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OITPEAEAEHUE ITAPAMETPOB ABYXAYUYEBOI'O AA3EPHOTO
PACKAABIBAHUS CUANKATHBIX CTEKOA C NCITOAB3OBAHWEM
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Jlnis co3maHus HEMPOCETEBBIX U PETPECCHOHHBIX MOJIENIEH JABYXITyHYEBOTO JIA3€PHOTO pacKaIbIBAHUS CHIIMKATHBIX CTe-
KOJI OBUTH HCTIONB30BaHbI PE3Y/BTaThl YUCICHHOTO SKCTIEPUMEHTA, PEAIM30BAaHHOIO B IIPOTpaMMe KOHEYHO-3JIEMEHTHOTO
ananusa Ansys. B monyne DesignXplorer niporpammbl Ansys Workbench ¢ npuMeHeHHEM TpaHeEHTPHUPOBAHHOIO BApHAHTa
HEHTPATBHOTO KOMIO3UIIMOHHOTO IIJIaHa SKCTIEPUMEHTa OBLIN TOMYyYEHB] PErPECCHOHHBIE MOCIHN ABYXJTY4EBOH J1a3epHOI
pe3ku crekiia. B kauecTBe BapbUpyeMbIX (haKTOPOB HCIIOIb30BAHBI CKOPOCTh 00PAOOTKH, MapaMeTpbl JIa3epHbIX Myd-
KOB, TOJIIMHA CTEKJITHHON IUIACTHHBI M PACCTOSTHUE MEXTy 30HAaMH BO3JEHCTBUSA JTa3€PHOTO U3MYUYCHHS M XJIaJareHra,
a B Ka4eCTBE OTKIMKOB — MaKCUMAaJIbHbIE TEMIEpaTypsl U TEPMOYNPYTHE HANPSDKEHUS PACTSDKEHUS B 30HE Ja3epHOM
obpabotku. C npumeHneHueM nakera TensorFlow peann3oBaHbl MOCTPOCHHE U 00y4YE€HHE UCKYCCTBEHHBIX HEHPOHHBIX
ceTeil. BeImonHeHO cpaBHEHHME Pe3yNbTAaTOB ONPENENEeHUs] MAKCHUMAIBHBIX TEMIIEpaTyp W TePMOYIPYTUX HaNPsKSHUI
B 30HE JIa3epHOi 00pabOTKH C MCIIOIb30BAHUEM HEHPOCETEBBIX U PETPECCHOHHBIX MOJIEIICH.

Knrwuesoie cnosa: JIa3€pHOC pacCKaJbIBaHUEC; CTCKIIAHHAA IJIaCTUHA, HeﬁpOHHaH CCTh, Ansys.
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The current work takes the results of the numerical experiment implemented in the Ansys finite element analysis pro-
gram to create the neural network and regression models of two-beam laser splitting of silicate glasses. The regression
models of two-beam laser glass cutting have been obtained in the DesignXplorer module of Ansys Workbench using
a face-centered version of the central composite design. The processing speed, the parameters of laser beams, the glass
plate thickness, and the distance between the laser radiation and the refrigerant affected zones were used as variable fac-
tors. The maximum temperatures and thermoelastic tensile stresses in the laser processing areca were used as responses.
The artificial neural networks have been constructed and trained using the TensorFlow package. The results of deter-
mining the maximum temperatures and thermoelastic stresses in the laser treatment area using the neural network and
regression models have been compared.

Keywords: laser splitting; glass plate; neural network; Ansys.

Introduction

Laser splitting is one of the methods for cutting silicate glasses, which is carried out as a result of the
laser-induced crack formation during consecutive laser heating and action of the refrigerant on the treated
surface [1-5]. At the same time, the use of two-beam schemes provides an increase in the efficiency of this
technology [6—8].

