramic was set
at 2 mm/s.
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Figure 4.18 illustrates the calculated temperature fields generated in the
examined alumina ceramic sample due to CO: laser processing. Figure 4.19
presents the associated stress distribution, denoted as oyy, which acts per-
pendicular to the separation plane.
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Figure 4.18 — Temperature distribution in alumina ceramics
during single-beam processing with CO> laser, °C
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Figure 4.19 — Distribution of stresses oyy in alumina ceramics
during single-beam processing with CO> laser, MPa

Figure 4.18 shows that under the specified processing parameters

within the laser radiation exposure zone, the temperature attains levels that
surpass the melting point of alumina ceramics. The isotherms related to ele-
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vated temperature values are situated within the surface layers. This phe-
nomenon is attributed to the significant absorption of radiation at a wave-
length of A = 10.6 um occurring in the material's surface layer.

Upon analyzing the stress distribution cyy depicted in Figure 4.19, it is rea-
sonable to conclude that the nucleation of the splitting microcrack takes place in
the melt zone, attributed to tensile stresses generated during the solidification
process of the material. The microcrack’s further penetration into the sample's
depth is attributed to tensile stresses generated by the refrigerant supply.

The ultimate depth of the resulting microcrack is influenced primarily
by the area of compressive stresses surrounding the tensile stress zone,
which is induced by laser interaction, rather than by the configuration of
isotherms related to the melting temperature and isolines that represent the
geometric location of points with maximum tensile stress in the refrigerant
supply area. During the solidification of molten surface layers of ceramics
due to intensive cooling, a microcrack is generated. The final shape of this
microcrack is influenced by the spatial distribution of tensile and compres-
sive stress zones, which are created by the effects of the refrigerant and laser
radiation, respectively.

The results from the prior study on double-beam thermal cleaving of
silicate glasses support the hypothesis that employing the double-beam
method, i.e., integrating surface heating via radiation at a wavelength of
10.6 wm with bulk heating through radiation at a wavelength of 1.06 um, can
enhance the separation process characteristics of thick ceramics [66].

The double-beam thermocleavage method presented in Figure 4.1 was
employed for subsequent investigations. Following this scheme, an alumina
ceramic wafer was positioned in relation to stationary CO. and YAG lasers,
along with a nozzle specifically designed for refrigerant supply. The wa-
fer was subjected to surface heating through radiation emitted by the CO-
laser beam. The YAG laser beam, with its intensity distribution along the
depth following the Bouguer-Lambert law, was nearly entirely absorbed as
it traversed the thickness of the ceramic sample, resulting in significant bulk
heating of the material. Subsequently, the area heated by laser beams under-
went rapid cooling in the refrigerant exposure area. Experimental studies
revealed that double-beam processing can generate a splitting microcrack of
greater depth than single-beam processing.

Thermoelastic field calculations related to the outlined double-beam
processing scheme were executed using the same technological parameter
values as those applied in single-beam processing. The radius of the YAG
laser beam cross-section was considered to be R = 1-107* m, and the radiation
power was set at P = 100 W. Figure 4.20 illustrates the outcomes of the
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temperature field calculations within the examined alumina ceramics sam-
ple, resulting from the double-beam processing. Meanwhile, Figure 4.21
presents the computed distribution of stresses oyy that are acting perpendic-
ular to the separation plane.

Figure 4.20 demonstrates that the isotherms corresponding to the melt-
ing temperature of the alumina ceramics are located in deeper layers com-
pared to those observed in the single-beam processing.
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Figure 4.20 — Temperature distribution in alumina ceramics
during double-beam processing, °C

Figure 4.21 — Distribution of stresses oyy in alumina ceramics
during double-beam processing, MPa

The observed displacement results from the bulk absorption of YAG
laser radiation in the ceramic, specifically at a wavelength of A = 1.06 um.
Upon examining the distribution of stress fields oyy, as illustrated in Figure
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4.21, it can be concluded that the microcrack, similar to the scenario of sin-
gle-beam processing, emerges during the solidification of the molten surface
layers of ceramics. Simultaneously, the region of tensile stresses adequate
for the development of a splitting microcrack is situated in deeper layers of
the material compared to processing that relies on only CO- laser radiation.

4.5. Double-beam laser technique for creating rounded edges in
glass products

Currently, several techniques for precision laser processing of brittle
nonmetallic materials have been established, including the method of asym-
metric laser thermal cleaving. This approach facilitates the creation of an
oblique crack featuring rounded edges. The authors in [24] propose several
different variants for the realization of this method. This study investigates
the formation of asymmetric distributions of thermoelastic fields in silicate
glass samples, using the effects of laser radiation at a wavelength of
10.6 um, which is absorbed in the thin surface layers of the material being
treated. In one instance, an asymmetric distribution is attained by heating the
material surface with an elliptical laser beam positioned at an angle to the
direction of relative displacement. In another instance, this distribution is
achieved through the displacement of the refrigerant in.

The investigation into the process of achieving rounded edges on glass
products through the use of two laser beams with varying wavelengths of
10.6 um and 1.06 um has been conducted [67, 68].

Figure 4.22 illustrates the mutual arrangement of laser beams and the
refrigerant on the surface of the material being processed.

Figure 4.22 — Arrangement of laser beams and the refrigerant
1is the YAG laser; 2 is the COz laser;
3 is the refrigerant; 4 is the glass wafer
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Experimental investigations were conducted to analyze the relationship
between the depth h and deviation f of the crack from the processing line,
considering various values of the mutual displacement of laser beams L and
processing speed v. Experimental studies were conducted on laser techno-
logical equipment that comprises two lasers with varying emission lengths.

The 4 mm thick glass wafer designated for treatment is maneuvered by
a coordinate table in relation to fixed laser beams and the refrigerant. The
CO: laser beam, characterized by a wavelength of A = 10.6 um, was config-
ured on the surface as a circle with a diameter of 3 mm. In contrast, the YAG
laser beam, at a wavelength of A = 1.06 um, was also arranged in a circular
form but with a diameter of 2 mm. Additionally, the refrigerant was intro-
duced to the surface as a finely dispersed air-water mixture, featuring a di-
ameter of 5 mm. Simultaneously, the CO. laser beam and the refrigerant
were positioned on the surface of the wafer along the processing line, main-
taining a distance of 4 mm between their centers. The alignment of the YAG
laser beam was adjusted in relation to the CO- laser beam, specifically along
a line that is perpendicular to the processing line. The separation L between
the centers of the laser beams was adjusted from 0 to 2 mm. The power of
the laser beam was P1 = 30 W for the CO: laser and P> = 100 W for the YAG
laser. Both lasers were utilized in a continuous operational mode.

Figure 4.23 presents the experimental dependencies of crack depth h and
experimental dependencies of crack deviation f at different processing speeds
for YAG laser displacement values L equal to 0.5 mm, 1 mm and 1.5 mm.
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Figure 4.23 — Experimental correlation of crack depth (a) and deviation (b) for laser
beam displacement values ranging from L = 0.5 to 1.5 mm
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Figure 4.24 shows analogous dependencies for the YAG laser displace-
ment value L set at 2 mm.
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For each specified processing speed, several samples were obtained and
measurements of crack depths and deviations were recorded for each sam-
ple, from which the average value was derived. Crack nucleation takes place
on the surface of the material in the region where the refrigerant is supplied,
specifically at the point of impact of the CO2 laser beam. Subsequently, the
crack propagates deep within the material, deviating towards the YAG laser
beam line, and halts its progression at varying depths depending on the op-
erating mode. The ultimate separation can be achieved through final cleav-
ing methods, including mechanical, thermal, and ultrasonic techniques.
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Figure 4.24 — Experimental correlation of crack depth and deviation
for a laser beam displacement of L =2 mm

Figure 4.25 illustrates the end-face profile of the split sample.

b)

Figure 4.25 — End-face profile of the split sample
a) is for the processing parameters of v =8 mm/s, L = 1.5 mm
b) is for the processing parameters of v=7 mm/s, L =2 mm

A chamfer is observed at the end of one segment of the split sample,
while a protrusion is noted at the end of the other segment. Analysis of the
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dependencies illustrated in Figures 1-3 reveals that as processing speed in-
creases, there is a notable decrease in both the depth of the crack and the
deviation from the processing line. The range of speeds for stable crack nu-
cleation and development varies depending on the different values of dis-
placement L of the YAG laser beam from the processing line. Therefore, for
a displacement of L = 0.5 mm, the range for the specified parameters of the
laser beams is between 9 and 20 mm/sec. The depth of the crack diminishes
as the speed increases, whereas the deviation of the crack from the impact
line of the CO-, laser beam stays relatively constant. At a velocity of 8 mm/s,
the crack propagates through the full thickness of the sample, indicating the
occurrence of through-the-thickness thermal cleaving, with a notable in-
crease in crack deviation. At reduced velocities within the zone of CO: laser
beam interaction, the surface temperature surpasses the glass transition
threshold, leading to the formation of a microcrack network upon subsequent
cooling, while no crack propagation is detected. No crack nucleation occurs
at speeds exceeding 20 mm/s. It is important to observe that for a specific
displacement L at velocities of 9 and 10 mm/s, the crack profile differs from
the overall representation illustrated in Figure 4.25.

Figure 4.26 demonstrates that crack nucleation initiates on the surface
of the sample along the CO: laser beam line, subsequently leading to crack
propagation that extends deeper and deviates towards the YAG laser line. At
a certain depth, the crack once more shifts towards the CO> laser beam line,
creating an unusual “wave” formation. For a displacement of L = 1 mm,
stable nucleation and development of an oblique crack is observed within a
velocity range of 9-14 mm/s.

Figure 4.26 — Representation of a “wavy” crack

For L = 1.5 mm, we have 7 to 11 mm/s. At a processing speed of
6 mm/s, a consistent growth of an oblique crack is still noted; however, a
network of microcracks develops on the surface due to overheating, result-
ing in a reduction of the crack deviation value. At a processing speed of
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12 mm/s, the effect of the YAG laser becomes imperceptible, while the crack
created by the CO- laser beam progresses in depth nearly perpendicular to
the surface. For a displacement of 2 mm, the velocity range was relatively
limited, spanning from 7 to 8 mm/sec. The values of deviation and crack
depth are at their maximum in this instance.

Consequently, the findings indicate that the suggested approach of dou-
ble-beam asymmetric laser thermal cleaving enables the effective produc-
tion of silicate glass products featuring rounded edges. The parameters for
rounded edges can be adjusted by altering the technological operating modes.

It is important to highlight another effect observed during the study. To
assess the depth h and deviation f following the formation of an oblique
crack, a secondary crack was introduced perpendicular to the processing line
prior to the final cleaving of the sample, using solely the CO- laser beam and
the refrigerant. The crack was placed complying with the guidelines outlined
in Figure 4.22 from right to left. At the base of the oblique crack protrusion,
a consistent nucleation and development of a crack parallel to the surface of
the work material is noted, indicating that a parallel laser thermal cleaving
process is being executed. A parallel crack is noted to emerge when the de-
viations of the oblique crack f surpass 0.6 mm, with the relative displace-
ment of laser beams L set at 1.5 and 2 mm. The nucleation of the parallel
crack takes place precisely at the base of the protrusion in this instance. By
modifying the deviation and depth of the oblique crack, one can induce the
formation of a parallel crack at a specified depth.

Simulation of the procedure of double-beam asymmetric thermal
cleaving of brittle non-metallic materials

The simulation of laser thermocleaving processes relies on thermal-
strength analysis tools that are suitable for conducting strength analysis de-
rived from the solutions to the heat conduction problem. In this scenario,
thermal and strength analyses are conducted in a sequential manner, aligning
with the approach used to address the uncoupled thermoelasticity problem
within a quasi-static framework. At the initial phase of finite element mod-
elling for the process of double-beam asymmetric laser thermal cleaving, the
temperature field distribution within the sample is computed, followed by
the calculation of thermoelastic stress fields derived from the obtained tem-
perature fields.

The CO2 laser beam, characterized by its energy absorption in a thin
surface layer of the material, is modelled as a circular surface heat source
with a diameter of 3 mm and a power of 20 W. The YAG laser beam, which
transfers energy to the sample volume, is represented as a circular bulk heat
source with a diameter of 2 mm and a power of 80 W.
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A silicate glass wafer with a thickness of 4 mm and geometric dimen-
sions of 20x20 mm was selected as the sample for analysis. The refrigerant
was delivered to the surface as a finely dispersed air-water mixture, charac-
terized by a diameter of 5 mm. Simultaneously, the CO: laser beam and the
refrigerant were positioned on the surface of the wafer along the processing
line, maintaining a distance of 4 mm between their centers.

The material processing speed v, as illustrated in Figure 4.22, was set
at 10 mm/s.

Figure 4.27 presents the temperature distribution at a specific moment
along the line where the centers of the laser beams ('Y-axis) are located dur-
ing the execution of double-beam asymmetric laser thermal cleaving, as out-
lined in Figure 4.22.
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Figure 4.27 — Temperature distribution along the line where the centers of CO; and
YAG laser beams are positioned, K

The YAG laser displacement value L was selected to be 2 mm. The CO:
laser beam was centered at the coordinate y = 11.5 mm, while the YAG laser
beam was centered at y = 9.5 mm. Numeral 1 represents the temperature
distribution along the OY axis on the surface of the material, numeral 2 in-
dicates the distribution at a depth of z = 0.4 mm, numeral 3 corresponds to a
depth of z = 0.8 mm, and numeral 4 pertains to a depth of z =2 mm.

