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BY FEMTOSECOND LASER PULSES

Baklan D.V., Myronyuk O.M., Bilousova A.O., Vanagas E.

JOCIIIKEHHS BIVIMBY AICOPBEPIB JIASEPHOI'O BUITPOMIHIOBAHHSA
HA ABJIALIIO PEMTOCEKYHIHUMMU JJASEPHUMU IMITYJIbCAMU
APMOBAHOTI'O BYI'VIEHEBUM BOJIOKHOM IIJIACTUKY

Bbaxkaan /I.B., Muponwk O.B., binoycosa A.O., Banarac E.

Carbon fiber-reinforced plastics (CFRPs) have gained
popularity due to their advantageous properties,
including a high strength-to-weight ratio, resistance to
chemicals, and design flexibility. However, the
processing of these composite materials remains
challenging due to the heterogeneity between carbon
fibers and the polymer matrix. Laser ablation,
particularly with ultrafast femtosecond lasers, has
emerged as a promising technique for the precise
machining of CFRPs. Advantages of this technique
include minimal thermal damage and improved ablation
precision. However, disparities in ablation rates between
the epoxy matrix and carbon fibers frequently impede
process efficiency. The present study investigates the use
of hydroxyapatite-based additives to enhance laser—
material interaction and optimize the ablation behavior
of CFRP systems. Specifically, copper-substituted
hydroxyapatite (Cu-HAp) microparticles, which are
known for their strong absorption in the near-infrared
(NIR) region around 1030 nm, were synthesized and
introduced into  the epoxy matrix. Calcium
hydroxyapatite (Ca-HAp), a thermally stable and
biocompatible ceramic with low NIR absorption, was
utilized as a reference to assess the specific contribution
of copper ions. Epoxy composites with 5 wt.% of various
filler compositions (100% Cu-HAp, 75% Cu-HAp/25%
Ca-HAp, and 50% Cu-HAp/50% Ca-HAp) were
prepared and incorporated into CFRP laminates.
Femtosecond laser ablation at 1030 nm was performed
under optimized conditions for each sample type,
followed by evaluation of the resulting surface
morphology using optical profilometry and SEM. The
findings indicated that the incorporation of Cu-HAp
fillers promoted enhanced energy absorption, thereby

facilitating more efficient ablation with reduced thermal

damage in comparison to unmodified epoxy and Ca-
HAp-filled systems. Replacing Cu-HAp with Ca-HAp
increased the required laser fluence and energy input.
This indicates that copper ions enhance localized heating
and energy coupling. SEM imaging showed that Cu-HAp
particles had a porous, aggregated morphology that
redistributed thermal energy, while Ca-HAp had denser,
more homogenous filler structures with reduced porosity.
This work shows the potential of Cu-HAp as a functional
additive to adjust how femtosecond laser radiation
interacts with composite materials and improve
micromachining outcomes. The findings support the

feasibility of using NIR-absorbing ceramic fillers to deal

with common issues associated with laser processing of
CFRPs, including heat-affected zones and ablation
inhomogeneity.
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Introduction. Carbon fiber reinforced plastics
(CFRPs) have properties that make them ideal for
use in aerospace, automotive, and marine
applications. These properties include lightness,
strength, ease of formation, ease of scaling, and
resistance to aggressive environments. However,
processing such materials is challenging due to the
heterogeneous phases (fiber and polymer), which
require more operations [1]. One promising
processing method is laser processing. For CFRP,
however, laser processing is associated with several
problems, particularly the formation of heat-
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affected zones (HAZs), which can negatively
impact structural integrity [2].

This method uses continuous or pulsed laser
exposure. However, this approach is energy-
intensive and often results in significant thermal
damage at the cut edge, particularly with
conventional nanosecond or picosecond pulses [3].
Using ultrafast (femtosecond) laser pulses has
several advantages, including minimal thermal
diffusion, higher precision, and reduced HAZ due to
ultra-short interaction times and nonlinear
absorption processes [4, 5]. Another advantage of
femtosecond laser processing is equalizing the
ablation rate of the polymer part (epoxy matrix) and
the reinforcing fibers (carbon fiber) in the
composite material. In conventional laser cutting,
epoxy degrades faster than carbon fiber under laser
irradiation, resulting in uneven and inefficient
ablation [6].