Artificial neural networks (ANN) provide good results when modelling complex connections between in-
puts and outputs of the system. The wide application of neural networks is due to their capabilities in finding
non-linear dependencies in multidimensional data sets [9—11]. Currently, ANN are successfully used in various
fields [9—13]. The combination of ANN and the finite element method turns out to be effective in modelling
laser treatment processes [14; 15], including modelling of laser glass splitting [16; 17]. Regression models
of laser processing of materials [18; 19] are also successfully used, and a comparison of neural network and
regression models of laser cutting of materials was carried out in [20].

This research uses the results of the numerical experiment implemented in the Ansys finite element analysis
program to create neural network and regression models for two-beam laser splitting of silicate glasses with
subsequent comparison of their efficiency.

Finite element analysis

To determine temperatures and thermoelastic stresses in silicate glass during two-beam laser splitting (fig. 1),
a calculation program was prepared in the APDL programming language (4nsys parametric design language).

Calculations were performed for the plate with geometric dimensions of 30 x 10 x 4 mm. The resulting
model consisted of 44 160 solid 70 elements for thermal analysis and solid 185 elements for strength analysis.
The processing speed for the calculations was V' = 0.02 m/s. The following values of the parameters of laser
beams were used: semi-major axis 4 = 0.003 m, semi-minor axis B = 0.001 m for an elliptical beam with
a radiation wavelength A = 10.6 um and a radiation power P = 10 W; the radius of the beam radiation spot is
R =0.001 m for a beam with a radiation wavelength A = 1.06 um and a radiation power P, = 50 W. The distance
between the action zones on the glass plate of the YAG laser and the refrigerant is 4 = 0.002 m. The refrigerant ef-
fect was believed to provide cooling of the glass surface with a heat transfer coefficient equal to 8000 W/(m? - K).
The following properties of silicate glasses were used for the calculations: density 2450 kg/m?®, thermal con-
ductivity 0.88 W/(m - K), specific heat capacity 860 J/(kg - K), Poisson’s ratio 0.22, Young’s modulus 70 GPa,
linear thermal expansion coefficient 89 - 10”7 °C™' [2].

Figures 2 and 3 show the distribution of temperature fields and fields of thermoelastic stresses, characteris-
tic of a two-beam laser splitting schemes of glass plates.
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Fig. 1. Schematic of the mutual arrangement
of the laser beams and refrigerant affected zones:
position / corresponds to an elliptical laser beam with a wavelength of 10.6 pm,
position 2 — to a round laser beam with a wavelength of 1.06 pum,
position 3 — to the refrigerant, position 4 — to the laser beam section with a wavelength of 10.6 um,
position 5 — to the laser beam section with a wavelength of 1.06 um,
position 6 — to the refrigerant affected zone
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Fig. 2. Temperature distribution in the volume of the processed plate, K

0

Fig. 3. Distribution of stresses 6, in the volume of the processed plate, MPa

For the selected calculation parameters, the values of the maximum tensile stresses in the treatment zone G
and the maximum design temperatures 7 are 79 MPa and 689 K, respectively, with acceptable temperature
values not exceeding the glass transition temperature equal to 789 K [2].

Regression model

In the DesignXplorer module of the Ansys Workbench software, a face-centered version of the central compo-
site plan of the experiment was generated for eight factors (P1—P8) [21; 22]: P1 is the processing speed V, P2 is the
glass plate thickness H, P3 and P4 are the semi-major axis 4 and semi-minor axis B of an elliptical beam with
the radiation wavelength A = 10.6 um, P5 is the radius of the radiation spot R of the beam with the radiation wave-
length A = 1.06 pum, P6 is the power P of the laser with the radiation wavelength A = 10.6 pum, P7 is the power P,
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of the laser with radiation wavelength A = 1.06 um, P8 is the distance / between the action zones of the laser with
the radiation wavelength A = 1.06 um and the refrigerant. According to the experimental plan, the calculations
were performed for 81 combinations of input parameters (see version 1 in table 1), while the following output
parameters were determined: the maximum temperature in the laser treatment zone 7" and the maximum tensile
stresses G, in the treatment zone.

