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AHHOTauus. BeinonHeHo wuccienoBaHue npouecca o0paboTku  nonukpuctauimyeckux CVD-aaMa3oB  UMITYJIbCHBIM
HAHOCEKYHJIHBIM JIa3epHbIM H3TydeHHeM U pa3paboTaHa HHTEUIEKTyalbHas CHCTEMa IPOTHO3HPOBAHUS T€OMETPHUYECKHX
rapameTpoB (OPMHUPYEMBIX MHUKPOCTPYKTYP C HCIIONB30BaHHEM amrapara HEeYeTKOH JIOTHKH. OKCIepUMEHTalIbHbIE
HCCIeIOBaHus MpoBoAWinch ¢ ucmnoib3oBanneM Nd:YAG naszepa ¢ amuHO# BomHbl 532 HM. B KadecTBe BapbUpyeMBIX
[IapaMeTPOB BBICTYIATN KOJIHYECTBO HMITYIbCOB, SHEPIHs MMITYJIbCAa M AUAMETP JTa3epHOro Iydka. [ MoCTpoeHus MOjenH
HCIIONB30BAJICS AJTOPUTM HEUYETKOro BbIBOJa MawmiaHH, peanu3oBaHHBIH B cpene Python. Matpuia mianupoBaHus
SKCIEepUMEHTa (HJOPMUPOBAIIACH HA OCHOBE I'PAHCLEHTPUPOBAHHOIO LEHTPAIBHOTO KOMIO3HIMOHHOTO IlIaHA. Y CTAaHOBICHO,
4TO B HCCIEIyeMOM [Hala3oHe IapaMeTpoB 00pabOTKM yHaleHHe MaTeprala HPOMCXOIMUT MPEHMYIIECTBEHHO 3a CUeT
TEPMOMEXAHHYECKOTO Da3pyIIeHUss M TrpadUTH3alMu, YTO NPHUBOAUT K HEJIMHEHHOMY pOCTY pa3MepoB Kparepa IpU
MHOTOHMITYJIbCHOM BO3/eiicTBHU. Pa3paboTana HeueTKast MO/iesib, CBA3BIBAIOIIAS PEXKHUMBI 00pAOOTKH ¢ MIyOUHON M IIHPHHOM
¢dopmupyembIx JyHOK. IIpoBepka aJeKBaTHOCTH MOJENM IOKa3ala JOCTaTOYHO BBICOKYIO TOYHOCTb AaNIPOKCHMAIIUH:
K03(D(HLIUEHT JeTepMHUHALIMKM Ha TeCTOBOM BbIOOpKe coctaBmi 0,7906 mist riyounsl u 0,7940 s mwmpudsl ayHkd. CpenHsis
abcomoTHas mpoueHTHas oumbka (MAPE) Ha TectoBoil BeiOopke He mpeBbicuna 12,5%. IlpeanoxeHHblil TOIXO0A MO3BOJSET
9(p(}EKTUBHO NPOTHO3HPOBATh DE3YJbTATHl JIA3epHOH 0OpabOTKM CBEPXTBEPABIX MAaTepPHANOB, MHHHMH3UDYS 00BeM
JIOPOTOCTOSIIINX HATYPHBIX SKCIIEPUMEHTOB.
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Abstract. This paper presents a study of the polycrystalline CVD diamond processing using pulsed nanosecond laser radiation
and the development of an intelligent system for predicting the geometric parameters of the resulting microstructures based on
fuzzy logic. Experimental investigations were carried out using an Nd:YAG laser with a wavelength of 532 nm. The variable
parameters included the number of pulses, pulse energy, and laser beam diameter. The Mamdani fuzzy inference algorithm,
implemented in Python, was used to construct the model. The experimental design matrix was based on a face-centered central
composite design. It was established that within the investigated range of processing parameters, material removal occurs
primarily due to thermomechanical fracture and graphitization, leading to nonlinear crater growth under multi-pulse exposure.
A fuzzy model was developed to relate the processing conditions to the depth and width of the resultant cavities. The model
validation revealed a reasonably high approximation accuracy, with a coefficient of determination of 0.7906 for the depth and
0.7940 for the width on the test set. The mean absolute percentage error (MAPE) on the test set did not exceed 12.5%.
The proposed approach enables effective prediction of laser processing outcomes for superhard materials, hence reducing the
necessity for expensive physical experimental tests.
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Introduction

