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Abstract: Carbon fiber reinforced plastics (CFRP) are widely used in aerospace,
automotive, and marine industries due to their excellent strength-to-weight ratio, chemical
resistance, and formability. However, their heterogeneous structure complicates conventional
machining, often requiring multistep processing. Laser micromachining, particularly with
femtosecond (fs) pulses, offers a promising alternative by minimizing heat-affected zones (HAZ)
and enabling precise ablation. Yet, uneven ablation between the epoxy matrix and carbon fibers
remains a challenge. In this work, copper-substituted hydroxyapatite (Cu-HAp) microparticles were
synthesized and introduced into the epoxy matrix to improve laser energy absorption and ablation
uniformity. SEM analysis revealed that Cu-HAp particles possess a hierarchical quasi-cubic
morphology with a high surface area, favorable for infrared absorption. CFRP samples modified
with Cu-HAp were processed using a 1030 nm fs-laser, and the resulting surface morphology was
examined. Compared to unmodified systems, Cu-HAp-modified composites showed more defined
ablation zones, deeper material removal, and enhanced uniformity across fiber and matrix phases.
The results confirm that Cu-HAp serves as an efficient near-infrared absorber, enhancing the
precision and quality of fs-laser machining of CFRP. These findings support the potential of Cu-
HAp additives for advanced micromachining and functional surface structuring of polymer
composites.
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Carbon fiber reinforced plastics (CFRP) have a number of properties that
provide them with applications in aerospace, automotive and marine applications,
including lightness, strength, ease of formation, ease of scaling, and resistance to
aggressive environments. However, the processing of such material has difficulties
due to the heterogeneity of phases (fiber and polymer), which requires an increase in
processing operations [1]. One of the promising processing methods is laser
processing, however, for CFRP there is a problem related to heat affected zones
(HAZ) [2]. The laser processing method utilizes constant or pulsed laser exposure,
but this method is energy intensive and the cut site has a high HAZ value [3].

The use of femtosecond laser pulse can reduce the influence of HAZ due to
high machining accuracy and minimizing the heating area of the material [4].
Another advantage of femtosecond laser processing is the possibility of equalizing
the ablation rate for both the polymer part (epoxy matrix) and reinforcing fibers
(carbon fiber) in the composite material. The epoxy degrades much faster than the
carbon fiber when exposed to the laser beam, resulting in uneven cutting of the
CFRP. One option to further improve the thermal resistance of the resin is to
introduce adsorbers - additives that will sorb the laser radiation and compensate for
the heating. Copper hydroxyphosphates have attracted attention due to their strong
absorption in the NIR region and are a possible adsorber for systems with laser
radiation with a wavelength of 1030 nm [5]. The aim of this work was to determine
the effect of copper hydroxyapatite-based additives on the femtosecond laser ablation
process.

The synthesis of copper hydroxyapatite particles was performed in accordance
with [6]. The surface morphology of synthesized copper hydroxyapatite (Cu-HAp)
microparticles was investigated by scanning electron microscopy (Fig. 1). The
particles have a well-defined quasi-cubic morphology with well-defined faceted
surfaces. The average particle size is 2.5 um and individual particles consisted of
densely packed plate-like substructures. The particles are not agglomerated.
Hierarchical and layered surface structure, along with high apparent surface area,

which may contribute to more efficient heat dissipation and localized energy
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absorption during femtosecond laser ablation. These morphological features are
expected to enhance the functional performance of the material as an infrared
radiation absorber. The hierarchical and layered surface structure, along with the high
apparent surface area, may improve the interaction with near-infrared laser radiation,
particularly at a wavelength of 1030 nm. Copper-containing hydroxyapatites are
known for their strong NIR absorption, and the morphological characteristics
observed here may contribute to more efficient heat dissipation and localized energy
absorption during femtosecond laser ablation. This supports the potential application
of Cu-HAp as an additive for laser-sensitive polymer systems, where precise control

over ablation efficiency and thermal effects is critical.
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Fig. 1. SEM image of copper hydroxyapatite microparticles
For laser treatment of CFRP, a femtosecond laser-based system was used (Fig.

2). A laser with a wavelength of 1030 nm, forming a Gaussian beam with a diameter
of 4,1 mm (at an intensity level of 1/e*), was used as a radiation source. The

maximum output power of the laser was 6 W, and the operating frequency was up to
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200 kHz. The power was adjusted using an external attenuator including a half-wave
plate (HWP) and a polarizer (Pol). To convert linear polarization to circular
polarization, the beam was additionally passed through a quarter-wave plate (QWP).
The beam was focused using a 10x Mitutoyo Plan Apo NIR lens mounted on the Z-
axis, with a focal spot diameter of about 3,9 pum (1/e* level). The CFRP samples were
placed on precision XY line tables (Aerotech ANTI130-XY). Processing was
performed by passing reciprocating the sample to ensure ablation of a 0,5x0,5 mm
area. The track spacing was 2,5 um and the degree of overlap was varied to achieve

the optimal value. CFRP samples were washed in an ultrasonic bath in distilled water

after processing.
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Fig. 2. Optical setup for the fabrication of the CFRP