The presented temperature distributions indicate that there is significant
local heating of the sample surface in the region exposed to CO- laser radi-
ation, with a peak temperature of 775 K observed, remaining below the glass
transition temperature. The additional thermal energy resulting from heat
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conduction penetrates deeply into the material. The sample experiences uni-
form heating across its entire thickness when exposed to YAG laser radia-
tion. Concurrently, the temperature readings are significantly lower com-
pared to the region affected by CO- laser radiation. It is important to high-
light that starting at a depth of 0.8 mm from the sample surface, the effect of
CO: laser radiation on the temperature distribution within the sample is
nearly nonexistent, with the heating of the material primarily occurring due
to YAG laser radiation. The temperature distribution pattern in relation to the
CO: laser exposure line exhibits asymmetry. The asymmetry in the tempera-
ture distribution results in an asymmetric distribution of thermoelastic stress.
Figure 4.28 shows the distribution of the main thermoelastic stresses o1
at a fixed moment in time along the line SS', which is perpendicular to the
processing line and passes through the area subjected to refrigerant exposure.
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Figure 4.28 — Thermoelastic stress distribution c1 along the line perpendicular
to the processing line (Y-axis), intersecting the refrigerant exposure area, MPa

Numeral 1 denotes the stress distribution along the line on the surface
of the material, numeral 2 represents the stress at a depth of z = 0.1 mm,
numeral 3 corresponds to the stress at a depth of z = 0.2 mm, and numeral 4
signifies the stress at a depth of z = 0.4 mm.

The analysis of the presented distribution reveals a zone of significant
tensile stresses on the material's surface in the refrigerant supply region,
where there is an abrupt cooling of the material.

At the same time, the maximum of stresses is predominantly located
along the line of CO:z laser impact (coordinate y=11.3 mm). The probability
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of crack nucleation increases with elevated tensile stress values. Conse-
guently, crack nucleation and propagation will occur in regions where ten-
sile stresses reach their peak. Given that the maximum tensile stresses man-
ifest on the surface of the sample where it is exposed to the refrigerant, crack
nucleation takes place on the material's surface. The main stress values o1
and oyy are equal in magnitude, leading to the initial crack propagation oc-
curring in a direction perpendicular to the material's surface, a phenomenon
confirmed by experimental observations. The region of tensile stresses re-
sulting from the refrigerant's action penetrates significantly into the material,
constrained from below by the compressive stress zones created by laser
beams. The presence of these zones restricts the progression of the nucleated
crack into the material's depths.

The dependencies of the main stresses o1 on the y-coordinate, as illus-
trated in Figure 4.28, indicate that the stress maxima shift from the CO: laser
impact line to the YAG laser impact line. Specifically, at a depth of
z = 0.35 mm, the maximum tensile stress is found at the point with the
y-coordinate y = 9.7 mm.

This shift occurs due to the absorption of radiation energy at the mate-
rial's depth, which significantly affects the distribution of stress fields in the
deeper layers of the sample. The maximum stress values observed at the
depth of the sample are lower than those recorded on the surface. Conse-
quently, the nucleation of the splitting crack takes place on the surface of the
sample within the region subjected to CO; laser exposure. As the crack ad-
vances deeper into the material, it shifts towards the YAG laser impact line
and, upon reaching the compressive stress zone, halts its progression. The
value of the crack deviation is established by the relative displacement of
the laser beams L. By marking the points along the SS' lines at various depths
where the tensile stresses reach their maximum values, we can derive the
shape of the oblique crack illustrated in Figure 4.29, which aligns closely
with the experimental observations.
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Figure 4.29 — Design form of the crack
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4.6. Analysis of laser thermal cleaving of materials using beams of
special geometry

The traditional approach for implementing the method of controlled la-
ser cleaving can be seen in Figure 4.30. This process involves the surface
heating of the material using laser beam 1, followed by the cooling of this
area with refrigerant 2.

Figure 4.30 — Layout of elliptical laser beam and the refrigerant
in the cutting plane

A microcrack is consequently generated in the refrigerant feed area,
tracing the path of the laser beam along the processing line [7, 24]. The ul-
timate separation is executed through mechanical, thermal, or ultrasonic fi-
nal cleaving methods.

A finite-element solution was previously conducted regarding the dis-
tribution of thermoelastic fields in a silicate glass sheet during the controlled
laser thermal cleaving process using CO- laser radiation [53, 58—61,]. The
scheme is illustrated in Figure 4.30. The problem was addressed using a
quasi-static formulation as outlined in [139]. The examination of the distri-
bution of stress fields oyy revealed that within the area affected by the laser
beam, considerable compressive stresses develop, surrounded both at the
surface and within the material by a region of tensile stresses. In the upper
layers of the sample, an additional area of tensile stresses develops, with its
position dictated by the localization of the refrigerant's impact. The region
of tensile stresses is constrained from below by the compressive stresses
generated by the laser beam.

Through the analysis of the distribution of thermoelastic fields, it was
determined that the initiation of splitting microcracks occurs in the surface
layers of the material, originating from a crack-like defect within the micro-
structure in regions of tensile stresses induced by the supply of refrigerant.
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Additionally, the initial microcrack begins to move and propagate towards
the region of compressive stresses induced by laser radiation. Once the un-
steady crack growth ceases, its subsequent advancement is influenced by the
alteration in the spatial distribution of tensile and compressive stress regions,
which results from the interaction among the work material, the laser beam,
and the refrigerant.

However, this approach presents a drawback. When the heating and
cooling line (i.e., the X-axis in Figure 4.30) is positioned near the sample's
lateral boundary, the presence of microdefects at the edge can lead to a
sharp deviation of the microcrack from the processing line towards the lat-
eral boundary, potentially reaching the boundary itself, followed by a halt in
the microcrack's progression. Consequently, cutting must occur at a
considerable distance from the lateral boundary, leading to an increase in
production waste.

Accordingly, it appears relevant to explore new or refine current tech-
niques for separating brittle non-metallic materials so that processing can be
carried out as close to the sample's edges as possible.

The finite element method was employed to determine the thermoelas-
tic fields generated in samples of brittle nonmetallic materials during the
process of controlled laser thermal cleaving.

All calculations were performed for silicate glass samples with geomet-
rical dimensions of 40x40 mm and thickness of 3 mm.

The processing speed of the material for all subsequent schemes aimed
at achieving the controlled laser thermal cleaving process was established at
15 mm/sec. This relatively low processing speed was selected to facilitate
graphical representation and analysis of the spatial distribution of elastic
stress fields in a glass plane-parallel wafer. The rise in processing speed
leads to a reduction in the tensile stress zone, influenced by the refrigerant's
exposure along the wafer's depth, alongside the compressive stress zone that
surrounds it from beneath, caused by the heating of the material, and the
movement of these zones towards the surface layers of the material. This
consequently leads to challenges in the qualitative illustrative representation
of field patterns.

The main criterion for optimizing process parameters, based on infor-
mation about temperature fields, is the maximum temperature values within
the processing area, which dictate the fracture mechanism of the sample. In
silicate glass processing, the glass transition temperature (for silicate glass
sheet — 789 K) represents the upper limit for permissible temperatures at
which the brittle separation mechanism is realized.
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Given that laser thermal cleaving leads to brittle fracture, it is logical to
utilize the tensile strength of silicate glass as a criterion for material fracture
when simulating the relevant processes. In the examination of crack nuclea-
tion and propagation, a tensile strength of 25 MPa was selected. [152, 204].

In order to conduct a comparative analysis, calculations were carried
out on the thermoelastic fields produced during controlled laser thermal
cleaving, specifically for laser beams that are elliptical, semi-ring, and cres-
cent-shaped.

The controlled laser thermal cleaving process was simulated using an
elliptical beam, following the scheme demonstrated in Figure 4.30.

Figure 4.31 illustrates the spatial distribution of the thermoelastic fields cyy
at a specific moment in time resulting from the implementation of this scheme.

Considering that the motion of the beam and the refrigerant occurs
along the center of the sample, the symmetrical nature on either side of the
Y = 0 plane allows for the representation of the fields to be shown for only
half of the sample. The front face of the sample represents the cut in the
Y = 0 plane. A CO: laser was used as the radiation source, operating at a
wavelength of A = 10.6 um, which is known for its significant absorption by
the surface layers of the sample, with a power of P = 30W.

Figure 4.31 — Distribution of thermoelastic fields oyy (MPa) in the sample
using an elliptical laser beam

The dimensions of the large and small axes are A = 10 mm and
B = 5.4 mm, respectively. The diameter of the refrigerant's area of influence
on the material's surface is 3 mm and remains constant across all the methods
outlined below.

The maximum calculated values of the sample temperatures do not ex-
ceed 747 K.

Figure 4.31 depicts the locations S and S’, which denote the positions
along the X-axis of the laser beam and the centers of the refrigerant, respec-
tively. The examination of the spatial distribution of thermoelastic fields de-
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picted in figure oyy indicates that, as previously mentioned, a region of con-
siderable tensile stresses emerges in the area of the refrigerant supply. The
tensile stress values surpass the strength limit of the glass. A microcrack is
initiated and progresses within this zone. This region is bounded at the front
and bottom by a zone characterized by substantial compressive stresses in-
duced by the movement of the laser beam. However, from the lateral per-
spective, this region is not constrained by significant compressive stresses,
particularly when the processing occurs along or near the sample boundary.

Microdefects and microcracks located at the boundaries of the sample
serve as stress concentrators. Consequently, during processing near the lat-
eral boundary of the sample, areas of considerable tensile stresses are gen-
erated at the tips of microcracks and microdefects. Additionally, the direc-
tion of the main microcrack's growth shifts towards these microdefects and
microcracks. To mitigate this effect, it is recommended to establish a region
of substantial compressive stresses not only in the area preceding and below
the tensile stress zone created by the refrigerant, but also along its lateral
boundaries.

The elastic stress fields arising during single-beam controlled laser ther-
mal cleaving with a CO> laser beam featuring a semi-ring-shaped cross-sec-
tion were calculated.

The implementation scheme for this method is presented in Figure 4.32.
Position 1 indicates the shape of the laser source spot on the material surface,
while position 2 stands for the refrigerant. The external radius of the ring is
2.5 mm, while the internal radius measures 1.7 mm. Laser radiation power
is measured at 20 W. The centers of the semi-ring and the refrigerant impact

zone are aligned.
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Figure 4.32 — Schematic illustrating the arrangement of laser beams
and a refrigerant in the cutting plane

Figure 4.33 provides the spatial distribution of the thermoelastic fields
oyy resulting from the implementation of this scheme. The depiction of the

140



fields is provided for half of the wafer and is presented at an enlarged scale
for a specific section of the wafer to enhance clarity. The position S indicated
in the figure denotes the location of the center of the laser beam and the
refrigerant along the X-axis.

A region of strong compressive stresses appears in the area where laser
radiation interacts with the sample surface, constraining the area of refriger-
ant influence not only from the front and bottom but also from the sides.
However, it should be noted that the maximum temperature values on the
material surface of 738 K are generated not along the processing line (X-
axis), but rather at the edges of the laser beam. Along the processing line,
the temperature values are observed to be 150 degrees lower than these max-
imum values. The low temperature values along the processing line, com-
bined with the minimal heat penetration area along the X-axis, lead to the
conclusion that in the refrigerant supply area, the stresses oyy do not evolve
into tensile stresses.
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Figure 4.33 — Distribution of thermoelastic fields oyy (MPa)
in the sample using a semi-ring laser beam

In prior studies referenced as [66, 67, 71, 74], the authors reported find-
ings on the process of double-beam laser thermal cleaving applied to brittle
nonmetallic materials. This process involves the simultaneous irradiation of
the workpiece using two laser beams of different wavelengths. One beam is
selected for its ability to achieve intense absorption in the surface layers of
the sample, while the other is chosen for its effectiveness in volumetric ab-
sorption within the material being processed. The technology for double-
beam thermal cleaving of brittle non-metallic materials enables the for-
mation of a specified distribution of thermoelastic stress fields, applicable
not only in a thin surface layer but also throughout the entire depth of the
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work material. This results in enhanced quality and accuracy of processing,
significantly minimizing the deviation of microcracks from the material's
separation line by increasing their depth.

Using the findings from these studies, we computed the distribution of
thermoelastic fields within the sample during the double-beam laser thermal
cleaving process. This process employed CO; and YAG laser beams, char-
acterized by a semi-ring cross-section. The beams exhibit analogous shapes
and geometrical dimensions as depicted in the schematic presented in Figure
4.32. The centers of the laser beams align with the refrigerant.

The CO: laser beam radiation, at a wavelength of 10.6 um, is absorbed
by the surface layer, resulting in the heating of the glass wafer's surface. The
continuous YAG laser beam, at a wavelength of 1.06 um, passes through the
glass volume and experiences partial absorption, resulting in bulk heating of
the sample. In this process, the glass wafer is subjected to heating via a lo-
cal surface heat source, replacing the CO: laser radiation, while a bulk heat-
ing source is generated by laser radiation at a wavelength of 1.06 um. CO:
laser radiation power is 15 W, while YAG laser radiation power is 140 W.