One strategy to address this imbalance
involves modifying the polymer matrix with
additives that increase its absorption in the laser
wavelength range and improve the resin's thermal
resistance. Using adsorbing fillers that enhance
interaction with the laser beam and redistribute
thermal energy locally can be an effective solution
[7].

Recently, copper-substituted hydroxyapatites
have attracted attention due to their strong
absorption in the near-infrared (NIR) region,
particularly at around 1030 nm wavelengths [8].
Their hierarchical structure and surface morphology
suggest potential applications in enhanced heat
dissipation and localized energy management. In
this context, copper hydroxyapatite (Cu-HAp)
microparticles were selected as functional additives.
In addition to Cu-HAp, this study utilizes calcium
hydroxyapatite (Ca-HAp) as a reference material.
Ca-HAp 1is a well-known, thermally stable,
biocompatible ceramic with limited absorption in
the NIR region [9]. Including it allows for a
comparative analysis that isolates the specific
contribution of copper ions to laser absorption
efficiency and ablation behavior. Ca-HAp was also
chosen because of its structural similarity to Cu-
HAp and its widespread use in materials science as
a baseline material in studies of substitution effects
[10, 11].

Task setting. The present work is aimed at
investigating the influence of hydroxyapatite-based
fillers on the efficiency and precision of
femtosecond laser ablation of CFRP systems. The
study includes: the synthesis and morphological
characterization of copper hydroxyapatite (Cu-
HAp) and calcium hydroxyapatite (Ca-HAp)

microparticles; preparation of modified epoxy
resins and CFRP systems incorporating these
additives; laser ablation of the modified systems
using a femtosecond laser with a wavelength of
1030 nm; comparative analysis of the ablation
quality, morphology, and uniformity for the
reference and modified systems.

The aim of the work is to evaluate the
potential of hydroxyapatite-based additives,
particularly Cu-HAp, as effective NIR absorbers for
enhancing the femtosecond laser ablation of CFRP
materials. A comparative analysis with Ca-HAp is
conducted to determine the role of copper
substitution in modulating laser-matter interaction,
minimizing heat-affected zones, and improving
ablation precision and uniformity.

Presentation of the main research material.
The required amounts of copper nitrate and
ammonium dihydrogen phosphate in a 2:1 ratio
were dissolved in water to form a 0.2 M solution.
The pH was increased to 7 with ammonia solution.
The solution was left to stir at room temperature for
16 hours. After that, it was filtered, washed with
distilled water, and centrifugated at 20,000 rpm. The
powder was then dried in an oven at 80 °C for 3
hours. The copper hydroxyapatite powder was
additionally calcined in an oven at 400 °C for 1
hour. To prepare calcium hydroxyapatite powders,
the required amount of calcium nitrate was
substituted for copper nitrate and synthesized. As a
result, 3 samples of adsorbers were obtained: 1)
100%Cu-HAp, 2) 75%Cu-HAp + 25%Ca-HAp, 3)
50%Cu-HAp + 50%Ca-HAp.

To evaluate the effect of the obtained
hydroxyapatite fillers on laser ablation, epoxy
composites were prepared by dispersing the
synthesized Ca-HAp and Cu-HAp particles in
epoxy resin (CHS-Epoxy 520, Spolchemie). The
filler loading was set at 5 wt. % for both types of
particles. The fillers were dispersed in the epoxy
resin for a duration of 30 minutes by means of a
high-speed disperser (WiseTis HG 15A).
Subsequently, the hardener was incorporated in
accordance with a stoichiometric ratio (TELALIT
0600, Spolchemie), and the mixture was manually
agitated. Following this, the mixture was subjected
to homogenization and degassing under vacuum.
The resulting composition was subsequently poured
into molds to form plates with a thickness of
approximately 2 mm. The plates were then cured at
room temperature for a period of 24 hours, followed
by a curing process at 50 °C for 3 hours. The
modification of CFRP entailed a procedure
analogous to the one employed to prepare a thin
layer between the carbon fiber layers (3K twill, 220
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g/m?). The modified epoxy compositions (with 5 wt.
% filler) were applied between the CFRP sheets and
cured under the same conditions to obtain samples
with the fillers incorporated into the matrix.

