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A method for monitoring the devel opment of a separating crack in the process of laser-controlled thermal split-
ting of dlicate glasses is proposed. This method is based on the polarization-optical method (photoeladticity
method). The method was developed on the bas's of numerical modeing and experimental sudies of the process
using a polarized light source and a video camera with an analyzer. During the cutting process, a source of polar-
ized light creates a stream, which, passing through silicate glass, enters a video camera with an analyzer. Analysis
of the parameters of polarized light in the area of material processing allows usto draw a conclusion about the sta-
ble devdopment or absence of the formation of a separating microcrack. Based on the information obtained, it is
necessary to dynamically make corrections to the technological parameters of the laser thermal splitting process for
separating slicate glasses to maintain the value of thermoelagtic stresses necessary for the formation of a micro-
crack, or transmit a command to interrupt the process.
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NOBbILUEHUE 3PDPEKTUBHOCTU NA3EPHOI'O
YMNPABJIAEMOI'O TEPMOPACKAIJIbIBAHUA
CUINMUKATHbBLIX CTEKOI1 C UCMNOJIb3OBAHUEM
METOOA ®OTOYINPYIOCTH

A. A. CEPE[A, 10. B HUKUTIOK, A. H. CEPIOKOB,
E. 6. WEPLWHEB, C. U. COKOJ1OB

Yupeoicoenue obpazosanus «l omenbckuil 20Cy0apcmeenHbiil
yHusepcumem umenu Ppanyucka CKopunsl»,

Pecnybnuxa benapyco

Tpeonoowcern mMemoo KOHMpPOIsL pazeumusi pazoessioujeli. mpewutvl 8 NPoyecce Ia3epHoc0 YnpasisieMoeo
MEPMOPACKANBIBANUST CUTUKATNHBIX CIMEKOIl, 8 OCHO8e KOMOPO2O JENCUMN NOTAPUIAYUOHHO-ONINUYECKULE MEemOO
(memoo gpomoynpyeocmu). Memoo paspaboman na 6aze YUCIEHHO20 MOOCTUPOSAHUSL U IKCHEPUMEHMATbHBIX UC-
CNed0BanUtl NPoYecca ¢ UCHONb308AHUEM UCTOYHUKA NOSPUZ0BAHHO20 CEEMA U BUOCOKAMEDPbL C AHATUSAMOPOM.
Bo epems npoyecca pe3ku UCmoYHUK NOJAPU30EAHHO20 CEEMA CO30aent NOMOK, KOMOPbILl, NPOXOOsL uepe3 Cuil-
Kamnoe cmekio, nonaoaen 6 UOCoKamepy ¢ aHA3amopom. AHAIU3 RApamempos NOJEIPUI06AHHO20 Céemda 8 00-
Jacmu 00pabomKy Mamepuaia no3eojsiem coeiams 6ble00 00 YCMOUMUBOM PA3GUMUL WL OTNCYMCMEUU 00pa30-
sanus pazoenoweti mukpompewunsl. Ilo nonyuennotl ungopmayuu HeoOX00UMO OUHAMUYECKU GHOCUMb
KOPPEKYUIo 8 MexHON0SUUEeCKUe Napamempsbl HPOYECca Ia3ePHOe0 MEPMOPACKAbIBAHUS. PA3OCNCHUS CUTUKANHBIX
CMEKON 0151 NOOOEPIHCAHUS 3HAHEHUS. MEPMOYNPYSUX HANPSINHCEHULL, HeOOXOOUMbBIX 0151 (POPMUPOBAHUS MUKPOMPE-
WuHbL, U0 nepedasanb KOMaHoy NPEPuIGarIs RPoYecca.
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KaroueBbie ciioBa: nazepHoe TepMOpacKalbiBaHue, (POTOYIPYTrOCTh, TEPMOYIIPYTUE HANPSHKEHHS, YHC-
JICHHOE MOJEIUPOBaHMUE.