Figure 4.34 illustrates the spatial distribution of the thermoelastic fields
oyy that arise from the implementation of this scheme.

The presented distribution indicates that the use of a bulk source results
in the establishment of a tensile stress zone in the refrigerant supply area,
with the lateral and bottom regions of this area constrained by zones exhib-
iting considerable compressive stresses. The maximum tensile stress values
are below the strength threshold of the glass, indicating that crack nucleation
will not occur.
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Figure 4.34 — Distribution of thermoelastic fields oyy (MPa)
in the sample when using semi-ring COzand YAG laser beams
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To achieve the specified objective, it is essential to maintain a substan-
tial heating area on the material surface throughout the processing line, sim-
ilar to the application of elliptical laser beams. Concurrently, it is important
to provide additional heating to the sample at the sides of the refrigerant
supply area. This approach will create a zone of considerable compressive
stresses, which will prevent microcracks from deviating near the lateral
boundary of the sample.

To accomplish this goal, it is necessary to use a laser beam featuring a
crescent-shaped cross section [204]. The implementation scheme of this
method can be seen in Figure 4.35.

Position 1 indicates the shape of the laser source spot on the material
surface, while position 2 denotes the refrigerant. The subsequent processing
parameters were selected for the calculations. The inner contour of the beam
Is defined as a circle with a radius of r = 1.7 mm. The outer contour is char-
acterized as an ellipse, with the major and minor axes measuring A =10 mm
and B = 5.4 mm, respectively. The power of the laser radiation is 26 W.
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Figure 4.35 — Layout of laser beams and a refrigerant in the cutting plane

Figure 4.36 illustrates the spatial distribution of thermoelastic fields cyy
that emerge from the implementation of this scheme. The graphic represen-
tation of the fields is displayed for half of the wafer. The position S in the
figure indicates the location of the center of the laser beam and the refriger-
ant along the X-axis. The maximum temperature recorded in the sample is
760 K or lower.

The presented distribution suggests that within the refrigerant supply
area, there exists a zone of tensile stresses that is adequate for the initiation
of a microcrack. The front and bottom are surrounded by an area of consid-
erable compressive stresses, which influence the formation of microcracks
along the processing line and at depth. Simultaneously, a region of consid-
erable compressive stresses develops on the lateral side of the refrigerant
supply area. This area facilitates the control of the microcrack's deviation
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from the line along which the material splits during processing near the sam-
ple's lateral boundary. In essence, it enables the prevention of the mi-
crocrack's deviation towards the lateral boundary when microdefects and
microcracks are present on it.

Figure 4.36 — Distribution of thermoelastic fields oyy (MPa)
in the sample using a semi-ring laser beam

A method for double-beam laser thermal cleaving using CO2 and YAG
laser beams with a crescent-shaped cross-section is proposed based on the
findings obtained. The implementation scheme for this method is provided
in Figure 4.35. The geometrical dimensions of the beam cross-sections and
the locations of their centers are in alignment. The inner contour of the beam
Is defined as a circle with a radius of r = 1.7 mm. The outer contour is char-
acterized as an ellipse, with major and minor axes measuring A =10 mm and
B=5.4 mm, respectively. CO; laser exhibits a radiation power of P = 18 W,
while the YAG laser demonstrates a radiation power of P =140 W.

Figure 4.37 illustrates the spatial distribution of thermoelastic fields ocyy
resulting from the implementation of this scheme. The graphic representa-
tion of the fields is displayed for half of the wafer. The maximum tempera-
ture value in the sample is 755 K or lower.

The displayed distribution indicates that, similar to the earlier scenario,
a region of significant compressive stresses emerges at the front and on the
lateral side of the refrigerant supply area This phenomenon is attributed to
the surface heating of the material by the CO. laser beam, which influences
the progression of microcracks along the material processing line (X-axis).
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The region of refrigerant exposure exhibits a zone of tensile stresses, with
values significantly exceeding those observed during CO- laser exposure
alone, measuring approximately 48 MPa.

Figure 4.37 — Distribution of thermoelastic fields oyy (MPa)
in the sample using crescent-shaped CO. and YAG laser beams

Table 4.1 presents the computed values of maximum temperatures on
the material surface, Tmax, along with the tensile stresses, cyy max, In the re-
frigerant exposure area for various configurations of the controlled laser
thermocleaving process.

Table 4.1 — Calculated values of maximum temperatures (Tmax) on the material surface
and tensile stresses (oyy max) in the area of refrigerant exposure for various schemes of
the controlled laser thermocleaving process

Laser beam T | Owmax
power, W maxs MPa
an elliptical CO> laser beam 30 747 53
a semi-ring CO> laser beam 20 738 —
the integrated use of semi-ring beams generated 15 (COy) 760 15
by CO, and YAG lasers 140 (YAG)
a crescent-shaped CO: laser beam 26 760 35
the integrated use of crescent-shaped beams gen- 18 (COy) 755 48
erated by CO and YAG lasers 140 (YAG)

When comparing the maximum tensile stress values in the refrigerant
supply region across the schemes outlined in Table 4.1, it is observed that,
with the exception of the first scheme, the highest values are recorded when
employing the last method.
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This, consequently, guarantees a high level of stability in the mi-
crocrack nucleation process. In double-beam processing, the bulk absorption
of YAG laser radiation by the material results in the compressive stress area
being situated in the deeper layers of the material. A compressive stress re-
gion develops throughout the entire thickness of the material within the ten-
sile stress area generated by the refrigerant. The spatial arrangement leads to
a notable enhancement in the depth of the splitting microcrack compared to
single-beam processing.

4.7. Examination of laser cleaving in bilayer structures of silicon
wafers and glass substrates

Bilayer structures composed of monocrystalline silicon and glass are
extensively used in the fabrication of semiconductor microelectromechani-
cal devices, with electrostatic bonding serving as a primary technology for
sample manufacturing [205, 206].

A study in [205] examined the laser cleaving process of bilayer struc-
tures consisting of silicon and glass, considering the anisotropic elastic prop-
erties of monocrystalline silicon and employing a laser beam at a wavelength
of 1.06 um, focused from the glass layer side.

Here we present the results of numerical simulation regarding the laser
cleaving of bilayer structures made of monocrystalline silicon and glass.
This process involves laser heating using beams at wavelengths of 1.06 um
and 10.6 um, along with exposure to a refrigerant. The outcomes of the sim-
ulation relating to the single-beam laser treatment of a bilayer structure using
a beam at a wavelength of 1.06 microns, both with and without the applica-
tion of refrigerant impact, are also presented. The analysis was carried out
for both the scenario involving treatment from the glass layer side and the
scenario involving laser treatment from the monocrystalline silicon side. The
simulation was performed in a three-dimensional setting for three cuts of
silicon crystals used in the creation of bilayer structures: (100), (110), (111).

The process of laser cleaving of bilayer structures composed of mono-
crystalline silicon and glass was analyzed through finite-element modelling,
focusing on the uncoupled thermoelastic problem within a quasi-static
framework [139]. The criterion of maximum tensile stress was applied to
ascertain the direction of crack development induced by the laser [153].

In the modelling process, it was assumed that the thermal conductivity
coefficient, specific heat capacity, and density of LK5 glass and monocrys-
talline silicon remain constant. The values used were A1=1.13 W/m'K,
C1=795 J/kg-°C, p1=2270 kg/m® for glass, and A2=10° W/m-'K,
C2=758 J/kg-°C, p2= 2330 kg/m? for silicon, respectively. The temperature
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dependencies of the linear thermal expansion coefficients for LC5 glass and
monocrystalline silicon were considered. The reflection and absorption co-
efficients of monocrystalline silicon and optical glass for laser radiation at
wavelengths of 1.06 um and 10.6 pm were used in the calculations. The
modulus of elasticity and Poisson's ratio for glass were taken as
E1=68.5 GPa, v1=0.184. The constants of elastic rigidity for crystalline
silicon used in the modelling are as follows: Ci1=165.6-GPa,
C12=63.9-GPa, C4s=79.5-GPa [167, 177-180, 205-207,].

The calculations were performed for the following parameters of laser
beams: the radius of the radiation spot R1=1-10"* m for a beam with a radi-
ation wavelength A1 =1.06 um and radiation power Po= 200 W; the radius
of the radiation spot R2=1-10° m for a beam with a radiation wavelength
A2 = 10.6 um and radiation power Po=10 W. The calculations were con-
ducted for bilayer disks made of monocrystalline silicon and glass with ra-
dius R = 15.5 mm (the thickness of silicon layer was Hi = 0.5 mm, the thick-
ness of the glass layer was H>= 0.5 mm). The speed of the sample movement
relative to the laser beams and refrigerant was equal to V = 10 mm/s,

For the comparative analysis, we performed calculations of thermoelas-
tic field distributions for six different options concerning the spatial arrange-
ment of the laser and refrigerant impact areas:

a) laser cleaving of a bilayer structure under sequential laser heating
using beams at wavelengths of 1.06 um and 10.6 um, alongside exposure to
a refrigerant from the side of monocrystalline silicon (see Figure 4.38, where
the horizontal arrow indicates the direction of the workpiece movement rel-
ative to the laser beams and the refrigerant);

b) laser cleaving of a bilayer structure during sequential laser heating
using a beam at a wavelength of 1.06 um, followed by exposure to a refrig-
erant from the side of monocrystalline silicon (see Figure 4.39);

c) laser cleaving of a bilayer structure via laser heating using a beam at
a wavelength of 1.06 um directed from the side of monocrystalline silicon
(see Figure 4.40);

d) laser cleaving of a bilayer structure through sequential laser heating
using beams at wavelengths of 1.06 um and 10.6 um, in conjunction with
exposure to a refrigerant from the side of the glass layer;

e) laser cleaving of a bilayer structure during sequential laser heating
using a beam at a wavelength of 1.06 um, coupled with exposure to a refrig-
erant from the side of the glass layer;

f) laser cleaving of a bilayer structure under laser heating using a beam
at a wavelength of 1.06 um from the side of the glass layer.
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Figure 4.38 — Spatial arrangement of the impact areas
of laser radiation and a refrigerant (option A)
1 is the laser beam with a wavelength of 1.06 um, 2 is the laser beam with a wave-
length of 10.6 um, 3 is the refrigerant, 4 is the bilayer structure composed of mono-
crystalline silicon 5 and glass 6, 7 is the cross-section of laser beam 1 in the cutting
plane, 8 is the cross-section of laser beam 2 in the cutting plane,
9 is the refrigerant exposure area.

Figure 4.39 — Spatial arrangement of the impact areas
of laser radiation and a refrigerant (option B)
1 is the laser beam with a wavelength of 1.06 um, 2 is the refrigerant,
3 is the bilayer structure composed of monocrystalline silicon 4 and glass 5, 6 is the
cross-section of laser beam 1 in the cutting plane,
7 is the refrigerant exposure area.
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The mutual location of the impact areas of laser beams and a refrigerant
for processing options D, E, F coincide with options A, B, C, respectively,
considering their influence from the side of the glass layer.

The calculation of thermoelastic fields in the bilayer structure was con-
ducted for each of the six options regarding the spatial arrangement of the
laser and refrigerant impact areas. This analysis considered six distinct sce-
narios, incorporating the anisotropy of the silicon layer: | a is the cut analysis
(100) in the [001] direction; I b is the cut analysis (100) in the [011] direc-
tion; Il a is the cut analysis (110) in the [1-10] direction; Il b is the cut anal-
ysis (110) in the [001] direction; Il ¢ is the cut analysis (110) in the
[1-11] direction, Il is the cut analysis (111) in the [1-10] direction.
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Figure 4.40 — Spatial arrangement of the impact areas
of laser radiation and a refrigerant (option C)
1 is the laser beam with a wavelength of 1.06 um, 2 is the bilayer structure
composed of monocrystalline silicon 3 and glass 4,
5 is the cross-section of laser beam 1 in the cutting plane.