Polycrystalline CVD (Chemical Vapor Deposi-
tion) diamonds are recognized as highly promising
materials in contemporary industry, attributed to
their unique combination of physical and mechanical
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properties. These characteristics render them suit-
able for applications in advanced technology sectors,
including cutting tool manufacturing, optics, and
electronics. The physical and mechanical properties
of diamond, which provide advantages as
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a structural material, also present technological chal-
lenges in its processing. Conventional diamond
processing techniques exhibit low productivity, sig-
nificant tool wear, and restricted ability to create
complex geometric shapes. Simultaneously, laser
cutting offers non-contact, high-precision, and con-
trolled interaction with the workpiece material.
Nanosecond lasers represent a distinct category of
laser sources, characterized by an optimal balance
among processing productivity, equipment cost, and
the quality of the resulting structures. The pulse du-
ration, measured in nanoseconds, is adequate for
effective diamond ablation and reduces thermal
damage to the processed surface [1]-[8].

A significant challenge in the laser processing
of CVD diamonds involves establishing the correla-
tion between the technological process parameters,
such as pulse energy, number of pulses, and laser
beam diameter, and the characteristics of the result-
ing structures, specifically the width and depth of the
created cavities. Addressing this issue requires,
among other steps, the development of models de-
rived from experimental data. Nonetheless, the com-
plex nature of the physical processes involved in
laser processing of diamond considerably hinders
the creation of adequately precise response surfaces.
The application of artificial intelligence methods,
particularly fuzzy logic, serves as an effective ap-
proach for modeling complex technological proc-
esses. Fuzzy models enable the formalization of ex-
pert knowledge through linguistic IF-THEN rules,
which enhances model interpretability and accom-
modates qualitative patterns observed in experimen-
tal studies. Fuzzy systems exhibit significant robust-
ness when handling incomplete data and possess the
ability to generalize from limited training sets. This
characteristic is particularly relevant for resource-
intensive experiments that utilize costly materials.
The application of fuzzy modeling to describe laser
material processing has seen significant advance-
ments in recent years [9]-[14].

The literature contains a limited number of
studies that concentrate on the development of fuzzy
models for nanosecond laser processing of polycrys-
talline CVD diamonds. As a result, a critical task
involves the creation of a fuzzy model designed to
predict the geometric parameters of the structures
generated during the laser ablation of CVD dia-
monds, based on varying processing conditions. This
work presents a study on the nanosecond laser proc-
essing of polycrystalline CVD diamonds. A fuzzy
model was developed to predict the width and depth
of the cavities formed, based on variables such as
pulse energy, number of pulses, and laser beam di-
ameter.

1 Experimental Study of Laser Processing of
CVD Diamonds

This research utilized polycrystalline diamonds
that were synthesized through microwave plasma
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chemical vapor deposition (CVD) in an acetylene
atmosphere under reduced pressure [7]-[8].

Experimental studies were conducted on the la-
ser processing of CVD diamonds using an
LS-2134Y Nd:YAG laser. This system features elec-
tro-optical Q-switching and wavelength conversion
from 1064 nm to 532 nm, with a pulse duration t not
exceeding 15 ns. The geometric parameters of the
cavities were measured using a Model 130 pro-
filometer (JSC PROTON Plant, Russia).

A face-centered central composite design for
the experiment was constructed in the DesignX-
plorer module of ANSYS software to determine the
values of three input parameters: N (number of
pulses), E (pulse energy), and D (laser beam diame-
ter) as detailed in Table 1.1. The width and depth of
the laser-induced cavity in the CVD diamond (de-
noted as S and H, respectively) were taken as the
output parameters.