Jns nutupoBanus. [losimenne 3hGEKTUBHOCTH JIA3EPHOTO YIPABISEMOr0 TEPMOPACKAIBIBAHUS CH-
JIMKATHBIX CTEKOJI C MCIOIb30BaHueM Metoia ¢oroynpyroctu / A. A. Cepena [u ap.] // Bectn. T'omen. roc.
TexH. yH-Ta uM. [1. O. Cyxoro. —2024. — Ne 2 (97). — C. 34-40. https://doi.org/10.62595/1819-5245-2024-2-34-40

Introduction

Laser-controlled thermal cleaving is a highly successful technique for precisely split-
ting brittle nonmetallic materials. This technique relies on sequential local heating of the
material via laser radiation and the subsequent cooling of the heating zone using arefriger-
ant, which can be a fine-dispersed air-water mixture. The formation of a splitting crack oc-
cursin the area of refrigerant exposure [1-5].

The mechanisms of laser-induced crack formation have been thoroughly studied and
documented by researchers from various parts of the world [6-10]. Theoretical calculations
of temperature fields and elastic stress fields generated in work materials made it possible
to analyze their spatial distribution within the material and explain the reasons for the de-
velopment of a splitting crack at a given depth.

The simulation performed in the framework of linear fracture mechanics allowed ob-
taining the calculated profile of the laser-induced crack and to compare it with the results
of experimental studies.

In [11], the numerical simulation results of laser thermal cleaving of silicate glasses
were compared with thermal-imaging measurements conducted using the IR Snap Shot de-
vice.

Numerical simulation enabled us to optimize the technological parameters for laser
separation of silicate glasses. However, during the implementation of this method, devia-
tions from these parameters may arise due to the inhomogeneity of refrigerant supply, re-
duction in laser radiation power density, presence of defects in the processed material, and
other factors. The combination of these factors results in the disruption of the splitting
crack's development, necessitating continuous visual monitoring of its presence to ensure
that the separation process is interrupted in a timely manner or that processing parameters
are corrected.

The photoelasticity method is suggested as a means of automating the control of split-
ting crack development and the dynamic alteration of processing parameters during the la-
ser cutting of silicate glasses.

Main part

One of the criteria used to analyze the initiation and development of a splitting crack is
the excess of the stresses occurring in the material over the tensile strength of the material.
For brittle materials, the following criteria can be chosen as stresses of this kind: the crite-
rion for highest normal stresses, according to which the material failure is attributed to the
highest (of the three 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 derived from tensile-compression
experiments (oey = 01— 03); the criterion for specific potential energy of deformation, i. e.,
the hazardous state occurs when the specific potential energy of deformation reaches its
limit value, which is determined through simple tensile-compression experiments (com-
parison is based on von Mises equivalent).

The polarization-optical method, also known as the photoelasticity method, relies on a
physical and mechanical phenomenon in which plane polarized waves undergo a phase
shift or optical travel difference when they pass through a deformed element of a transpar-
ent model. The magnitude of this difference depends on the stress-strain state of the ele-
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ment. The interference pattern resulting from the superimposition of these waves can pro-
vide valuable information regarding the magnitude and position of stresses or deformations
that occur in the work material. The practical application of this method is demonstrated in
several publications [12-16].

In order to dynamically ascertain the values of thermoelastic stresses and make neces-
sary adjustments to processing parameters, a prototype of the set-up was created. The
schematic representation of this prototype can be seenin fig. 1 [17].
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Fig. 1. Set-up for laser cutting of silicate glasses:
1 —positioning table; 2 — laser; 3 —focusing lens; 4 —laser;
5 —focusing lens; 6 —refrigerant feeder; 7 — mechanism for defect application;
8 — polarized light source; 9 — video camera with an analyzer;
10 — mechanism for vertica movement; 11 — carriage;
12 — set-up control unit; 13 — computer

A polarized light source and a video camera with an analyzer are employed to visual-
ize the distribution of thermoelastic stresses in the designed prototype. By using the result-
ing image, it is feasible to examine the obtained isochromes and isoclines, with subsequent
calculation of thermoelastic stresses. If required, adjustments can be made to the techno-
logical parameters of processing (radiation power density, processing speed, intensity of
refrigerant supply, etc.).