The outcomes of the calculations are presented in Tables 4.2-4.3 and
Figures 4.41-4.44. Table 4.2 details the computed values for maximum and
minimum temperatures within the analyzed bilayer structure. Table 4.3 out-
lines the computed values for maximum tensile and compressive stresses in
the processing area.
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Table 4.2 — Calculated values for maximum and minimum temperatures in the
bilayer structure

Arrangement options for laser radiation
Temperature in the bilayer structure T, K and refrigerant impact areas
A B C D E F
maximum 696 | 563 | 645 | 777 | 718 | 733
minimum 294 | 294 | 297 | 294 | 295 | 298

Table 4.3 — Calculated values of maximum tensile and compressive stresses in the
processing area of the bilayer structure

5 Arrangement options for laser radiation
=2 _ ] and refrigerant impact areas
& = | Maximum stresses oyy in the
3 )
§ processing area, MPa A B C D E F
>
Ia tensile 56 40 35 48 42 40
compressive 140 | 113 | 127 | 164 | 169 | 163
b tensile 60 43 38 52 43 46
compressive 138 | 113 | 125 | 161 | 169 | 161
la tensile_ 58 42 39 52 40 46
compressive 150 | 120 | 137 | 176 | 181 | 176
b tensile_ 67 49 39 56 45 47
compressive 166 | 134 | 151 | 202 | 208 | 202
e tensile_ 65 47 42 57 43 52
compressive 157 | 127 | 142 | 187 | 195 | 187
" tensile_ 72 52 40 56 43 46
compressive 178 | 142 | 162 | 208 | 214 | 208

Figures 4.41 — 4.44 illustrate the distributions of temperature fields and
thermoelastic stress fields generated in the bilayer structure for each of the
six scenarios of the spatial arrangement of the laser radiation and refrigerant
Impact areas during cutting in the [001] direction of the (100) cut of mono-
crystalline silicon (type la), considering the anisotropy of the silicon layer
in the bilayer structure. In the context of Figures 4.41 — 4.42, the letters a),
b), and c) represent options A, B, and C regarding the spatial arrangement
of the areas influenced by laser radiation and the refrigerant. Figures 4.43
and 4.44 illustrate the spatial arrangement of the laser radiation and refrig-
erant impact areas, with letters a), b), and c) representing options D, E, and
F, respectively.
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Figure 4.41 — Temperature distribution within the volume of the bilayer sample
when subjected to treatment from the monocrystalline silicon side, K
a) double-beam exposure with a refrigerant;
b) exposure to YAG laser and a refrigerant; ¢) YAG laser exposure

Figure 4.42 — Distribution of stresses oyy within the volume of the bilayer sample
subjected to treatment from the monocrystalline silicon side, MPa
a) double-beam exposure with a refrigerant;
b) exposure to YAG laser and a refrigerant; ¢) YAG laser exposure
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Figure 4.43 — Temperature distribution within the volume of the bilayer sample
subjected to treatment from the glass layer side, K
a) double-beam exposure with a refrigerant;
b) exposure to YAG laser and a refrigerant; ¢) YAG laser exposure

Figure 4.44 — Distribution of stresses oyy within the volume of the bilayer sample
subjected to treatment from the glass layer side, in MPa
a) double-beam exposure with a refrigerant;
b) exposure to YAG laser and a refrigerant; c) YAG laser exposure

152



The lack of thermal conductivity anisotropy in silicon crystals results
in identical calculated temperature values in the laser processing area for
cuts (110), (100), and (111) when the same processing parameters are se-
lected. It is essential to consider the notable disparity in the thermal conduc-
tivity coefficients of silicon and glass. In the analysis of the results, it is rea-
sonable to consider the substantial impact of the absorption and reflection
coefficients of monocrystalline silicon and glass for radiation at wavelengths
of 1.06 um and 10.6 um on the specific features of temperature field locali-
zation and their computed values.

The data shown in Table 4.2 indicates that the maximum temperature
values for all six simulation modes remain below the glass softening tem-
perature. This finding is crucial for determining the technological parame-
ters for laser processing of bilayer structures composed of monocrystalline
silicon and glass, as it relies on information about temperature fields [67].
Consequently, the computed temperature values fall within the range re-
quired for the occurrence of brittle fracture in the bilayer wafer due to ther-
moelastic stresses. The maximum temperature values are defined by the
double-beam operating modes (696 K for option A and 777 K for option D,
respectively). The minimum temperature values in the treatment area are ob-
served in the single-beam configuration using a refrigerant (563 K for option
B and 718 K for option E, respectively).

Figure 4.41a demonstrates the existence of two distinct local regions
exhibiting elevated temperature values during double-beam processing from
the perspective of monocrystalline silicon: one within the volume of the sil-
icon wafer where YAG laser exposure occurs, and the other at the layer
boundary corresponding to CO- laser exposure. The application of the dou-
ble-beam scheme, influenced by the glass layer, results in the creation of a
single continuous region exhibiting elevated temperature values within the
volume of the bilayer structure (Figure 4.41a). In the implementation of the
single-beam scheme using a YAG-laser (A:=1.06 um) for the treatment of
monocrystalline silicon, both with and without the application of a refriger-
ant, a region of elevated temperatures is generated solely within the silicon
layer (Figures 4.41b and 4.41c). The implementation of single-beam pro-
cessing options, influenced by the glass layer, along with double-beam in-
teractions, results in the development of a region exhibiting elevated tem-
perature values across two layers concurrently (Figures 4.43b and 4.43c).

As previously mentioned, Table 4.3 presents the computed values of
the maximum tensile and compressive stresses generated in the processing
area during laser cleaving. This data corresponds to six options of the spatial
arrangement of the laser and refrigerant impact areas, as well as six distinct
scenarios that consider the anisotropy of the silicon layer.
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The analysis of the data (Table 4.3) indicates that the variation in max-
Imum tensile stress values in bilayer structures attributed to silicon anisot-
ropy can be as high as 30 %. The variation in maximum tensile stress values
resulting from the spatial arrangement of the laser radiation and refrigerant
impact areas can be as high as 80 %.

The highest tensile stress values are attained for the combination
(111, A) when addressing the (111) cut, with the laser beams and refrigerant
moving in the [1-10] direction from the monocrystalline silicon side. The
combination (la, C) produces the lowest tensile stress values for the (100)
cut when the laser beam, at a wavelength of 1.06 um, is oriented in the [001]
direction from the monocrystalline silicon side. The computed tensile stress
values in the processing area are 72 MPa and 35 MPa.

Considering the previously outlined differences in the magnitudes of
thermoelastic stresses, it is logical to select the technological parameters for
the separation process of bilayer structures via laser cleaving, such as adjust-
ing the processing speed or the power of the laser radiation.

Attention must be given to the features that govern the spatial localiza-
tion of thermoelastic fields generated from the laser cleaving of bilayer
structures, particularly when implementing six calculated options of the spa-
tial arrangement of the areas affected by laser radiation and a refrigerant.
Upon examining Figures 4.42 and 4.44, it is evident that the implementation
of options using the refrigerant results in the formation of considerable ten-
sile stresses on the surface of the sample within the impact area (Figures
4.42a, 4.42b, 4.44a, 4.44b). In single-beam processing scenarios, notable
tensile stress regions develop within the bilayer structure, albeit at a consid-
erable distance from the laser beam center (Figures 4.42c and 4.44c). This
will result in instability during the laser cleaving process and may cause la-
ser-induced cracks to deviate from the intended processing line.

It is also essential to focus on the spatial configurations of the boundary
between tensile and compressive stresses in bilayer structures within the pro-
cessing area (see isosurfaces at oy,=0). These configurations can serve as
indicators for predicting the success of crack propagation originating on the
surface of the first layer in the refrigerant exposure area across both layers.
The most effective approach in this scenario involves employing laser cleav-
ing of the bilayer structure, using sequential laser heating with beams at
wavelengths of 1.06 um and 10.6 um, along with refrigerant exposure from
the monocrystalline silicon side (Figure 4.42a).
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Laser cleaving of bilayer structures comprising silicon wafers and
glass substrates when the workpiece is subjected to laser beams at
wavelengths equal to 0.808 pm and 10.6 pm

This section presents the outcomes of finite-element modelling con-
cerning the laser cleaving of bilayer structures composed of monocrystalline
silicon and glass, using laser heating with beams at wavelengths of
0.808 um and 10.6 um, alongside exposure to a refrigerant. The application
of laser radiation parameters at a wavelength of 0.808 um for modelling pur-
poses is significant, as silicon exhibits a strong absorption of radiation at this
wavelength.

The findings from the calculations are detailed in Tables 4.4-4.5 and
illustrated in Figures 4.45-4.48.

Table 4.4 — Calculated values of maximum and minimum temperatures in the bilayer
structure

Arrangement options for laser radiation
Temperature in the bilayer structure T, K and refrigerant impact areas
A B C D E F
maximum 784 | 675 | 782 | 856 | 845 | 863
minimum 295 | 294 | 298 | 295 | 295 | 299

Table 4.5 — Calculated values of maximum tensile and compressive stresses in the
processing area of the bilayer structure

5 Arrangement options for laser radiation and
é’ i i refrigerant impact areas
= Maximum _stresses oyy in the
é © processing area, MPa A B C D c =
>
Ia tensile 64 46 42 63 46 | 59
compressive 185 148 | 172 | 231 | 239 | 230
b tensile 68 49 45 60 45 | 63
compressive 184 149 | 170 | 229 | 240 | 227
la tensi Ie_ 65 46 49 69 47 | 63
compressive 199 158 | 185 | 249 | 256 | 285
b tensi Ie_ 76 56 49 72 56 | 63
compressive 220 176 | 205 | 287 | 297 | 285
e tensi Ie_ 73 53 53 67 50 | 70
compressive 209 168 | 194 | 265 | 277 | 265
" tensi Ie_ 81 59 48 65 49 | 67
compressive 235 187 | 219 | 298 | 307 | 297
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Figure 4.45 — Temperature distribution within the volume of the bilayer sample when
subjected to treatment from the side of monocrystalline silicon, K
a) double-beam exposure with a refrigerant; b) exposure to a laser at a wavelength of
0.808 um and a refrigerant; c) exposure to a laser at a wavelength of 0.808 pm

Figure 4.46 — Distribution of stresses oyy within the volume of the bilayer sample
subjected to treatment from the side of monocrystalline silicon, MPa
a) double-beam exposure with a refrigerant; b) exposure to a laser at a wavelength of
0.808 um and a refrigerant; c) exposure to a laser at a wavelength of 0.808 pm
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Figure 4.47 — Temperature distribution within the volume of the bilayer sample
subjected to treatment from the glass layer side, K
a) double-beam exposure with a refrigerant; b) exposure to a laser at a wavelength of
0.808 um and a refrigerant; C) exposure to a laser at a wavelength of 0.808 um

Figure 4.48 — Distribution of stresses oyy within the volume of the bilayer sample
subjected to treatment from the glass layer side, MPa
a) double-beam exposure with a refrigerant; b) exposure to a laser at a wavelength of
0.808 um and a refrigerant; c) exposure to a laser at a wavelength of 0.808 um

The calculated values of maximum and minimum temperatures in the
bilayer structure under examination are presented in Table 4.4. The values
of maximum tensile and compressive stresses in the processing area are
given in Table 4.5.
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Figures 4.45 — 4.48 illustrate the distributions of temperature fields and
thermoelastic stress fields generated in the bilayer structure for each of the
six options of the spatial arrangement of the laser radiation and refrigerant
Impact areas during cutting along the [001] direction of the (100) cut of
monocrystalline silicon (type la).

In this instance, as illustrated in Figures 4.45-4.46, the letters a), b), and
C) represent options A, B, and C regarding the spatial arrangement of the
laser radiation and refrigerant impact areas. In Figures 4.47—-4.48, letters a),
b), c) represent options D, E, F concerning the spatial arrangement of the
laser radiation and refrigerant impact areas, respectively.

The data presented in Table 4.4 reveals that the maximum temperature
values for all six simulation modes remain below the glass softening tem-
perature. Consequently, the computed temperature values fall within the
range required for the occurrence of brittle fracture in the bilayer wafer due
to thermoelastic stresses.

In general, the peculiarities of temperature field localization presented
in Figures 4.45 and 4.47 coincide with the simulation outcomes of the laser
cleaving process for bilayer structures composed of silicon and glass. This
Is observed when employing laser radiation at a wavelength of 1.06 um, while
also considering the heightened absorption of radiation at 0.808 um by silicon.

As noted earlier, Table 4.5 presents the computed values of the maxi-
mum tensile and compressive stresses generated in the processing area dur-
ing laser cleaving. This data corresponds to six options of the spatial ar-
rangement of the laser and refrigerant impact areas, as well as six distinct
scenarios that consider the anisotropy of the silicon layer.

The analysis of the data (refer to Table 4.5) shows that the variation in
maximum tensile stress values in bilayer structures attributed to silicon ani-
sotropy amounts to 28 %. The variation in maximum tensile stress values
resulting from the spatial arrangement of the laser radiation and refrigerant
impact zones can be as high as 55 %.

The highest tensile stress values are attained for the combination
(111, A) when addressing the (111) cut, with the laser beams and refrigerant

moving in the [110] direction from the monocrystalline silicon side. The
combination (la, C) produces the lowest tensile stress values for the (100)
cut when the laser beam, at a wavelength of 1.06 um, is oriented in the [001]
direction from the monocrystalline silicon side.

The determined values of the associated tensile stresses in the pro-
cessing zone are 81 MPa and 42 MPa. Considering the previously discussed
variations in thermoelastic stress values, it is logical to select the technolog-
ical parameters for the separation of bilayer structures through laser cleav-
Ing, such as adjusting the processing speed or the power of the laser radiation.
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Let us pay attention to the peculiarities of spatial localization of ther-
moelastic fields formed as a result of laser cleaving of bilayer structures at
realization of different options of spatial arrangement of zones of influence
of laser radiation and a refrigerant. Considering Figures 4.46 and 4.48, it can
be seen that in case of realization of options with the use of refrigerant in the
zone of its impact on the surface of the sample, tensile stresses of consider-
able magnitude are formed (see Figures 4.46a, 4.46b, 4.48a, 4.48b). In the
case of single-beam processing variants, the areas of significant tensile
stresses are also formed in the bilayer structure, but at a considerable dis-
tance from the laser beam center (see Figures 4.46¢ and 4.48c). In practice,
this will result in instability during the laser cleaving process, potentially
causing laser-induced cracks to deviate from the intended processing line.
The examination of the spatial configuration of the boundary between ten-
sile and compressive stresses in bilayer structures within the processing area
(see isosurfaces at oyy=0) facilitates the prediction of crack propagation
success in both layers of the bilayer structure. The most effective method in
this scenario seems to be the application of laser cleaving on the bilayer
structure, using sequential laser heating and refrigerant exposure from the
monocrystalline silicon side (see Figures 4.46a and 4.46b). It is important
to highlight that analogous characteristics were detected in the simulation of
the laser cleaving process for bilayer structures composed of silicon and
glass, using laser radiation at a wavelength of 1.06 um.