Table 1.1 — Experimental design and results

N E D S H
N | Number of Pulse .Beam ngty Cavity
pulses energy, |diameter,| width, | depth,
mJ pm pm pm
1 2 15 800 240 14
2 1 15 800 280 21
3 3 15 800 260 18
4 2 17.5 800 330 39
5 2 20 800 450 44
6 2 15 600 260 21
7 2 15 1000 520 44
8 1 17.5 600 240 20
9 3 17.5 600 270 25
10 1 20 600 280 25
11 3 20 600 340 50
12 1 17.5 1000 300 23
13 3 17.5 1000 480 33
14 1 20 1000 320 24
15 3 20 1000 880 52

The acquired experimental data were compared
with the findings of the research conducted by Mou-
hamadali et al. [5], which thoroughly examined the
influence of nanosecond laser fluence (A =532 nm,
7 =40 ns) on the microstructure of CVD diamond.
The comparison facilitates the interpretation of the
physical nature of the observed effects, including the
nonlinear growth of crater dimensions and the emer-
gence of cracks. The difference between the current
experiment and the study [5] is in the fluence range.
In study [5], a fluence range of 4.9 to 50 J/cm? was
considered, revealing that high-quality ablation free
of cracks is achieved only at fluences above
35 J/em? In the conducted experiment, with pulse
energy E ranging from 15 to 20 mJ and spot diame-
ter D ranging from 600 to 1000 um, the computed
fluence was around 1.9-7.1 J/cm?. Thus, our
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research was performed within the value range des-
ignated by the authors of [5] as the “intense graphiti-
zation regime”.

It is worth noting that in experimental point
No. 15 (see Table 1.1), at a maximum energy of
20 mJ and a spot diameter of 1000 um, increasing
the number of pulses from 1 to 3 resulted in a sharp
increase in crater width from 320 to 880 pum. This
effect is consistent with the conclusions of study [5]
concerning phase transformations. The explanation
is that the first pulse with low fluence primarily re-
sults in surface degradation rather than material re-
moval, leading to the formation of a layer composed
of graphite and amorphous carbon. Subsequent
pulses then interact with this modified layer, induc-
ing local overheating and extremely rapid material
removal, which accounts for the abrupt increase in
the diameter of the laser-induced cavity.

The morphology of the resulting cavities (see
Figure 1.1) is defined by irregular edges, indicating
that the thermomechanical mechanism of material
removal predominates over sublimation.

Study [5] indicates that at the fluence levels
employed in our experiment, the graphitization front
progresses ahead of the ablation front, leading to the
development of a substantial graphite layer. This
induces stresses that cause macroscopic damage to
the material, consistent with the observations in our
experiment. Consequently, processing the material at
low fluences leads to the formation of cracks within
the graphitized layer, which propagate into the crys-
tal bulk under thermoelastic stresses.

Figure 1.1 — Morphology of a laser-induced cavity
in CVD diamond subjected to irradiation
at a wavelength of 532 nm

Significantly, the results presented herein ex-
tend the findings of Mouhamadali et al. by incorpo-
rating an analysis of the laser beam diameter, a pa-
rameter not addressed in [5], which significantly
impacts the geometry of the formed structures.
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2 Determination of CVD Diamond Laser
Processing Parameters Using a Fuzzy Model

Fuzzy modeling of the nanosecond laser proc-
essing of polycrystalline CVD diamonds was per-
formed using the Mamdani fuzzy inference algo-
rithm [9]. This algorithm was selected for its intui-
tive interpretability and its capability to formalize
expert knowledge through linguistic rules. The
model was implemented using the Scikit-Fuzzy li-
brary within the Python programming language.

The structure of the developed fuzzy system is
presented in Figure 2.1. The system comprises three
input parameters and two output parameters. The
input parameters are N (number of pulses), £ (pulse
energy), and D (laser beam diameter). The output
parameters are S (cavity width) and H (cavity depth).

The input parameters N, E, and D were repre-
sented by triangular membership functions, reflect-
ing the discrete nature of the technological parame-
ter variations observed in the experiment. The output
parameters S and H were described by Gaussian
membership functions, ensuring smooth variation of
the output values and more accurate approximation
of the experimental data (Figure 2.2).