Figure 2 illustrates the interference patterns obtained during laser controlled thermal
cleaving using this prototype. The patterns are obtained in the absence of a crack
(fig. 2, @), in the presence of a non-through splitting crack (fig. 2, b) and in the presence of
athrough splitting crack (fig. 2, c).
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a) b) c)
Fig. 2. Photographic image of the treatment area obtained via the polarizati on-optical method:
a—area of laser beam and refrigerant exposure; b — non-through splitting crack;
¢ —through splitting crack

Figures 3 and 4 demonstrate the calculated stress distributions in the work sample at a
specific time, both with and without the presence of a non-through splitting crack. The cal-
culations were performed using the finite element method. The design parameters of sili-
cate glass processing and glass properties were chosen in accordance with the experimental
results. Since the beam and refrigerant move down the center of the sample, and there is
symmetry on both sides of the separation plane, the field pattern is only seen for half of the
sample. The front face of the sample is a cross-section in the material separation plane.
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Fig. 3. Digtribution of thermodlastic fields in the sample (MPa) during laser processing
in the absence of a splitting crack:

a —stresses s, perpendicular to the plane of separation; b — primary stresses s;;
C—primary stresses s;; d - stressintensity 6 = MAX (o, - 6,,[0, - 05|, |o5 - o,));

e —von Mises equivalent: 1 —laser exposure area; 2 — refrigerant exposure area

The analysis of fig. 3, a, b reveals the presence of a region characterized by intense
tensile stresses on the surface of the material in the area of refrigerant supply, where sharp
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cooling of the material occurs. In this scenario, the maximum in the value of stresses arises
on the exposure line of the laser beam or beams and the refrigerant. Crack initiation takes
place on the surface of the material. The area of tensile stresses, caused by the action of the
refrigerant, extends deep into the material and is restricted underneath by the areas of com-
pressive stresses generated by laser beams. These areas limit the development of the initi-
ated crack deep into the material.

In the interference pattern, the area of strong compressive and tensile stresses is ex-
pressed by an area with increased intensity of transmitted light. By comparing this picture
with the computed distribution of stress intensity (namely, the maxima of the difference
between primary stresses) and the distribution of von Mises equivalent, we may deduce
that the intensity of transmitted light is directly dependent on the value of stresses. The
higher the magnitude of the stresses, the higher the intensity of the transmitted polarized
light. However, it is difficult to separate the region of compressive and tensile stresses in
these pictures, due to the very small width of the isotropic line (region).

Top of the crack
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Fig. 4. Digtribution of thermoelastic fields in the sample (MPa) during laser processing
in the presence of a splitting crack in the material:
a — Stresses s, perpendicular to the plane of separation; b — primary stresses s ;;
C—primary stresses s;; d —stressintensity 6 = MAX (o, - 6,,[0, - 05|, |o5 - o,));

e —von Mises equivalent

Figures 2, a, b demonstrate that when a splitting crack is present, a dark band can be
visible along its boundaries. This phenomenon can be attributed to two factors: the pres-
ence of a free surface that is perpendicular to the treated surface of the material, which al-
ters the path of the rays travelling through it, and the value of stresses close to zero in the
area of the crack edges. Confirmation is provided through numerical simulation within the
context of linear fracture mechanics, as depicted in fig. 4.
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Conclusions
Thus, by analyzing the intensity of the transmitted polarized light in the area of refrig-

erant exposure, we can conclude about the presence or absence of a splitting crack. A pro-
nounced dark band along the line of material processing indicates the presence of a crack,
whereas a homogeneous intensity area confirms its absence. This enables the development
of a computer program that dynamically ascertains the presence of a splitting crack during
the controlled laser thermal cleaving of silicate glasses by analyzing the image obtained
from the video camera. The program then either makes adjustments to the technological
parameters of processing or interruptsthe technological process if necessary.
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