4.8. Laser thermal cleaving of sapphire using crescent-shaped
beams

Nowadays, sapphire is widely used across various industrial domains.
It exhibits characteristics such as remarkable transparency, resistance to ul-
traviolet radiation, durability against mechanical damage, tolerance to high
temperatures, exceptional dielectric properties, a crystal lattice that facili-
tates epitaxial layer growth, a low friction coefficient, and several additional
attributes. Sapphire finds application in optical and optoelectronic devices,
serving as a material for the creation of viewing windows, lenses, prisms,
and light guides across a wide range of radiation and temperature conditions.
Additionally, it is used in the production of casings for specialized lamps
and protective covers for navigation devices. The notable benefits of sap-
phire substrate include its inert nature, capacity to function under elevated
temperatures, and resilience to mechanical stresses. At present, numerous
industrial establishments globally are engaged in the production of epitaxial
heterostructures utilizing aluminum, gallium, and indium nitrides, aimed at
the mass manufacturing of LEDs and transistors on sapphire substrates. The
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yearly production of LEDs and transistors on sapphire substrates reaches
billions of units annually. Consequently, the advancement of manufacturing
technology for sapphire substrate devices holds significant importance.

This section delves into the use of crescent-shaped beams within the
framework of the controlled laser thermal cleaving process, employing sap-
phire crystals as a focal point for analysis.

A comparative analysis was conducted on the thermoelastic fields in
sapphire wafers during single-beam and double-beam controlled laser ther-
mal cleaving, using beams with circular and crescent-shaped cross-sections.
Based on the transmission spectrum of sapphire as detailed in sources [208]
and [209], continuous radiation at a wavelength of 10.6 um, which is effi-
ciently absorbed by the surface layers of the material, was employed for sin-
gle-beam thermal cleaving. In the context of double-beam thermal cleaving,
a laser emitting at a wavelength of 5 um was selected as the secondary source
of radiation characterized by bulk absorption. The configuration of the beam
arrangement is illustrated in Figure 4.49. The arrow denotes the trajectory
of the wafer's motion in relation to the laser beams.

Figure 4.49 — Arrangement of laser radiation and refrigerant impact areas
in the cutting plane: a) is the circular beam; b) is the crescent-shaped beams
1 is the laser beam with a wavelength of 10.6 um, 2 is the laser beam with
a wavelength of 5 um, 3 is the refrigerant, 4 is the laser-induced microcrack,
5 is the sapphire wafer

Calculations were performed for wafers with a radius of 15.5 mm. The
selected wafer thicknesses were 0.2 mm, 0.4 mm, and 1 mm, with a pro-
cessing speed set at 10 mm/s.

The parameters of laser beams were as follows: a circular beam with a
radius of 1.5 mm,; a crescent-shaped beam featuring an outer contour that is
a semi-ellipse with semi-major and semi-minor axes measuring 3.4 mm and
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1.5 mm respectively, and an inner contour that is a semi-ellipse with semi-
major and semi-minor axes measuring 1.7 mm and 0.75 mm respectively.
The sizes of the crescent-shaped beams were chosen to ensure that, with
constant radiation power densities across all calculations, the maximum ten-
sile stress values in the processing area remained equivalent for both cres-
cent-shaped and circular beams. The thermophysical properties of sapphire
necessary for calculations are detailed in references [208] and [209].

The simulation of the laser thermal cleaving process was conducted
within the context of thermoelasticity theory, employing the finite element
method [139]. In the initial phase of addressing the problem, the temperature
distributions within the sample were computed. Subsequently, the focus
shifted to determining the thermoelastic stresses generated by the effects of
laser radiation and refrigerant interaction on the surface of sapphire wafers.
This sequence of simulations yields results within the context of the uncou-
pled problem of thermoelasticity, presented in a quasi-static formulation.
From a physical perspective, the quasi-static formulation of the thermoelas-
tic problem involves the assumption that the stress state is established at a
rate significantly faster than the attainment of thermal equilibrium. The cri-
terion of maximum tensile stress was selected as the determining factor for
the direction of crack development [153].

According to this criterion, the laser microcrack propagates in the di-
rection perpendicular to the maximum tensile stress. The consideration was
given that the crack propagating in the tensile zone ceases its progression
upon reaching the compressive zone. The analysis was performed consider-
ing the anisotropy of thermal and elastic properties of sapphire for wafers
cleaved in the following planes: I — cut (0001) or C-plane; Il —cut (1102) or
R-plane. The matrix {Ci} of which, when considering the crystallographic
structure of sapphire, will take the form [23]:

Cll ClZ C13 C14 0 O
ClZ C11 C13 Cl4 0 O
C, C, C, 0 0 0
{Cil=|cC, - 0 0
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The following elastic rigidity constants were used for the calculations:
C11=4.97"10° MPa, C12=1.626"10° MPa, Ci3=1.172'10° MPa,
C14 =—0.229-10° MPa, Cs3 = 4.981-10° MPa, Cas = 1.472°10° MPa [210].

For a wafer cut along the plane (1102) plane, i.e., the R-plane, the ma-
trix is represented as follows:

1283 -7.7 767 0072 613 -6.16
77 13015 -7.76 45 06 -138
767 -7.76 13013 45 -138 -0.58
{Ci}= 10° Pa

0072 45 45 3447 -48 48
613 -06 -138 -48 336 478

—6.16 -138 058 -48 478 336

Figures 4.50 and 4.51 illustrate the distribution of thermoelastic stress
fields on the surface of a 0.2 mm thick sapphire wafer during the processes
of single-beam and double-beam laser thermal cleaving. The patterns ob-
served in the field when employing circular and crescent-shaped beams ex-
hibit similarities and are generally indicative of the process involved in con-
trolled laser thermal cleaving. A zone of significant compressive stresses is
established in the vicinity of laser irradiation, which subsequently transition
into tensile stresses in the area where the refrigerant is supplied.

This zone serves as the locus for the initiation and growth of the split-
ting crack. An area characterized by tensile stresses is established in advance
of the laser beam, with the value of these stresses intensifying as one moves
closer to the edges of the sample. This may result in a negative outcome, spe-
cifically the nucleation of a crack originating from the weakened edge, which
subsequently propagates towards the region subjected to laser exposure.

Tables 4.6 and 4.7 present the calculated values of maximum tensile
stresses in the refrigerant exposure area of the sample.

Table 4.6 — Calculated values of maximum tensile stresses in the refrigerant exposure
area in the sample using circular laser beams

) Stress, MPa
Wafer thickness, | gingle-beam thermal cleaving | Double-beam thermal cleaving
mm cut (0001) cut (1102) cut (0001) cut (1102)
h=0.2 235 87.7 284 101
h=0.4 95.8 26.6 131 36.2
h=1 31.3 7.6 52.9 12.7
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The calculation data provided in Tables 4.6 and 4.7 clearly indicate that
the maximum tensile stress values in the refrigerant exposure area of the
sample, when using laser beams with the specified parameters, remain vir-
tually unchanged.

Figure 4.50 — Field distribution of thermal stresses (MPa) on the surface
of a sapphire wafer when exposed to laser radiation with a wavelength of 10.6 pm,
considering the anisotropic nature of thermal properties
a) Is the cut (0001) or C-plane, beam cross-section is circular;
b) is the cut (1102) Or R-plane, beam cross-section is circular;
c) is the cut (0001) or C-plane, crescent-shaped beam;

d) is the cut ( 1f02) or R-plane, crescent-shaped beam.
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d)

Figure 4.51 — Field distribution of thermal stresses (MPa) on the sapphire wafer surface
subjected to concurrent exposure to laser radiation at wavelengths of 10.6 um and
5 wm, considering the anisotropy of thermal properties
a) is the cut (0001) or C-plane, beam cross-section is circular;

b) is the cut (11_02) or R-plane, beam cross-section is circular;
c) is the cut (0001) or C-plane, crescent-shaped beam;

d) is the cut (11_02) or R-plane, crescent-shaped beam.
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Table 4.7 — Calculated values of maximum tensile stresses in the refrigerant exposure
area of the specimen using crescent-shaped laser beams

Stress, MPa
. \afer Single-beam thermal cleaving Double-beam thermal cleaving
thickness, mm _ -
cut (0001) cut (1102) cut (0001) cut (1102)
h=0.2 238 82 279 93.4
h=0.4 99 26.7 130 34.7
h=1 30.1 7 53.2 12.5

The findings from the temperature calculations are presented in Tables
4.8 and 4.9, as well as in Figures 4.52 and 4.53.

Table 4.8 — Calculated values of maximum temperatures in the sample when using
circular laser beams

Temperature, K

Wafer thickness, mm | Single-beam thermal cleaving | Double-beam thermal cleaving
cut (0001) | cut(1102) | cut(0001) cut (1102)
h=0.2 1511 1780 1572 1795
h=0.4 935 1025 963 1040
h=1 619 607 630.6 617.5

Table 4.9 — Calculated values of maximum temperatures in the sample when using
crescent-shaped laser beams

Temperature, K

Wafer thickness, mm | Single-beam thermal cleaving [Double-beam thermal cleaving
cut (0001) cut (1102) |cut(0001) |  cut(1102)
h=0.2 1299 1342 1304 1420
h=04 820.4 813.7 822.6 814
h=1 564.8 542 566.8 540

Figure 4.52 illustrates the computed temperature distribution on the sur-
face of a 0.2 mm thick sapphire wafer during single-beam laser thermal
cleaving, while Figure 4.53 presents analogous distributions for double-
beam cleaving.

The temperature field distribution on the surface, when employing both
beam types, along with the stress distribution, exhibits similarities and is
typically indicative of the controlled laser thermal cleaving process. The sur-
face of the wafer undergoes considerable heating in the area subjected to
laser radiation.
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Figure 4.52 — Distribution of temperature fields (K) on the surface of a sapphire wafer
when exposed to laser radiation with a wavelength of 10.6 um considering
the anisotropic nature of thermal properties
a) is the cut (0001) or C-plane, beam cross-section is circular;

b) is the cut (11_02) or R-plane, beam cross-section is circular;
c) is the cut (0001) or C-plane, crescent-shaped beam;

d) is the cut ( 1TO2) or R-plane, crescent-shaped beam.
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Figure 4.53 — Distribution of temperature fields (K) on the surface of a sapphire wafer
under simultaneous exposure to laser radiation at wavelengths of 10.6 um and 5 um
considering anisotropy of thermal properties
a) is the cut (0001) or C-plane, beam cross-section is circular;

b) is the cut (1f02) or R-plane, beam cross-section is circular;
c) is the cut (0001) or C-plane, crescent-shaped beam;

d) is the cut (1102) or R-plane, crescent-shaped beam.
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Subsequently, the thermal energy resulting from heat conduction distrib-
utes throughout the volume of the wafer. At the point of refrigerant supply, the
surface is rapidly cooled, resulting in a temperature reduction nearly to the in-
itial values. Nevertheless, when employing crescent-shaped beams, the maxi-
mum temperature values are inferior to those observed with circular beams.

The examination of the data presented in Table 4.6 reveals that employ-
ing crescent-shaped beams yields comparable maximum tensile stress values
in the refrigerant exposure area, akin to those observed with circular beams.
Concurrently, the highest temperature values within the sample are dimin-
ished. For instance, during the single-beam thermal cleaving of 0.2 mm thick
wafers under selected modes, the maximum temperature for mode | with
crescent-shaped beams is reduced by 55-212°C compared to circular beams,
contingent upon the wafer thickness and the specific type of controlled laser
thermal cleaving used. The separation of thin wafers results in a greater tem-
perature difference. In mode |1, the temperature variation ranges from 65 to
432°C. It is important to highlight that, at constant power densities, the
cross-sectional area of the crescent-shaped beam is 15% smaller than that of
the beam with a circular cross-section. Consequently, the power required
from the radiation source to achieve the same maximum tensile stresses in
the refrigerant supply area is reduced.

Adjusting the parameters of crescent-shaped laser beams allows for an
enhancement in tensile stresses within the processing area, in contrast to
thermal cleaving with circular beams, all while maintaining the maximum
temperatures in the sample. This results in improved stability regarding
crack nucleation.

168



CHAPTER 5. LASER THERMAL CLEAVING OF BRITTLE
NON-METALLIC MATERIALS ALONG CLOSED CURVILINEAR
TRAJECTORIES

5.1. Increasing the efficiency of laser thermal cleaving along closed
curvilinear trajectories

When manufacturing complex-shaped items from brittle nonmetallic ma-
terials, circumstances arise that need cutting along closed curvilinear contours,
as exemplified in the blanking operation for automotive mirrors. The feasibility
of employing CLT for this objective was examined in references [34, 38].

The analysis of the works [2, 31, 35] on this issue, together with our
own research [68, 94], indicates that the extensive application of CLT is hin-
dered by certain limitations that result in diminished machining accuracy
and surface quality of the final products. Let us highlight the core issues and
examine the recommended methods to address them.