To evaluate the effect of Cu-HAp additive on the laser ablation performance of
CFRP, the surface morphology after exposure to femtosecond laser irradiation was
examined by SEM (Fig. 3). The intact epoxy sample (Fig. 3a) exhibits a relatively
smooth ablated surface with moderate edge definition, indicating limited NIR laser
energy absorption and inefficient material removal. In contrast, the Cu-HAp modified
epoxy resin (Fig. 3b, 3c) exhibits a markedly different morphology: the ablation zone
appears more textured and granular, with improved material removal and sharper
edges. This suggests improved laser absorption in the presence of Cu-HAp, probably
due to its strong interaction with near-infrared light, resulting in increased localized
heating and effective ablation. Further improvement is observed in fiber-reinforced

systems. CFRP (Fig. 3d) shows partial exposure of fibers and a characteristic
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furrowed texture along the scanning direction, with resin not completely removed.
After Cu-HAp modification (Fig. 3e, 3f), the ablation becomes much more uniform.
Secondary (SE) and backscattered (BSE) images show improved ablation contrast,

indicating deeper penetration into the resin matrix and improved edge quality.
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Fig. 3. SEM images: a — epoxy resin; b, ¢ — SE, BSE image of Cu-HAp modified epoxy resin; d
— epoxy resin + carbon fiber; e, f — SE, BSE image of Cu-HAp modified epoxy resin + carbon
fiber

CONCLUSIONS

The results show that Cu-HAp acts as an efficient absorber of 1030 nm laser
radiation, facilitating more controlled and efficient femtosecond laser ablation. This
is particularly relevant for applications requiring precise microstructuring and laser

cutting of polymer composites.
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OIIHKA BIIVIMBY TOBABKH MI/THOI'O I'TIPOKCHUAITATUTY HA
PEMTOCEKYHIHY JA3EPHY ABJIAIIIO APMOBAHUX
BYI'JIEHEBUM BOJIOKHOM IIVTIACTHUKIB
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Hentp dpiznunux Hayk Ta TexHosorii (FTMC)

Anomauin: Apmoesani  gyenennacmuxu (CFRP) wupoko  euxopucmosyromscsi 8
AepOKOCMIYHIU, ABMOMOOIILHIUL Ma MOPCHKIll NPOMUCTOBOCMI 3AB0AKU IXHLOMY BIOMIHHOMY
CNiBBIOHOULEHHIO MIYHOCMI 00 8a2u, XiMIuHil cmilikocmi ma 30amuocmi 0o gopmysanns. OOHaxK ix
HEOOHOPIOHA CMPYKMypa YCKIAOHIOE 36UYALIHY MEXAHIYHYy 00pOoOKY, Hacmo 8umMazaroyu
bacamoemannoi 0o6pobku. Jlazepna Mikpoobpobra, 0cooIUB0 3 BUKOPUCTNAHHAM (HemMmOoceKyHOHUX
(¢hc) imnynvcis, npononye 6azamoooiysayy arbmepHamuey, MiHIMI3 U 30HU MEPMIYHO20 6NIUBY
(3TB) i 3abesneuyiouu mouny abnayiio. IIpome uepienomipHicmsb abaayii Midc enoKcuoHO
mampuyero i gyeneyesumi 8010KHAMU 3AIUUAEMbCs npobaemoro. Y yiti pobomi 6yno cunmeso8aHo
MIKPOUACMUHKU  3amieHo20 Mmioow 2iopoxkcuanamumy (Cu-HAp) ma 68edeno 8 enokcuouy
mampuyro 0151 NOKPAWEHHs. NO2TUHAHHS 1a3epHOi eHepeii ma pisHomipnocmi abasayii. Ananiz 3a
oonomoeorw PEM noxazas, wo wacmunxu Cu-HAp maroms iepapxiuny xeazikyoiuny mopponozin 3
BUCOKOIO NJIOWeI0 NOBEPXHI, CNPUAMAUBOI0 Ol NONUHAHHA [HYPAUEPBOHO20 BUNPOMIHIOBAHHSL.
3pasxu gyenennacmuxy, mooughikosani Cu-HAp, 06pobasiu 3a 00nomo2oio fs-nazepa 3 008HCUHONO
xeuni 1030 wum i Oocnioxcyeanru mopgonocito nogepxwi, wo ymeopuiacs. Ilopiensano 3
Hemoougixosanumu cucmemamu, Komnozumu, moougixoeani Cu-HAp, noxasanu Oinbui uimko
OKpeclieHi 30HU abaayii, erudwe BuoanieHHs mamepianry ma NOKPaweHy OOHOPIOHICMb MidiC
BOJIOKHUCMOI0 ma mampuunoro gasamu. Pesynomamu niomeepoxcyioms, wo Cu-HAp cayeye
epexmusHUM no2nuHayem OIUNCHbO2O IHPPAUEep8OHO20 SUNPOMIHIOBAHHS, NIOBUWYIOUU MOYHICb
ma AKicme jaazepHoi 0bpobku eyenenaacmuxy. Li pe3yromamu niomeepoxcyioms nomeHyian
oobasox Cu-HAp onsa e0ockouaneHoi Mikpooopobku ma @QYHKYIOHATIbHO20 CMPYKMYPYEAHHS
NOBEPXHI NONIMEPHUX KOMNOZUMIE.

Knrouoei cnoea: apmosani syzneyesum 60J0KHOM HIACMUKU, eMmMOCEKYHOHUL aasep,
2iopokcuanamum mioi, enoKCUOHAa cMoad, 8yeieyese B0N0KHO.
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