Table 1
Parameters of two-beam laser glass splitting
Parameters Values
Version 1 (81 combinations) Version 2 (72 combinations)
P1 (V, m/s) 0.01; 0.025; 0.04 0.025; 0.035; 0.04
P2 (H, m) 0.003; 0.004; 0.005 0.003; 0.035
P3 (4, m) 0.002; 0.003; 0.004; 0.005 0.0025; 0.0035; 0.005
P4 (B, m) 0.0005; 0.001; 0.0015 0.001; 0.0015
P5 (R, m) 0.0005; 0.001; 0.0015 0.001; 0.0015
P6 (P, W) 5;10; 15 7;9; 15
P7 (Py, W) 40; 50; 60 45; 55; 60
P8 (h, m) 0.001; 0.002; 0.003 0.001; 0.002

The regression equations obtained using the DesignXplorer module connecting the output parameters (7, 6,,)
with the factors (V, H, 4, B, R, P, P, h) have the following form:

Y,=73-27-10>-4-7.6-10- B +
+16-10"-P+28-10>-V-V+17-10°-B-B—19-10°-P-P+
+23-10°-V-4-60-10"-V-P+72-10*-4-B-52-4-P—

~24-10-B-P-46-10°-R-h,

T=(0.02-Y,+1)" - 1;

Y,=23-10"-42-10°-V+8.6-10*- B+88-10*- R+
+56-P+41-10*-V-V-37-10"-B-B-3.7-10"-R-R -
~57-10°-V-B-25-10-V-P+7.8-V-Py+9.7-10*- V- h—
~84-10-H-P+3.6-10°-4-B+39-10°-B-R-7.7-10°-B-P—
~83-10"-B-h—4.6-10°-R-P—40-10°-R-h+22-10%-P- P,

1/0.236 6
6,,=(02366-Y,+1) - 1.

Neural network application

Figure 4 shows a block diagram of the ANN simulation procedure. The training and test sets were generated
when solving the corresponding problems by the finite element method in the Ansys program. Here, 81 com-
binations of the central composite design were supplemented with another 72 combinations of calculations (see
version 2 in table 1). Thus, neural networks training was carried out using two data sets consisting of 81 com-
binations of the central composite design (version A) and 135 combinations (version B) of the values of the
two-beam laser splitting parameters formed by supplementing 81 combinations of version A with another
54 combinations (see 2 versions of table 1). At the same time, a test set of 18 combinations of parameters was
used to test neural network and regression models (see table 2).

Table 2
Test set of parameters
No| s | | dm | am | @m | @w o W) Gy | DK | owMPa
0.035 0.0035 0.0025 0.001 0.001 9 55 0.002 577 47.5
2 0.035 0.003 0.0025 0.0015 0.0015 9 55 0.001 486 35.3
0.025 0.003 0.0035 0.0015 0.0015 7 45 0.001 454 40.0

38



JlazepHas ¢pu3nka
Laser Physics

Ending table 2

Noo| rwg | dm | dm | am | @m | e.w | eow | o | BK | oM
4 0.035 0.003 0.0025 0.001 0.001 7 45 0.002 514 37.9
5 0.035 0.0035 0.0025 0.001 0.001 7 55 0.002 514 41.5
6 0.025 0.003 0.0035 0.001 0.001 7 55 0.002 526 57.1
7 0.035 0.003 0.0025 0.001 0.001 9 55 0.002 577 47.8
8 0.035 0.003 0.0025 0.001 0.001 9 45 0.001 577 44.0
9 0.035 0.003 0.0025 0.0015 0.0015 9 45 0.001 486 32.6
10 0.025 0.0035 0.0025 0.001 0.001 7 55 0.002 560 56.2
11 0.035 0.0035 0.0025 0.001 0.001 9 60 0.002 577 49.3
12 0.035 0.003 0.0025 0.0015 0.0015 15 55 0.001 615 48.9
13 0.04 0.003 0.0035 0.0015 0.0015 7 45 0.001 417 25.2
14 0.035 0.0035 0.005 0.001 0.001 7 55 0.002 460 424
15 0.04 0.003 0.0035 0.001 0.001 7 60 0.002 476 393
16 0.035 0.003 0.005 0.001 0.001 9 45 0.001 508 458
17 0.035 0.003 0.0025 0.0015 0.0015 9 60 0.001 486 36.7
18 0.04 0.0035 0.0025 0.001 0.001 7 55 0.002 497 36.7