Membership
functions
N —> Fuzzy S
R foroion| | infeene | S[Derenion] 23
D —> system

Figure 2.1 — Structure of the fuzzy system used
for modeling the processing of polycrystalline
CVD diamonds by a nanosecond laser

The following linguistic variables were defined
for the input and output parameters.

For the input parameters, each variable was
characterized by three terms: “low”, “medium”,
“high”.

For the output parameters, each variable was
characterized by nine terms: “tiny”, “very low”,
“low”, “med_low”, “medium”, “med_high”, “high”,
“very_high”, “extreme”.

The extended set of terms for the output vari-
ables is due to the significant range of variation in
the geometric parameters of the cavities and the
need to describe nonlinear dependencies.

Two sets of rules were established to ascertain
the output parameters S (cavity width) and H (cavity
depth) based on the experimental data (Table 1.1).

The rule base for determining the cavity width
(in the program code, the variables N, E, D corre-
spond to the identifiers P1, P2, P3):

ctrl.Rule(P1['L"'] & P3['L'], Width['low']),
ctrl.Rule(P1['L"'] & P3['M'], Width['low']),
ctrl.Rule(P1['L'] & P3['H'], Width['med low']),
ctrl.Rule(P1['M'] & P3['L'], Width['low']),
ctrl.Rule(P1['M'] & P3['M'] & P2['L'], Width['low']),
ctrl.Rule(P1['M'] & P3['M'] & P2['H'], Width['med _high']),
ctrl.Rule(P1['M'] & P3['H'], Width['high']),
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ctrl.Rule(P1['H'] & P3['L'], Width['low']), ctrl.Rule(PI1['L'] & P3['H'], Depth['low']),
ctrl.Rule(P1['H'] & P3['L'] & P2['H'], Width['medium']), ctrl.Rule(P1['M'] & P2['L'] & P3['M'], Depth['tiny' ’
ctrl.Rule(P1['H'] & P3['M'], Width['low']), ctrl.Rule(P1['M'] & P2['L'] & P3['L'], Depth['low'])
ctrl.Rule(P1['H'] & P3['H'] & P2['M'], Width['high']), ctrl.Rule(P1['M'] & P2['L'] & P3['H'], Depth['high']),
ctrl.Rule(P1['H'] & P3['H'] & P2['H'], Width['extreme']), ctrl.Rule(P1['M'] & P2['M'], Depth['med high']),
ctrl.Rule(P2['H'] & P3['M'], Width['med high']), ctrl.Rule(P1['M'] & P2['H'], Depth['high']),
ctrl.Rule(P2['L'] & P3['M'], Width['low']), ctrl.Rule(P1['H'] & P2['L'], Depth['very low']),
ctrl.Rule(P1['L'] & P2['H'] & P3['H'], Width['med low']), ctrl.Rule(P1['H'] & P2['M'] & P3['L'], Depth['med low']),
ini 3 . ctrl.Rule(P1['H'] & P2['M'] & P3['H'], Depth['medium']),
The ruvle'base f()'r'deterrn1n'1ng'the cavity depth: ctel Rule(PL['H'] & B2['H'], Depthl'very high']),
ctrl.Rule(Pl['L'] & PZ['L'], Depth['low']), ctrl.Rule(P3['H'] & P2['L'] & PL['M'], Depth['high'l]),
ctrl.Rule(P1['L"'] & P2['M'], Depth['low']), ctrl.Rule(P3['L'] & P2['H'] & PL['H'], Depth['very high']),
ctrl.Rule(P1['L'] & P2['H'], Depth['med low']), -
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Figure 2.3 — Cavity depth H and width S as a function of processing parameters
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Defuzzification was conducted to derive quan-
titative values for the output variables, thereby com-
pleting the fuzzy modeling process.

Figure 2.3 illustrates the relationship between
the cavity depth H and width S in relation to the
processing parameters, as derived from the fuzzy
model.

