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VII. BizomocrTi npo IiP
Ha3sBa po6oTH yKpaiHCBHKOIO:

JocninkeHHs B3aeMoJii peMTOCEKYHIHUX JIa3ePHUX IMITyJIbCiB 3 apMOBAHUMMU BYTJIELI€BUM BOJIOKHOM

KOHCTPYKLiTHUMMU MJIaCTUKAMU

Ha3sBa po60oTH aHIJIiHCBHKOIO:

Study of the interaction of a femtosecond laser pulses with carbon fiber reinforced structural plastics

Pedepar yKpaiHCBKOIO:

Y 3BiTi IpeACTaBI€HO PE3yIbTAaTH KOMIIJIEKCHOTO OCJIIPKEHHS], CIIPSIMOBAHOTO HA MiJBUIIEHHS €(PEKTUBHOCTI,
KEPOBAHOCTI Ta SIKOCTi (peMTOCeKyHAHOI jJa3epHOi 06poOKU ByrieueBmicHuX macTukiB (CFRP) nisixom noenHaHHs
onTuMizallii napameTpiB ONIPOMiHEHHS 3 LiJIeCIIPsIMOBaHOI0 Mogudikaliero nojgimepHoi marpui NIR-
abcopOyBaZbHUMU HAMlOBHIOBaYaMu. EKcriepuMeHTabHa YaCTUHA BKJI0Yala CTBOPEHHS peepeHTHUX Ta
moaudikoBanux CFRP-cucTtem i3 MiiHO- Ta KaNMbLUiBMICHUIMU TiZPOKCUATIATUTHUMU JOOABKAMHU, & TAKOXK
npoBefieHHs abssnii Ha moBxXuHi xBui 1030 HM i3 KOHTPOJIbOBAHOO (PJIIOEHCHICTIO, IEPEKPUTTSIM iMITYJIbCIiB Ta
peXMMaMu CKaHyBaHHs. KijIbKiCHY OL[iHKY BUKOHAHO METOJIOM ONTUYHOI npodinomerpii Ta SEM /EDS, a Takox 3a
poromoromw FTIR, UV-VIS-NIR, XPS i XRD g1 nigTsepIKeHHs BJIACTMBOCTEN HAIlOBHIOBAaYiB. [Toka3aHo, 1m0
MigHui rigpokcudocdar € edpeKTUBHUM JIOKAJTIbHUM TOTJIMHAYEM BUIIPOMiHEHHS: X04a B YUCTiil €lOKCUIHIN
MaTpulli BiH MOXe 3HMKYyBaTu abisuiiHy edextusHicTb, y CFRP 1151 mo6aBka nifsuiye OJHOPIIHICTb IIPOLECY,
30isblIye IIMOMHY IPOHMKHEHHS Ta CTabiNi3ye BUAAIEHHs MaTpuli. BCTaHOBJIEHO palioHasbHE po6oYe BiKHO:
MakcumasibHa eeKTUBHICTb ~6-7 Mkm® /MKIIK mocsraetscs npu ¢uoeHcHOCTi 6-8 Ik /cM? 6e3 HaaMipHOro
TEIJIOBOTO HaBaHTaKEeHHS1. PexxumMu pizaHHs 3a0€3Meuy0Th HU3bKY MIUPHUHY TEPMiYHO 3MiHEHOI 30HU (~8 MKM) Ta
mopcTKicTs KpoMku 0,9-1,3 MKM. Anipobatiist ckaHyBasibHOI rosioBku 3 f-theta-ninzomo nigTBepania qoCSKHY
MIBUJIKICTb Pi3aHHS 65113bK0 0,7 MM /C 17151 3pa3kiB 3aBTOBIIKY 400 MKM, IO MiAKPECIIIOE IePCIIeKTUBHICTh
OaraTorpoxifgHoi abssLii sIK TEXHOJIOTYHOTO MapUIPYTY 1715l IPOMUCIIOBOI iMIyiemeHnTalii. OTpumMaHi JaHi cranu
OCHOBOIO [TPAaKTUYHUX PEKOMEHIALlii 1040 iHTErPOBAHOTrO MiIX0AY «IlapaMeTpH Jjla3epa + pelenTypa MaTpuULi»,
CIIPSIMOBAHOTO Ha MiJBUILEHHS TOYHOCTI, TOBTOPIOBAHOCTI Ta IIPOAYKTUBHOCTI IIPOLLECIB BUTOTOBJIEHHS aPMOBaHUX

[IJIACTHUKIB.