The laser ablation procedure was executed
using a femtosecond laser system (Fig. 1), which
operates at a wavelength of 1030 nm, achieves a
maximum output power of 6 watts, and can generate
up to 200 kHz of repetition rate. The beam exhibited
a Gaussian profile, with a diameter of 4,1 mm (at an
intensity level of 1/e?), and was formed using a half-
wave plate (HWP), a polarizer (Pol), and a quarter-
wave plate (QWP) for circular polarization. The
focusing process utilized a 10x Mitutoyo Plan Apo
NIR objective, yielding a focal spot of
approximately 3,9 um (1/¢?). The samples were
mounted on a high-precision XY table (Aerotech
ANT130-XY). The laser scanning procedure was
conducted over an area measuring 0,5x0,5 mm,
with a scanning step size of 2,5 micrometers. To
ascertain the most efficacious overlap values, a
series of trials were conducted. After processing, the
samples were rinsed with distilled water in an
ultrasonic bath to remove any extraneous particulate
matter.
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Fig. 1. Optical setup for CFRP laser ablation

The processed samples were analyzed using
optical profilometry (SensoSCAN 6 profilometer
with an EPI 20X v35 lens and SensoVIEW 1.8.0
software, Sensofar metrology).

SEM image (Fig. 2. a) shows that copper
hydroxyapatite (Cu-HAp) particles have a highly
aggregated morphology, consisting of nanoscale
primary particles forming larger porous clusters.
The surface is rough with significant texture and
irregular growth pattern. The 1:1 mixture of Cu-
HAp and Ca-HAp has a more homogeneous and
densely packed structure (Fig. 2. b). The presence
of Ca-HAp reduces the degree of agglomeration and
promotes denser packing of particles. The particle
size distribution becomes narrower, and the overall
morphology becomes less porous compared to pure
Cu-HAp.

The samples were analyzed using optical
profilometry to evaluate the effect of calcium
hydroxyapatite (Ca-HAp) on the laser ablation
behavior of epoxy composites. Optimal laser
parameters were selected for each composite type to

achieve clean and controlled ablation with minimal
thermal damage (Table 1). This was done for an
equivalent ablation volume at 10 um deep.

Fig. 2. SEM of synthesized particles
(5 pm field of view):
a— Cu-HAp, b — 50%Cu-Hap+ 50%Ca-HAp

The addition of hydroxyapatite-based fillers
significantly impacted on the optimal laser fluence,
energy, and power required for effective ablation.
The neat epoxy (without additives) required the
lowest energy input (2,5 pJ) and fluence (10,3
J/em?). Incorporation of 100% Cu-HAp slightly
increased these values to 2,75 uJ and 11,4 J/em?,
respectively, indicating some enhancement of
energy absorption due to the presence of copper
ions, which likely contribute to increased local heat
generation and absorption of the laser radiation.

With the progressive substitution of Cu-HAp
by Ca-HAp, the energy thresholds increased
noticeably. For the 75% Cu-HAp + 25% Ca-HAp
composite, the optimal energy rose to 3,25 uJ, and
for the 50% Cu-HAp + 50% Ca-HAp composition,
it further increased to 3,75 wJ, along with a fluence
of 16,0 J/cm? and power of 0,75 W. This trend
suggests that the introduction of Ca-HAp, which is
less absorbing power than Cu-HAp, modifies the
thermal and optical properties of the composite,
requiring higher laser input to initiate effective
ablation. These findings indicate that not only the
type of filler but also its ratio strongly influences the
interaction of the material with femtosecond laser
pulses.

Table 1
Optimal femtosecond laser parameters
Sample Fluence, | Energy, Power,
J/em? ul W
Without additive 10,3 2,5 0,5
100% Cu-HAp 11,4 2,75 0,55
75%Cu-Hap
+25%Ca-HAp 14,0 3,25 0,65
50%Cu-Hap
+50%Ca-HAp 16,0 3,75 0,75
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Increasing the power to ablate the same
amount of material uses more energy, but it allows
better control of the process to minimize damage.
The results show that the Cu-HAp additive is best at
absorbing laser radiation at 1030 nm.