Initially, it is important to note that in established laser thermal cleaving
devices, the design features result in a displacement of the refrigerant expo-
sure area relative to the laser action trajectory when cutting along a curvilin-
ear contour, particularly with small radii of curvature. This results in signif-
icant deviations of the resultant microcrack from the cutting line. A layout
of the setup was developed to address this limitation, featuring a five-axis
control system (Figure 2.6). The implementation of a five-axis control sys-
tem enables the elimination of deviations in the center of the refrigerant ex-
posure area from the laser beam trajectory during processing, thanks to the
independent movement capability of the refrigerant nozzle [68]. The imple-
mentation of the outlined technical solution is essential, yet it alone does not
guarantee a reduction in the deviations of the splitting microcrack from the
processing line. This occurs because cutting along a curvilinear contour dis-
rupts the symmetry of the thermoelastic stress distribution, a feature typi-
cally associated with straight-line cutting, for various additional reasons.

The influence of heated areas within the material along the curvilinear
contour can lead to a deviation of the crack from the intended processing
line [31]. Nonetheless, a more substantial reason involves the application of
laser beams with an elliptical cross-section, positioned with the larger axis
aligned tangentially to the trajectory of curvilinear motion. Utilizing laser
beams with this specific cross-sectional shape [31] facilitates optimal con-
ditions for the generation of thermoelastic stresses during straight-line ther-
mal cleaving, in contrast to beams with a circular cross-section. When beams
with an elliptical cross-section are orientated tangentially to the processing
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line for curvilinear cutting, the edges of the beam do not align with the cut-
ting line, resulting in asymmetrical heating of the material. Due to asymmet-
rical heating, the crack deviates from both the designated processing line and
the direction that is perpendicular to the material surface.

The result of these factors is a reduction in machining accuracy and a de-
cline in edge quality following the final cleaving of laser microcracks during
the production of the final product defined by a closed curvilinear contour.

It was previously suggested in [50, 111] to use beams with a crescent-
shaped contour to heat the processed material while cutting along a curvilin-
ear contour. The application of these beams in curvilinear contour cutting
can notably diminish the earlier discussed disruption of the symmetrical dis-
tribution of thermoelastic stresses concerning the processing line. Nonethe-
less, as already noted in the review, a significant drawback of this technique
lies in the technical challenges associated with its implementation, which
necessitates a considerable increase in the complexity of the optical systems
employed in the relevant devices.

This work proposes the use of additional bulk heating of the material
through laser radiation to eliminate undesirable deviations from the direction
perpendicular to the surface. For instance, silicate glasses and alumina ce-
ramics can be treated with radiation at a wavelength of A=1.06 um. In this
scenario, it is recommended, based on experimental data, to shift the area of
supplementary heating away from the cutting line (Figure 5.1).

In Figure 5.1, position 1 is associated with the laser beam at a wavelength
of 10.6 um, position 2 corresponds to the refrigerant exposure area, and posi-
tion 3 relates to the laser beam cross-section at a wavelength of 1.06 pm.

B
O

A

Figure 5.1 — Mutual arrangement of the impact areas of laser beams and a refrigerant
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The segment AB represents the line of the pre-cut on the material surface,
orientated perpendicular to the tangent of the cutting line. The point O indicates
both the starting and terminating positions of the contour processing.

The numerical simulation of this process was conducted to clarify the
peculiarities of double-beam thermal cleaving of brittle nonmetallic materi-
als along closed curvilinear trajectories.

The outcomes of the simulation are illustrated in Figures 5.2-5.7. The
calculations were performed considering the properties of silicate glass out-
lined in Section 2.1 for a wafer with geometric dimensions of 50x50x4 mm.

The radius of the circle along which the centers of the elliptical section
of the beam and the refrigerant exposure area were moved was considered
to be 17.5 mm. The linear cutting speed was set at 15 mm/s. Furthermore,
the selected values for the laser beam parameters were as follows: the major
axis of the elliptical section A = 14-10~3 m, the minor axis B = 2-:10~* m for
the beam with a radiation wavelength A = 10.6 um and a radiation power
P = 30 W; the radius of the YAG-laser radiation spot R = 1.10° m and its
radiation power Po =40 W,

Calculations of the thermoelastic field were conducted for four distinct
options regarding curvilinear contour processing:

— single-beam scheme of controlled thermal cleaving;

— double-beam scheme using a CO2 laser beam with an elliptical cross-
section alongside a YAG laser beam with a circular cross-section;

— double-beam scheme featuring the YAG laser beam shifted by 1 mm
in the radial direction towards the geometric center of the contour;

— double-beam scheme with the YAG laser beam shifted by 1 mm in
the radial direction away from the geometric center of the contour.

It is important to observe that, within the chosen operating modes, the
maximum temperature values across all four options remained below the
glass transition temperature of silicate glass.

Figures 5.2 and 5.3 demonstrate the spatial distribution of temperature
and stresses r that act perpendicular to the tangent of the processing line in
a glass wafer during the single-beam cutting process along a circular trajec-
tory. When CLT is used for curvilinear cutting, it generates a spatial arrange-
ment of tensile and compressive stresses in the work material, analogous to
that observed in straight-line cutting.

When examining the characteristics of cutting along a curvilinear tra-
jectory, it is essential to consider that the distribution of compressive stresses
within the sample volume, similar to straight-line cutting, influences the
shape and depth of microcrack development. The initiation and propaga-
tion of these microcracks occur in the region of tensile stresses created in the
area where the refrigerant is supplied.
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Figure 5.2 — Temperature distribution in the sample affected by a laser beam
and a refrigerant moving along the circular cutting contour, °C
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Figure 5.3 — Distribution of stresses o in the sample affected by a laser beam
and a refrigerant, moving along the circular cutting contour, MPa

Figure 5.4 shows the dependencies of stresses o that act perpendicular
to the tangent of the cutting line at various depths in relation to the radial
coordinate at CLT. Single-beam processing exhibits an asymmetric distri-
bution of stresses oy in relation to the cutting line. The explanation for this
lies in the previously discussed asymmetric heating of the material in rela-
tion to the separation line, resulting from the application of a laser beam with
an elliptical cross-section, which is aligned along the tangent to the curvilin-
ear contour of the processing. Upon analyzing the presented stress depend-
encies oy, it can be concluded that the implementation of this technological
mode necessitates a deviation of the splitting microcrack from the vertical
direction, as evidenced by the experimental observations.
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Figure 5.4 — Stress oy as a function of radial coordinate
Single-beam scheme of controlled thermal cleaving using an elliptical CO: laser beam:
1-Z2=0mm,2-Z2=0.25mm

Figures 5.5 and 5.6 show analogous stress dependencies o«(r), typical
for double-beam processing. This occurs when the trajectories of the CO;
laser beam and the YAG laser beam are aligned, as shown in Figure 5.5. In
contrast, Figure 5.6 depicts the scenario where the center of the YAG laser
beam section is shifted radially by 1 mm from the edge to the center of the
processing contour.
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Figure 5.5 — Stress o as a function of radial coordinate
Double-beam processing scheme using an elliptical cross-section of a CO> laser beam
and a circular YAG laser beam: 1-Z2=0mm, 2 -Z =0.25 mm
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Upon analysis, it becomes evident that the selected beam arrange-
ment options lead to a significant enhancement in the maximum tensile
stress values, increasing from 22 MPa in the single-beam processing scheme
to 47 MPa and 33 MPa, respectively, with the implementation of the second
and third processing schemes. Nonetheless, the arrangement of laser beams
leads to an increased asymmetry in the distribution of the stress field, a phe-
nomenon that becomes particularly evident when employing the
scheme with the YAG laser beam shifted radially from the geometric center
of the contour.
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Figure 5.6 — Stress o as a function of radial coordinate
Double-beam processing scheme involving a 1 mm radial shift of the center of the
YAG laser beam cross-section to the contour center: 1-Z=0mm, 2 —-Z =0.25 mm

Figure 5.7 illustrates the dependencies of stresses or(r) that act perpen-
dicular to the line of circular microcrack formation during the double-beam
processing, with a shift of the YAG laser beam from the center of the con-
tour. Upon analyzing these dependencies, it can be concluded that this beam
arrangement effectively minimizes deviations of the microcrack from the
vertical direction, as this particular scheme yielded the most favorable out-
comes in the experiment.

Through the analysis of the distribution of thermoelastic fields, it was
concluded that additional exposure to laser radiation at a wavelength of
1.06 um can lead to significant alterations in the spatial location of the com-
pressive stress zone. This approach facilitates the establishment of condi-
tions conducive to the formation of a spatial configuration of compressive
stresses, effectively compensating for their asymmetry.
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Thus, with additional exposure to laser radiation at a wavelength corre-
sponding to the volume absorption by the material, it is possible to eliminate
the deviation of the deposited microcrack relative to the plane that is perpen-
dicular to the surface of the material.
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Figure 5.7 — Voltage o as a function of radial coordinate
Double-beam processing scheme involving a 1 mm radial shift of the center of the
YAG laser beam cross-section from the contour center:
1-Z2=0mm,2-2Z=0.25mm.

Another issue encountered when cutting along a closed curvilinear con-
tour is the deviation of the cutting line from the intended trajectory at the
point of closure. The propagation of a microcrack in this area is notably af-
fected by its own “tail,” where significant stresses are concentrated both at
the apex of the tail and at the apex of the microcrack itself.

To address this issue, it was necessary to initiate a curvilinear closed
microcrack from a rectilinear microcrack that had been previously estab-
lished in the radial direction. In this scenario, there is no formation of an
additional zone of significant stresses at the apex of the “tail” of the curvi-
linear crack at the point where the laser contour undergoes closure.

Considerable challenges emerge during the final cleaving of laser mi-
crocracks when producing the finished product, particularly when the con-
tour forms a closed curve. The conducted investigation revealed that for ef-
fective final splitting of a circular microcrack, it is beneficial to apply short-
term heating to a glass plane-parallel wafer using a circular heat source from
the side opposite to the surface being processed by the laser.
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To clarify the unique aspects of the final thermal cleavage procedure of
a circular microcrack created in a glass plane-parallel wafer through laser
thermal cleaving, calculations were conducted on the thermoelastic fields
generated by a circular heat source within the material.

Figure 5.8 presents the outcomes of the temperature field calculations,
while Figure 5.9 illustrates the results of the radial stress calculations o
which act perpendicular to the pre-deposited circular microcrack. Figure 5.8
demonstrates that, under the specified calculation parameters, the maximum
temperature does not attain the glass transition temperature, which is essen-
tial for achieving brittle final cleavage of the sample.
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Figure 5.8 — Temperature as a function of radial coordinate
1 is on the surface being heated; 2 is in the middle of the wafer;
3 is on the surface with a microcrack

Upon examining the dependencies of stresses or at varying depths per-
pendicular to the pre-deposited circular microcrack, in relation to the radial
coordinate, it becomes evident that on the heated surface within the influ-
ence of the circular heat source, there are considerable compressive stresses,
approximately 150 MPa in magnitude. On the opposite surface, there exists
an area characterized by compressive stresses, with a value approximately
measuring 50 MPa.

In this situation, a zone of tensile stresses emerges within the material's
inner layers, the value of which is adequate to promote the propagation of
the existing microcrack. Consequently, the use of a circular heat source en-
ables the establishment of the necessary distribution of thermoelastic fields
within the material, facilitating the eventual progression of a circular mi-
crocrack introduced via the CLT method [68].
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Figure 5.9 — Stress o as a function of radial coordinate
1 is on the surface being heated; 2 is in the middle of the wafer;
3 is on the surface with a microcrack

The proposed measures aimed at enhancing the quality of finished prod-
ucts are implemented in the experiment as detailed below [68]. A sheet of
glass, serving as the source material, is positioned upon a coordinate table.
The table is repositioned, and an initial cut is executed on the material's sur-
face, orientated perpendicular to the initial segment of the cutting line (it is
recommended that this initial cut be in the form of a microcrack caused by
laser radiation). The surface of the material is subjected to heating along the
cutting line through the application of laser radiation, specifically at a wave-
length of 10.6 microns.

Simultaneously, the local cooling of the heating region is achieved
through the introduction of a refrigerant. Furthermore, owing to the innova-
tive design of the developed setup and the implementation of a five-coordi-
nate control system, any deviations of the refrigerant exposure area from the
laser radiation exposure line during processing are effectively mitigated.
Concurrently, the material undergoes exposure to laser radiation at a wave-
length of 10.6 pm, alongside additional exposure to laser radiation at a wave-
length of 1.06 um.

The additional heating of the material is performed with a shift from the
center of the contour of processing.

The application of a laser beam, shifted from the cutting line and char-
acterized by a wavelength that aligns with the bulk absorption of the material
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being processed, results in the establishment of a spatial configuration of
stress fields. This configuration serves to counterbalance the asymmetry in-
duced by the elliptical cross-section of the laser beam, which is orientated
tangentially to the curvilinear contour.

During the final phase of microcrack propagation, the cutting line ex-
periences closure at point O (Figure 5.1). Here, the impact of its own “tail”
on the progression of the deposited microcrack diminishes, as the apex of
the microcrack in the chosen processing scheme aligns with the previously
deposited cut AB. In this scenario, there is no formation of an additional
zone of significant stresses at the closure point of the laser contour. This
leads to a notable decrease in the deviation of the developing microcrack
from the laser impact line at the processing contour's closure point.