Determining input
and output parameters

-

\i
ANN architecture definition
Yes >
Y
ANN training
No
> ANN testing
Y N
ANN is ready ° °

Fig. 4. Block diagram of the simulation
procedure using the neural network

Fully connected neural networks with architecture [8—50—-30—10—2] were used to determine the values of
temperatures and thermoelastic stresses during two-beam laser splitting. The networks were formed using the
TensorFlow machine learning library [10]. The networks used the ReL U (rectified linear unit) activation func-
tion, the Adam optimiser, which is a version of the stochastic gradient descent algorithm, and the MSE (mean
squared error) loss function, which calculates the square of the difference between the predicted and target
values. The number of epochs during network training was 500.
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Results and discussion

The following criteria were used to evaluate the resulting regression and neural network models:

determination coefficient

n
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where d, is the finite element values; y, is the values determined using regression and neural network models.
The criteria values used to assess regression and neural network models are presented in tables 3-5.
Accordingly, the obtained data lead to a conclusion that the regression and neural network models have the
necessary consistency with the results of finite-element analysis.

Table 3
Results of evaluating regression models
Test st Central compos@te plan dataset
Criterion (81 combinations)
T c,, T Gy
RMSE 1.71 - 10° 13 4.55-10°
MAE 1.20 - 10° 9 3.31-10°
MAPE 1.3 2.7 1.3 5.3
R’ 0.9768 0.9649 0.9983 0.9849
Table 4
Results of evaluating the neural network model (version A)
Training set
Criterion Test set (81 combinations)
T Oy T Sy
RMSE 14 2.82-10° 5 0.72 - 10°
MAE 11 2.36 - 10° 4 0.50 - 10°
MAPE 2.1 5.4 0.6 0.9
R? 0.9284 0.9039 0.9997 0.9996
Table 5

Results of evaluating the neural network model (version B)

Training set
Criterion Test set (135 combinations)
r Oyy T Gy
RMSE 8 1.15-10° 5 0.76 - 10°
MAE 6 0.84 - 10° 3 0.49 - 10°
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Ending table 5

Criterion Test set (135T Ezcl)lrllllll?i%l:figns)

T G, T o,
MAPE 1.2 2.0 0.4 0.8
R 0.9777 0.9839 0.9996 0.9994

At the same time, for the datasets used to create regression models and train neural network models, the
values of the average absolute percentage errors of MAPE when determining the maximum temperatures and
tensile stresses in the laser processing zone turned out to be the highest for regression models. They amounted
to 1.3 % for temperatures and 5.3 % for tensile stresses. Furthermore, for this dataset, the RMSE, MAE and R?
values of the regression models exceeded the values of the corresponding criteria of neural network models.
The results of the neural network trained on a set of parameters of the central composite plan turned out to
be worse than the results of the regression models. In this case, for the test dataset, the results of the neural
network model trained with 135 combinations of parameter values of the two-beam laser splitting (version B)
proved to be the best.

The suggested architecture of the neural network model, trained with a small dataset, proved to be better
at predicting the parameters of two-beam laser splitting compared to the suggested regression models. Thus,
as in [20], it follows that the use of neural network models is preferable for predicting laser cutting parameters,
including two-beam laser splitting.

Conclusions

The research performed by us shows the possibility of determining the modes of two-beam laser splitting
of silicate glasses based on a combination of the finite element method, regression and neural network models.
The numerical experiment brought about identifying the architecture of neural networks, which gives an ac-
ceptable result when determining the values of thermoelastic stresses and temperatures in the laser processing
zone. A higher efficiency of neural network models in predicting the parameters of two-beam laser glass split-
ting compared to regression models has been shown.
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