To analyze the effect on surface morphology
of the treated areas, an additional SEM photo was
made (Fig. 3).

Fig. 3. SEM CFRP surface after laser ablation
(50 pm field of view): a — neat epoxy carbon fiber
composite, b — CFRP with Cu-Hap additive

The CFRP surface after ablation is rough and
irregular with extensive debris and signs of thermal
degradation (Fig. 3 a). The polymer matrix is
partially  decomposed, forming amorphous
structures, and the exposed carbon fibers are poorly
defined, with signs of burning and delamination.
This morphology indicates inefficient ablation,
where excessive thermal energy leads to melting
and resolidification rather than precise removal. The
composite containing Cu-HAp (Fig. 3 D)
demonstrates a smoother ablation pattern. The
carbon fibers are cleaner and more distinct, with
minimal surrounding debris. This improvement is
due to the enhanced laser energy absorption and
heat conductivity provided by the Cu-HAp additive.
These observations suggest that the inclusion of Cu-
HAp alters the thermal response of the material
during laser exposure.

Conclusion. This study shows that
hydroxyapatite-based fillers can effectively tailor
the interaction of femtosecond laser radiation with
CFRP composites. Copper-substituted
hydroxyapatite (Cu-HAp) enhances near-infrared
(NIR) absorption, improving the coupling
efficiency between laser energy and the polymer
matrix. The incorporation of Cu-HAp into the epoxy
matrix enabled uniform and controlled ablation,
with minimal heat-affected zones and smoother
ablation profiles. In contrast, gradual substitution of
Cu-HAp with calcium hydroxyapatite (Ca-HAp), a
less absorptive but structurally similar filler,
increased the energy thresholds required for

effective ablation. This indicates that copper ions
modulate local heat generation and enhance NIR
absorption. The combination of femtosecond laser
processing with NIR-absorbing additives such as
Cu-HAp offers a strategy for improving the
precision and efficiency of CFRP micromachining.
These findings optimize laser-based manufacturing
techniques for composite materials, particularly in
applications where thermal damage must be
minimized.
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Bbakaan 1.B., Muponwok O.B., Biioycosa A.O.,
Banarac E., J[locaimkeHHsi BIUIMBY ajcopOepiB
JIa3epHOTO BUNPOMiHIOBAHHSI Ha adJsiuiro
(heMTOCEKYHTHUMH JIa3epHUMU iMIyJibcamMu
ApPMOBAHOTIO BYIJIEI[€BUM BOJOKHOM ILIACTHKY

Apmosani  gyenennacmuxu  (CFRP)  nabyau
nonynapHocmi 3a805KU c680im nepesadcHuM
B1ACTMUBOCINAM, 30KPEMA BUCOKOMY CNIGBIOHOUEHHIO
MiyHOCmI 00 8acu, cMIUKOCmI 00 XIMIYHUX peuOGUH ma
enyuxocmi  koucmpykyii.  Oomaxk  0bpobrka  yux
KOMRO3UIMHUX ~Mamepianie 3aiuacmscs CKIAOHUM
3a80aHHAM Yepe3 HeOOHOPIOHICTNb 8y2elleleUx 80JI0KOH i
noaimepnoi mampuyi. Jlazepua obpodxa, ocobauso 3a
00NOMO20I0  HAOWBUOKUX (DeMMOCEKYHOHUX a3epis,

cmana 6a2amoobiysiowol0 MexHonNo2icilo 0isk Mo4Hol

006pobku gyenennacmuxis. Ilepesazamu yb02o memooy €
MIHIMANbHe mepMiuHe NOWKOOJCEeHHs. Ma Ni0guujeHd

mouynicms abnayii. OOHax pisHuys y weuokocmi abnayii

MIHC  eNnOKCUOHOIO — Mampuyero ma — gyaieyesumu
B0JOKHAMU ~ YACMO  NEPeuKooNcac  eexmugnocmi
npoyecy. YV yvomy  00cniOdiceHHi — 8UBYAEMBCA