Additionally, for the ultimate separation of the material along the con-
tour, the surface of the material is heated from the side that is opposite to the
area impacted by the laser beams using a heat source, the configuration of
which coincides with the shape of the contour. In such a case, thermoelastic
stresses develop within the material, with their distribution and magnitude
being conducive to the eventual formation of through-the-thickness splitting
microcracks.

Experimental studies were conducted following the aforementioned se-
guence of actions. During the experiments, circular microcracks with a ra-
dius R = 15 + 25 mm were observed in glass samples of M3 — M5 grades,
which had a thickness of 2 +~ 4 mm (Figure 5.10).

Figure 5.10 — Glass sample obtained via curvilinear thermal cleaving

The ILGN-802 laser, exhibiting a radiation power of up to 60 W and a
wavelength of A = 10.6 um, alongside the YAG laser LTN-103 with a power
up to 100 W, were employed in this study. During the process of glass sep-
aration, laser radiation with A = 10.6 um was focused through a spherocy-
lindrical lens, producing beams defined by an elliptical cross-section, with
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the major axis measuring A = (8 + 14) mm and the minor axis measuring
B = (0.5 +2) mm. Radiation with A = 1.06 um was focused through a spher-
ical lens, producing beams with a circular cross-section, with a radius
r = (0.5 + 1) mm. The shift of the beam at A =1.06 um from the contour was
measured to be (0.1 + 1.5) mm, while the linear cutting speed of the samples
was 15 + 30 mm/sec. Steel rings, subjected to temperatures 400 + 500 °C,
served as a source of heat for short-term heating applications.

The findings from the experimental studies indicate that the proposed
solutions enhance both the efficiency and quality of separating brittle non-
metallic materials along closed curvilinear contours.

5.2. Examination of laser separation techniques for brittle
nonmetallic tubular-shaped materials

A significant form of laser thermal cleaving along closed curvilinear
trajectories involves the separation of brittle nonmetallic tubular materials.
The initial findings on the laser cutting of glass tubes through thermocleav-
ing are presented in references [7, 29], with subsequent advancements de-
tailed in references [10, 34]. Reference [7] indicates that the laser cutting of
glass tubes through laser thermal cleaving offers notable benefits over con-
ventional techniques, primarily highlighting the superior quality of the re-
sulting end-face surfaces.

Reference [7] highlights two fundamentally different approaches to im-
plementing the process of laser thermal cleaving.

The first approach entails creating a radially converging laser beam, re-
sulting in the development of a circular heat source along the contour. Upon
the realization of this method, the separation of materials occurs almost in-
stantaneously. The main drawback of this technology lies in its low reliabil-
ity and low repeatability during the process, which is typical of a single ex-
posure to a heat source. Furthermore, the practical implementation of this
technology is hindered by the complex nature of the optical system em-
ployed for beam formation. Nonetheless, in various scenarios, implementing
this technology is justifiable (such as in the separation of glass tubes during
the continuous drawing process [7]).

The fundamental idea of the second approach lies in the application of
multiple laser impacts on the material throughout the processing line. This
Is accomplished by either rotating the tube in relation to the laser beam or
the other way around (for example, the movement of the laser beam on the
surface of the tube can be provided by a system of rotating mirrors that create
a light guide [7]).
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However, in most existing studies, the rotation of tubes in relation to
the laser beam is employed because this method offers a more straightfor-
ward technical implementation.

During the examination of this technology, several modifications were
developed that incorporate mechanical fracture and cooling alongside laser
heating, used in various combinations and sequences.

In reference [211], a method is proposed to enhance the efficiency of
laser thermal cleaving of glass tubes. This involves redirecting the laser ra-
diation that is reflected from the tube into the processing zone using a stra-
tegically positioned mirror. In [186], a method is proposed to enhance the
cutting efficiency of glass tubes, characterized by the simultaneous laser
heating of multiple rotating tubes.

The majority of recognized methods for processing glass products
through laser thermal cleaving do not elevate the temperature in the laser's
influence area beyond the glass transition temperature of the specific grade
of glass. In the first chapter, examples of the implementation of thermal
cleaving technology for plane-parallel samples were presented, where sur-
passing the glass transition temperature in the processing zone is permitted.
A comparable technology has been created for the thermal cleaving of tub-
ular-shaped glass products [105, 106]. The core principle involves elevating
the temperature of the sample in the separation zone during the initial pro-
cessing stage to levels exceeding the softening temperature, yet remaining
at or below the evaporation temperature. In subsequent processing, the tem-
perature is reduced to a level below the glass transition temperature. This
thermal effect leads to the formation of a fine mesh of longitudinal and trans-
verse cracks in the glass along the separation line. Moreover, with an in-
crease in rotation speed, the maximum temperature values decline to levels
below the glass transition temperature. A crack that extends through the
thickness is created along the line of separation. The primary drawback of
this technology lies in the inadequately high quality of the resulting end-
faces, attributed to the formation of a microcrack network during the initial
processing stage.

Upon examining the outcomes of the previously referenced studies
alongside our own experiments — specifically, the investigations into laser
thermocleavage processes conducted on the prototype setup developed by
the authors [87] — we can identify several processing patterns that yield prac-
tically acceptable results.

The first pattern employs the multiple heating of the tube surface due
to its rotation relative to a stationary laser beam.
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The second pattern demonstrates the implementation of the CLT in tube
processing. Simultaneous laser heating and cooling are conducted along the
separation line for several tube revolutions.

The third pattern relies on the integration of preheating the separation
contour using laser radiation over several tube revolutions, followed by the
treatment of the cutting line through simultaneous application of laser radi-
ation and a refrigerant.

The separation of brittle nonmetallic tubular-shaped materials in the
aforementioned processing options is carried out using CO: laser radiation
at a wavelength of 10.6 um. The favorable outcomes observed in the fourth
chapter and the first section of this chapter regarding the application of dou-
ble-beam technology for the separation of plane-parallel samples through
thermal cleaving laid the groundwork for investigating the impact of supple-
mentary exposure to laser radiation at a wavelength of 1.06 um on the pro-
cess of laser thermal cleaving of tubular-shaped products.

A variety of publications detail methods for engineer computations
of laser thermocleaving modes specifically for brittle nonmetallic tubular-
shaped materials [7, 26]. The analytical solutions derived in these studies
may prove beneficial for engineer computations and for clarifying the rela-
tionships among the parameters that affect the thermal cleaving process of
tubular-shaped products.

Nonetheless, the solutions presented, along with those derived for
plane-parallel samples, are established based on the linear differential equa-
tion of heat conduction, where the thermophysical coefficients remain inde-
pendent of temperature. Simultaneously, the solutions to the problems re-
garding the determination of the components of the stress tensor are derived
in either one-dimensional or two-dimensional formulations.

This section presents a comparative analysis of the unique characteris-
tics of the laser thermal cleaving process when implementing various pro-
cessing schemes, specifically focusing on single-beam and double-beam
methods [60, 73, 94]. The computational investigation concentrated on ex-
amining the distribution of temperature fields and temperature stress fields,
using standard processing modes of S52 glass tubes with an outer diameter
of 14 mm. The thermoelastic fields were calculated via the finite element
method, as detailed in other sections of the monograph, with the implemen-
tation carried out in ANSY'S software.

The properties of glass provided in Table 2.1 were used for the calcula-
tions. The thermophysical properties of glass are greatly influenced by tem-
perature. Given that these dependencies are significant (during the laser ther-
mal cleaving of tubular-shaped glass products, the temperature varies con-
siderably), the calculations were performed with these factors considered.
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The parameters of the laser beam used in the calculations were as fol-
lows: the major axis of the elliptical cross-section was A = 6-10~ m, and the
minor axis was B = 1-10~2 m, corresponding to a radiation wavelength of
A =10.6 um and a radiation power of P = 15 W. Additionally, the radius of
the YAG laser radiation spot with a radiation power of Po = 40 W was meas-
ured to be R = 1.102 m. The calculations were conducted for a tube with an
outer radius of 7 mm, an inner radius of 6 mm, and a length of 20 mm. The
tube's rotation frequency concerning the laser beams was considered to be
45 revolutions per minute. The cooling of the tube surface was considered
to be facilitated by a heat transfer coefficient of 8000 W/(m?-K) due to the
influence of the refrigerant [152]. The simulation of tube cutting was con-
ducted for the single-beam processing using a CO laser (Figure 5.11, a) and
for the double-beam processing, which integrates the effects of CO and
YAG lasers (Figure 5.11, b).

~
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Figure 5.11 — Options for laser thermal cleaving of glass tubes
a) single-beam; b) double-beam;
1 is the COz laser; 2 is the refrigerant supply nozzle; 3 is the YAG laser

Calculations of the temperature and stresses acting parallel to the tube
axis (along the Z-axis) as a function of the revolution number were con-
ducted for both processing options; three distinct schemes of the time se-
guence of laser radiation and refrigerant exposure on the workpiece were
employed (Figures 5.12-5.15).
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The first scheme involves subjecting the tube to laser heating over sev-
eral revolutions.

In simulating the processing based on the second scheme, it is important
to consider that over several revolutions, a portion of the tube material is sub-
jected to heating from laser radiation, while simultaneously, the tube surface is
cooled at a distance from the area being heated by the laser (Figure 5.11).

In the third simulation scheme, it is posited that the tube enters the laser
irradiation zone; subsequently, after the tube completes several revolutions
around its axis, its surface is subjected to the refrigerant. Concurrently, the
tube undergoes additional revolutions while being simultaneously exposed
to both laser irradiation and the refrigerant, thereby establishing the third
scheme as a sequential integration of the first two.

T,c° T,C
1

400 400
2 2

200 200
3

3
2 4 2 4
a) b)

200

Vave

c)

Figure 5.12 — Computed temperature dependencies at fixed points
relative to the revolution number during single-beam processing
a) processing scheme 1;

b) processing scheme 2; ¢) processing scheme 3

1 is on the outer surface of the tube; 2 is in the middle of the tube wall;
3 is on the inner surface of the tube
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Comparing the calculated temperature dependencies at fixed points pre-
sented in Figures 5.12-5.13 (1 — on the outer surface of the tube; 2 — in the
middle of the tube wall; 3 — on the inner surface of the tube), it can be con-
cluded that supplementary exposure to laser radiation with a wavelength of
1.06 um does not result in notable alterations in the characteristics of these
dependencies. A slight increase in maximum temperature values can be ob-
served when employing each of the double-beam processing schemes in
comparison to the corresponding single-beam processing schemes. This ef-
fect, as anticipated, is most evident in the layers of the material that are far-
ther from the surface.
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Figure 5.13 — Computed temperature dependencies at fixed points
relative to the revolution number during double-beam processing
a) processing scheme 1;
b) processing scheme 2; ¢) processing scheme 3
1 is on the outer surface of the tube; 2 is in the middle of the tube wall;
3 is on the inner surface of the tube

Analyzing Figures 5.12 a and 5.13 a, it becomes evident that during the
process of multiple laser heating of the tube material, which rotates around
its axis in relation to a stationary laser beam (or beams, in the case of double-
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beam processing), the temperature at each point on its external surface ex-
periences a sharp periodic increase due to laser radiation, followed by a grad-
ual decrease attributed to the relatively low thermal conductivity of glass.
Concurrently, there is a noted rise in the maximum temperature of the glass.

When using the second scheme (Figure 5.12, b), which is essentially a
controlled laser thermal cleaving for processing tubular-shaped bodies, there
occurs repeated rapid local heating of the work surface. It alternates with
rapid cooling caused by the influence of the refrigerant. The maximum glass
temperature shows virtually no increase. Thus, each revolution is character-
ized by almost identical temperature changes at the tube points.

The dependencies of temperature on the revolution number, character-
istic of the third processing scheme, at the first stage exhibit features akin to
those previously discussed regarding the first scheme: the temperature of the
surface points experiences periodic sharp increases followed by smooth
decreases. Concurrently, there is an increase in the maximum temperature
of the sample.

During the second stage of processing, the temperature behavior of the
tube surface points in relation to the number of the revolution mirrors the
observations made with the second scheme: the temperature at the surface
points experiences periodic sharp increases followed by sharp decreases,
while the maximum temperature remains unchanged. The temperature vari-
ation outlined previously when employing the third scheme results from the
sequential integration of the initial two processing schemes.

Comparing the computed dependencies of the stresses acting in the ax-
lal direction of the tube relative to the revolution number (Figures
5.14-5.15), it can be concluded that the use of single-beam and double-beam
separation, along with supplementary exposure to laser radiation
(A =1.06 um), maintains the primary characteristics of axial stress variations
at fixed points in the processed material over time.

At the same time, the additional effect of YAG laser radiation causes a
significant increase in both tensile and compressive stresses, which leads to
a notable increase in the probability of initiation and sustained propagation
of a splitting microcrack.

Another common pattern of dependencies identified through numerical
simulation reveals that stresses of identical sign develop on both the outer
and inner surfaces of the glass tube. Simultaneously, the stresses on the outer
boundary of the tube significantly exceed those on its inner surface, while in
the material layers near the center of the tube wall, stresses of an opposite
sign are generated.