Pedepar aHr1ilicbKOIO:

The report presents the results of a comprehensive study on improving the efficiency, controllability, and quality
of femtosecond laser processing of carbon-fiber-reinforced plastics (CFRP) through the combined optimisation of
irradiation parameters and targeted modification of the polymer matrix with NIR-absorbing fillers. Experimental
work involved fabricating reference and modified CFRP systems containing copper- and calcium-based
hydroxyapatite additives, followed by femtosecond laser ablation at 1030 nm with controlled fluence, pulse
overlap, and scanning strategies. Quantitative evaluation included optical profilometry of ablated volumes,
SEM/EDS microstructural assessment, and physicochemical characterisation of fillers (FTIR, UV-VIS-NIR, XPS,
XRD). The results demonstrate that copper hydroxyphosphate functions as an effective local absorber at 1030 nm:
while it may reduce ablation efficiency in pure epoxy matrices, it significantly enhances ablation uniformity,
penetration depth, and process stability in CFRP. A rational operating window was identified, with peak efficiency
of ~6-7 um?3/yJ at 6-8 J /cm?, ensuring high material-removal rates without excessive thermal load. Cutting trials
confirmed low thermal-affected zones (~8 um) and edge roughness of 0.9-1.3 um, meeting applied technological
requirements. Implementation of a galvo-scanner with an f-theta lens demonstrated effective cutting speeds of
~0.7 mm/s for 400-pm laminates, highlighting the technological potential of multi-pass ablation for industrial use.
The findings form the basis for practical recommendations that integrate laser-parameter selection with matrix-
formulation design, providing a pathway for improving precision, repeatability, and productivity in CFRP
manufacturing.
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VIII. HaykoBa (HayKoBo-TexHiuHa) npoaykuist (HTII)

Ha3zga HTII yKpaiHCBKOIO: OCTaTOYHMIA 3BT PO PE3YJIbTATH BUKOHAHHS HAYKOBO-[OCIIIHOI po6oTH
"TlociiKeHHsS B3aeMO/Iii PEMTOCEKYHIHUX JIA3EPHUX IMITYJIbCIB 3 aDMOBAHUMMY BYIJIEL[EBUM BOJIOKHOM

KOHCTPYKLIVHUMU IJIaCTUKaMK"

Hassa HTII aHr/1ificbKO¥0: Final Report on the Results of the Research Project “Study of the Interaction of

Femtosecond Laser Pulses with Carbon-Fiber-Reinforced Structural Plastics”

HTII, sixky nepen6ayasiocsi CTBOPHUTH: CTBOPEHO

IIpuunHnu, yepe3s saki HTII He 6ysi0 cTBOpeHO:

OTpnmaHi P€3yJIbTAaTH: AHaliTUYHI MaTepianu

l'asy3p 3aCTOCYBaHHSI: aBialliiiHa IPOMICIIOBICTD, aBTOMOGiIbHA TIPOMUCTIOBICTb, MaTePiaso3HABCTBO
PeecTpanifiHuil HOMep KapTKH TE€XHOJIOTii:

Omnuc HTII: HaykoBo-TexHiyHa npopyKijis npecTaBieHa y BUris i 3aBepuieHoro «OCTaTo4yHoro 3Bity mpo
pe3yJIbTaTU HayKOBO-IOCIigHOI po60TH “JloCigKeHHs B3aeMOoii (PeMTOCEKYHIHUX JIa3€PHUX iIMITyJIbCIB 3
apMOBaHUMMU BYTJIELI€BUM BOJIOKHOM KOHCTPYKLIMHUMMU IJIACTUKAMU ™». 3BiT MiCTUTb KOMILJIEKC
€KCIIEPMMEHTAJIbHUX, aHAJIITUYHUX Ta IPUKJIAAHUX PE3yJIbTaTiB, CIIPSIMOBAaHUX Ha MifBUILIEHHS €(DEKTUBHOCTI Ta
KepoBaHOCTi (eMTOCEKYHIHOI J1a3epHOI 06pOOKY KOMITO3UTIB HA OCHOBI BYTJIEIIEBOTO BOJIOKHA Ta €TIOKCUIHO]
MaTpuLi. Y JOKYMEHTI CUCTEMATU30BaHO JOCIIIPKEHHS BIIJIMBY [1aPAMETPIB JIA3€PHOTO OIIPOMIHEHHS
(pmoeHcHicTh, YacTOTa, IEPEKPUTTS IMITYJIbCIB, PEXXMMU CKaHYBaHHS) Ta PELLENITYPHUX 3MiH [T0JliIMEPHOI MaTpuli
Ha IPOJYKTUBHICTb abJsLlii, piBHOMIDHICTb BUJIaJIeHHs MaTepiany Ta GOpMYyBaHHS IIOBEPXHEBUX TEKCTYP.
Oco61By yBary npupiieHo BUKopucTaHHIo NIR-akTUBHMX Minb- Ta KayibLifBMiCHUX TiIPOKCUATIATUTHUX
HaIlOBHIOBAYiB SIK JIOKAJILHUX TIOTJIMHAYIB €HEPTii, 0 J03BOJISI0Th 3MEHIIUTY I€TE€POTr€HHICTD IIOTJIMHAHHSA Y
KOMIIO3UTi Ta CTabili3yBaTy NpoLleCH pisaHHs I TeKCTypyBaHHs. HaykoBa LiHHICTb IpoayKuii nossirae y
BCTAHOBJIEHHI HOBMX 3aKOHOMiPHOCTE! B3a€EMOii YIbTPAKOPOTKUX iMITyJIbCIB 3 6araTOKOMIIOHEHTHUMU
reTeporeHHNMU MaTepiajsiamMmy, 30KpeMa y BU3HAYEeHHi poJIi ONTUYHUX JOMIIOK y POpMYBaHHI absaLiliHOTO
npodisio Ta 3CyBi ONITMMaJbHUX POOOUMX PEKUMIB. Briepiie nokasaHo, 1o moaudikallis MaTpuli Mmoxe 6yTu
PIBHOLIIHHMM iHCTPYMEHTOM KEPYBaHH4 [IPOLIECOM IOPAL 3 ONTUMIi3alli€elo napaMeTpiB Jlasepa, 10 BiIKpUBa€e HOBI
HiIXo4M N0 TOYHOTO HaJIAITYBAaHHS MPOoLeciB MiKpoo6poOKku. [IpakTryHa LiHHICTb 3BiTYy nosisirae y popMyBaHHi
peKOMeHIallil 4151 TPOMUCJIOBOTO BUKOPUCTaHHs JlazepHoro pizaHHs CFRP, 30kpema Bu3Ha4eHHi pOOOYMX «BIKOH»
(dJroeHCy, crocobiB MiABUILEHHS OGHOPIIHOCTI a6l Ta MeToAiB MacTabyBaHHS [IPOAYKTHUBHOCTI 32 JOIIOMOTOI0
raJIBOCKAaHEPHUX CUCTEM. Pe3ybTaT MOXKYTb OYTU BIIPOBAIPKEHI MiAIIPMEMCTBAMM aBiallifiHOI, aBBTOMOOLIBHOI Ta
000POHHOI IPOMUCIIOBOCTI /1J151 BMEHIIEeHHS AedeKTHOCTI, IiABUIIEHHS TOYHOCTI Ta IPUCKOPEHHSI BUTOTOBJIEHHS

KOMITO3UTHUX OeTaleu.

ComniannbHO-eKOHOMIYHA cripsimoBaHicTh HTII: 36inbmenns o6caris BApOGHUITBA, 3MEHIIEHHS 3HOCY

obJylamHaHHA

Bnsiue HTII Ha mOBKijIs:

Bnposags>keHHs1 HTII: He snposamxeHo

ITpakTuyHa peasnizanis HTTI
IToyaToK eramy: 01.2025
3akiHYyeHHs eTamy: 12.2025

Crnio>KHuBavi NPOAYKILii:

IlepcneKTHBHI PUHKHU:
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