The three-dimensional response surfaces (Fig-
ure 2.3), constructed for three values of the number
of pulses (N=1,2,3), show the relationship be-
tween pulse energy and beam diameter with respect
to the geometric parameters of the cavity. The re-
sponse surfaces exhibit a nonlinear character,
thereby validating the application of fuzzy model-
ling to describe the process under study.

The quality of the fuzzy model was evaluated
on a test data set (Table 2.1).

Table 2.1 — Test data set

The results of the fuzzy model evaluation are
provided in Table 2.2.

Table 2.2 — Fuzzy model evaluation results

Central composite Test dataset
design dataset

S H N H

Criterion

RMSE 343 pum| 0.8 pum [41.6 um| 3.5 um

MAE 202 pm| 0.4 pm [33.0 um| 3.0 pm

MAPE 6.2% 1.4% 12.2% | 12.3%

R? 0.9552 | 0.9956 | 0.7940 | 0.7906

N £ D S H
N [Number of] Pulse Beam | Cavity | Cavity
energy, |diameter,| width, | depth,
pulses
mJ um um pum
1 ! 16 900 | 310 | 26
2 1 18 800 | 240 | 24
3 2 17 700 | 245 | 30
4 2 19 600 | 285 | 38
> 3 16 700 | 240 | 17
6 3 18 900 | 500 | 38

The evaluation of the developed regression and
neural network models was conducted using the fol-
lowing criteria:

Coefficient of determination

1 2
“SNY(d -
R*=1 ”":1( )
S
nit

Mean Absolute Error (MAE)
MAE=23|d -y,
n'izy

Root Mean Square Error (RMSE)

RMSE = /12":(% -y).
ni

Mean Absolute Percentage Error (MAPE)

MAPE :lz L
nio

-100,

i

where d, represents the values determined experi-
mentally, y, denotes the values derived from the
fuzzy model.
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The analysis of the obtained metrics indicates a
high adequacy of the constructed model. In the train-
ing dataset, the coefficient of determination for cav-
ity depth attained R?=0.9956, indicating an almost
perfect correspondence between the model predic-
tions and the experimental data. The coefficient of
determination for cavity width is also high, amount-
ing to R?>=0.9552. The mean absolute percentage
error for the training dataset does not exceed 6.2%
for width and 1.4% for depth, demonstrating accurate
approximation of the experimental dependencies.

On the test dataset, the model demonstrates sat-
isfactory generalization capability. The comparison
of the metrics from both the training and test data-
sets allows for an assessment of the model's gener-
alization ability. The coefficient of determination is
observed to decrease to 0.7940 for width and to
0.7906 for depth when moving from the training
dataset to the test dataset, signifying a moderate de-
cline in accuracy with fresh data. The MAPE values
for the test dataset (12.2% and 12.3%) exceed the
corresponding values for the training dataset, sug-
gesting a degree of model overfitting; yet, the abso-
lute error values remain within acceptable limits for
technological forecasting tasks. The compactness of
the rule base (15 rules per output parameter) demon-
strates efficient utilization of experimental data in
model construction. Moreover, the obtained accu-
racy metrics indicate that the model adequately cap-
tures the main regularities of the process under
study.

Conclusion

This study presents a comprehensive examina-
tion of the nanosecond laser processing of polycrys-
talline CVD diamonds using a Nd:YAG laser
(A =532 nm, T < 15 ns). Additionally, a fuzzy model
was created to predict the geometric parameters of
the resulting structures. The analysis indicated that,
given the specified processing parameters, the proc-
ess operates within the intense graphitization regime.
This leads to nonlinear dependencies and the devel-
opment of cavities with irregular edges, attributed to
the dominance of the thermomechanical material
removal mechanism. A fuzzy model employing the
Mamdani algorithm was created, incorporating three
input parameters (number of pulses, pulse energy,
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beam diameter) and two output parameters (cavity
width and depth). The fuzzy model, comprising 15
rules for each output parameter, exhibited a reasona-
bly high accuracy in approximating the experimental
data. The results obtained validate the effectiveness
of applying fuzzy logic for modeling laser process-
ing of CVD diamonds and can be used to optimize
the technological regimes for nanosecond laser abla-
tion of polycrystalline diamond materials.
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