suKxopucmanms 000A80K HA OCHOGI 2IOpoKcuanamumy
01 NOKpaujeHHs 83aemolii nasepa 3 mamepianom ma
onmumizayii noeedinku npu abrayii cucmem 3
gyaneniacmuky. 30Kpema, MIKpOUACMUHKU Kon-nep-
samiwenozco 2iopoxcuanamumy (Cu-HAp), sxi eidomi
CB0IM CUNHUM NO2TUHAHHAM 6 OJUJICHIU IHQPaep8oHitl
obnacmi (NIR) 6nuzexo 1030 um, 6ynu cunmesoeai i
66edeHi 6 enokcuony mampuyro. Ii-opoxcuanamum
kanvyito (Ca-HAp), mepmiuno cmabinvua i 6iocymicna
Kepamika 3 HU3bKUM  NOIUHAHMAM 6  OJUICHI
iH(hpauepeonill obracmi, 68 GUKOPUCMAHUL K emMAalOH
015l OYIHKU NUMOMO20 6HeCK)y IoHie Midi. Enoxcuoni
Komnosumu 3 5 mac. % pi3HuUX  KoMno3uyit
nanosuiogadis (100% Cu-HAp, 75% Cu-HAp/25% Ca-
HAp ma 50% Cu-HAp/50% Ca-HAp) 6yau niozomogneni
ma inxopnoposani ¢ raminamu CFRP. @emmocekynony
aasepny abaayiro  npu 1030 um  nposoounu 6
ONMUMIZ08AHUX YMOBAX ONsl KOJMCHO20 MUNy 3pAa3Kis,
nicis 4020 OyiHI8anu MOpPQONOZi0 NOGEPXHI  3a
donomoeoro  onmuunoi  npogiromempii ma CEM.
Pesynomamu noxasanu, wo 6KIOUEeHHS HANOBHIO6AUIE

Cu-HAp cnpusno niosuwenomy noOcIUHAHHIO eHepeil,
mum camum cnpusouu Oinbwl egpexmusHitl abasayii 31
3MEHWEeHUM MEPMIYHUM NOUWKOONICEHHAM HOPIBHAHO 3
HEMOOUDIKOBAHOI eNOKCUOHOK CMOJION | cucmemamu,
nanosnenumu Ca-HAp. 3amina Cu-HAp na Ca-HAp
30UIbWUNG  HeOOXIOHY — IHMEHCUBHICMb  JIA3ePHO20
BUNPOMIHIOBAHHS Ma eHep2ocnodicusanns. Lle exazye na
me, wo I0HU MiOi NOCUTIOIOMb TOKANI308aHe HACPIBANHS
ma 368'a30x enepeii. SEM-306pasicenns noxkasanu, wo
yacmunxku Cu-HAp maiomv  nopucmy, aepe2osaiy
Mopghonoeiio, saKa nepepo3nodiine meniogy eHepeilo, 6
mou yac ax Ca-HAp mae winouiwy, oomopioniuty
CMPYKMYpPY HANOBHIOBAYA 3i 3MEHUEHOI0 NOPUCICIIO.
I[s poboma nokxazye nomenyian Cu-HAp sx
@YHKYIOHAbHOT 000a8KU ONs1 PecyiO8aHHsA 83AEMOOIL
GpemmocekyHoH020  1a3epHo20  BUNPOMIHIOBAHHS 3
KOMNO3UMHUMU — Mamepiaiamu — ma  NOKPAWeHHs.
pesyabmamie Mikpoobpoodku. Ompumani pesyrbmamu

niomeepoAHCyIoms ooyinbHicmb BUKOPUCMANHSL
KepamiuHux HAanoen06ayis, wo Nno2IUHAIOMb
ingppauepsone  GUNPOMINIOBAHHA, OISl GUPIUUEHHS

3A2anbHUX NpodNemM, NO8'A3aHUX 3 1A3ePHOI0 0OPOOKOI0
8Y2NENIACMUKIG, GKIIOUAIOHU 30HU MEPMIYHO20 BNIUBY
ma abaayiiny HeoOHOPIOHICMb.

Kniouosi cnoea: CFRP; eyeneyege 60710KHO,
JazepHa 0bpobka; emmocekyHOHUL nasep; pPI3aHHsi,
abnayis.
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