185



MIIa MIa
30 10

-30 -30

-30

c)

Figure 5.14 — Computed dependencies of stresses oz at fixed points
relative to the revolution number during single-beam processing
a) processing scheme 1;
b) processing scheme 2; ¢) processing scheme 3
1 is on the outer surface of the tube; 2 is in the middle of the tube wall,
3 is on the inner surface of the tube

When processing according to the first scheme (with multiple laser
heating of the material), there is a sequential alternation of axial tensile and
compressive stresses at the points of the tube surface, accompanied by a
gradual increase in tensile stresses. This change of stresses results in a
through-the-thickness tube separation. However, the quality of this separa-
tion frequently falls short of optimal standards.

When the second processing scheme is used, tensile stresses sufficient
to initiate a splitting crack manifest on the tube surface almost immediately
after the first revolution. Further, in the absence of significant changes, the
tensile axial stresses that periodically occur in the area affected by laser ra-
diation are substituted by compressive stresses generated in the region influ-
enced by the refrigerant. This scheme guarantees the development of a non-
directional splitting crack, with the characteristics of its formation being
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largely consistent with those observed during the controlled laser thermal
cleaving of plane-parallel samples. The end-face surfaces produced through
this method demonstrate outstanding quality. This technology has a draw-
back in that it requires mechanical final cleaving to obtain the end product.
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Figure 5.15 — Computed dependencies of stresses oz at fixed points
relative to the revolution number during double-beam processing
a) processing scheme 1;
b) processing scheme 2; ¢) processing scheme 3
1 is on the outer surface of the tube; 2 is in the middle of the tube wall:
3 is on the inner surface of the tube

Using the third scheme, which sequentially combines the first two along
with temperature dependencies, reveals that the relationships of axial
stresses concerning the revolution number at the first stage align in na-
ture with those derived from the first processing scheme. Meanwhile, at the
second stage, they correspond with the dependencies obtained from the sec-
ond scheme. The implementation of the third scheme guarantees the gener-
ation of a through-the-thickness crack while maintaining a high quality of
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the resulting separation surfaces. In practical terms, the most efficient use of
double-beam processing involves a method where preliminary laser heating
of the work material occurs over several revolutions, combined with simul-
taneous application of laser radiation and a refrigerant along the material's
contour, leading to the development of a splitting crack.

5.3. Simulation of the process for separating multilayer
inhomogeneous glass structures along curvilinear contours

Multilayer glass (triplex) is used in the manufacturing of fences, deco-
rative elements, robust glass structures, double-glazed units, armored glass,
and automotive glazing elements. In certain instances, it is necessary to sep-
arate completed triplex sheets and perform edge trimming, which includes
curvilinear trajectories.

In industrial settings, the process of cutting triplex laminated glass typ-
ically involves making cuts from both sides, subsequently leading to the
breaking of the material. Following that, specialized infrared heating ele-
ments uniformly warm the entire cutting line. Throughout this procedure,
the glue film undergoes a transformation in its properties, facilitating the
separation of the two components of the triplex. Waterjet cutting finds ap-
plication as well.

In [212], it is demonstrated that laser cleaving can be employed for tri-
plex separation. This method involves sequential local heating and cooling
along the separation line, leading to the formation of a nonthrough crack in
the refrigerant exposure area, which follows the laser beam along the pro-
cessing line. The ultimate development of the crack extending through the
entire thickness of the glass wafer to the PVB film is accomplished via me-
chanical, thermal, or ultrasonic final cleaving methods. Defect-free edges
are created, allowing for the elimination of additional processing operations
on the separated surface, such as grinding and polishing. Increased exposure
in the separation zone using infrared heating elements to soften the film and
achieve final separation of the triplex results in defect-free edges, thereby
minimizing the risk of side cracks in the separation area.

The use of the laser cleaving technique for separation along curvilinear
trajectories presents several challenges. This encompasses potential devia-
tions of the created crack profile from the cutting line and challenges in its
Initiation at a given location on the material surface [67, 86].

The studies [198-201, 213-215] explore the creation of nonthrough
channels in brittle nonmetallic materials, including silicate glasses and crys-
tals, using pulsed optical breakdown of the surface through micro-, pico-,
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and femtosecond lasers. This allows for the formation of channels ranging
from 100 to 500 microns in diameter.

The research conducted in [216] established the potential for using such
channels to initiate a splitting crack during the double-beam controlled laser
thermal cleaving of a triplex along rectilinear trajectories.

Therefore, it appears logical to simulate the process of laser cleaving in
multilayer heterogeneous glass structures by employing a series of channels
that are pre-deposited along the processing contour. This approach aims to
Initiate a splitting crack and serve as guides for its propagation along curvi-
linear trajectories.

According to Figure 5.16, a series of through-the-thickness holes ob-
tained through pulsed optical breakdown of the surface using micro-, pico-,
and femtosecond lasers is arranged along the processing line. A circular
cross-section laser beam 1 and refrigerant 2 move along the processing line.

Figure 5.16 — Combined laser thermal cleaving along curvilinear trajectories

The sample for simulation consisted of two wafers of silicate float-
glass, each with a thickness of 3 mm, bonded with a PVB film of 0.38 mm
thickness. The trajectory radius of the laser beam and refrigerant was set at
R = 4 cm. For modelling purposes, the radii of the through-the-thickness
channels were chosen as 150, 225, and 300 um, with angular sectors between
the channels of 1.5, 3, and 4.5 degrees. The characteristics of glass and PVB
film are detailed in references [217-223].

The CO: laser beam, which has its energy absorbed in a thin surface
layer of the material, is represented as a surface heat source characterized by
a power density of 0.8-10° W/m?, with a circular cross-section having a ra-
dius of 2 mm. Symmetrical formations of laser beams and refrigerant impact
areas are observed on either side of the triplex.
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The refrigerant was supplied to the surface as a finely dispersed air-wa-
ter mixture with a diameter of 6 mm. In this way, the CO: laser beam and
the refrigerant on the surface of the wafer were positioned directly behind
each other along the processing line.

The material processing speed v, as indicated in the schemes presented
in Figure 5.16, was selected to be 10 mm/s. It is essential to ensure that the
temperature of the material remains below the glass transition temperature
during the implementation of the laser cleaving process for silicate glasses.
The highest calculated temperature value in the processing zone remains be-
low the glass transition temperature, recorded at 680 K.

Figure 5.17a shows the calculated distribution of thermoelastic stresses,
directed perpendicular to the processing line, on the surface of the material
in the zone of laser beam and refrigerant impact at a fixed moment of time
when laser cleaving is realized in the case of absence of through-the-thick-
ness channels applied along the processing line. Figure 5.17b shows a graph
of the distribution of these stresses along the processing line. The calcula-
tions were performed using the finite element method implemented in the
Ansys engineering simulation software [223].
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Figure 5.17 — Computed distribution and dependency graph of thermoelastic stresses
or, Pa: a) on the material surface; b) along the processing line

The obtained distribution is characteristic of the process of controlled
laser thermal cleaving, which combines sequential laser heating of the ma-
terial and subsequent cooling of its surface. In this case, a zone of significant
tensile stresses is formed in the processed material in the zone of refrigerant
supply, where the material is cooled sharply. The maximum of these stresses
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Is displaced relative to the line of CO: laser and refrigerant influence (a char-
acteristic asymmetry in stress distribution along the processing line is ob-
served). The stress value along the processing line, as can be seen from the
graph in Figure 5.17D, is significantly lower than the maximum stress value
in the processing zone equal to 16.3 MPa. As a consequence, crack nucleation
and propagation will occur with a displacement from the processing line.

Figure 5.18 illustrates the computed distribution of thermoelastic
stresses when through-the-thickness channels are present, with their centers
aligned along the processing line. This is for a sector angle of a=3° and dif-
ferent radii of the channels.
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Figure 5.18 — Computed distribution of thermoelastic stresses or, Pa, for 0=3°
and radius of through-the-thickness channels: 150 um; 225 um; 300 um

Figure 5.19 is a computed dependency graph of similar stresses along
the processing line.
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Figure 5.19 — Dependency graph of thermoelastic stresses or, Pa
on the material surface along the processing line for a=3°
for the radius of through-the-thickness channels:

a) 150 microns; b) 225 microns; ¢) 300 microns
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The calculation results shown in Figures 5.18-5.19 indicate that the
presence of through-the-thickness channels effectively removes the asym-
metry in the distribution of thermoelastic stresses concerning the processing
line. The highest tensile stresses are concentrated along the processing line
adjacent to the channels, with these values significantly exceeding those ob-
served in the absence of channels. This scenario fosters conditions beneficial
for the stable nucleation of a splitting crack (Table 5.1). It is important to
observe that within the channels related to refrigerant supply, a region of
tensile stresses is established, which influences the progression of a splitting
crack along the processing line. The maxima of tensile stresses, orientated
perpendicular to the processing line, occur at the end-faces of the channels.
Decreasing the radius of channels results in a heightened maximum tensile
stress within the channel areas, as well as an overall rise in stresses in the
regions between the holes. This establishes the circumstances for the initia-
tion of cracks from the deposited holes and their progression along the pro-
cessing line to the subsequent hole, indicating the propagation of cracks
from one channel to another.

Table 5.1 — Calculated values of maximum tensile stresses or, MPa in the area
of through-the-thickness channels during the process of double-beam laser thermal
cleaving of triplex

Angle of the sector, ° 1.5 3 4.5

Radius of the through-the- | 4 o) | 555 | 300 | 150 | 225 | 300 | 150 | 225 | 300
thickness channel R, um

Stress value, MPa 43.6 | 27.2 | 20.6 | 45.7 | 37.4 | 30.2 | 43.5| 32.8 | 30.3

The analysis of stress distribution for different values of the sector angle
between the centers of through-the-thickness channels (see Figure 5.20)
leads to the conclusion that their value at the end-faces of holes, as well as in
the processing area between them, is higher for the sector angle equal to 3°.

Thus, there exists a specific rational value for the distance between the
hole centers that enables the greatest stability of the nucleation and develop-
ment of the splitting crack. This distance is determined by the radius of cur-
vature of the trajectory and the processing parameters, and it can be deter-
mined through simulating each technological mode of separation.

The numerical simulation conducted on the combined laser cleaving
scheme along curvilinear trajectories reveals that within the region of refrig-
erant exposure along the line passing through the centers of adjacent holes,
an area of significant tensile stresses orientated transversely to the pro-
cessing line develops on the material surface. The crack originating from the
hole propagates along this line. Concurrently, the value of tensile stresses in
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areas subjected to refrigerant exposure, particularly in the presence of chan-
nels, is markedly elevated compared to scenarios devoid of such channels.
This phenomenon is influenced by the diameter of the holes, the distance
between them, and processing parameters. Thus, a series of deposited chan-
nels throughout the processing line facilitates the control of both the initia-
tion and progression of cracks along curvilinear trajectories within the pro-
cessing line.
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Figure 5.20 — Computed distribution of thermoelastic stresses oR, Pa for the angle of
the sector between channel centers 3° for the radius of through-the-thickness channels:
a) for an angle of 0=1.5° and a channel radius of 300 um; b) for an angle of a=4.5°
and a channel radius of 225 pm
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CONCLUSION

This monograph presents the findings derived from extensive research
conducted by the authors on the process of controlled laser thermal cleaving
of brittle nonmetallic materials. The authors' chosen approach of employing
numerical simulation through the finite element method, in conjunction with
experimental investigations, allowed for the identification of technological
parameter values that guarantee qualitative product separation. This meth-
odology enabled the modernization and development of several innovative
and highly effective schemes for the separation of brittle nonmetallic mate-
rials using laser thermal cleaving techniques.

The efficacy of the practical implementation of the newly proposed la-
ser thermal cleaving schemes, as outlined in the monograph, lies in enhanc-
ing the quality of produced goods, diminishing the labor intensity associated
with their creation, broadening the spectrum of products manufactured, con-
serving labor and energy resources, elevating the environmental standards
of production, and fostering a more refined labor culture.

The findings outlined in the monograph may be of interest to enterprises
within the electronic industry, as well as other organizations in the Republic
of Belarus and internationally, that engage in laser technologies for material
processing. The research results presented in the monograph are integrated
into the educational framework of the Faculty of Physics and Information
Technologies at Francisk Skorina Gomel State University for the training of
engineering students.

The authors envision continued advancement in the pursuit of optimal
technological methods for processing, particularly through the combined ap-
plication of numerical simulation and metamodels, which are distinguished
by their exceptional computational efficiency.

Examples of using such models in engineering calculations are pro-
vided in [225-227]. One of the objectives of metamodeling is to determine
approximate values of output parameters without the need for exhaustive
calculations. Artificial neural networks are among the methods employed in
the modelling of laser cleaving of glass, as demonstrated in [228]. Artificial
neural networks are widely employed in a variety of scientific and techno-
logical disciplines due to their capacity to identify nonlinear dependencies
in large data sets [229, 230].

Another aim of metamodeling is to address optimization problems. Ex-
amples of solving these problems through genetic algorithms can be found
in [231, 232]. The application of genetic algorithms involves the search for
solutions through the inheritance and enhancement of useful properties

within a set of objects when simulating their evolutionary process, as
demonstrated in [233, 234-236].
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The authors are presently engaged in a study focused on optimizing the
technological parameters of laser processing to improve the efficiency of
material separation, using neural network models alongside those developed
through nonparametric regression methods. The findings have been pub-
lished in academic journals and presented at various conferences. Several
state programs focused on this subject are currently in progress [237-240].
The authors hold a firm conviction that the outcomes of research in this field
will be manifested in the forthcoming monograph.
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