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INFLUENCE OF CARBON FILLER SURFACE MODIFICATION
ON INTERFACIAL ADHESION IN THERMOPLASTIC CFRTP
COMPOSITES (REVIEW)

Abstract. Introduction. Carbon-fiber-reinforced thermoplastic composites (CFRTP)
occupy a special place among modern structural materials due to their unique
combination of high specific strength, corrosion resistance, and recyclability.
Relevance. Their use is becoming increasingly significant in the aviation,
automotive, energy, and medical industries, where higher requirements are imposed
on wear resistance, durability, and process controllability during manufacturing.
However, one of the key scientific and technical challenges remains ensuring an
adequate level of interfacial adhesion between carbon fiber (CF) and the polymer
matrix, which determines the overall set of mechanical properties and the functional
reliability of the final material. Objective: To analyze the literature and systematize
data on modern methods of surface treatment of carbon fiber filler in CFRTP, which
are carried out to improve the adhesion between the reinforcing component and the
thermoplastic matrix. Results. The study outlines the problem of insufficient
adhesion due to the difference in material polarity and analyzes modern approaches
to CF surface modification: chemical (acid, silane, isocyanate, radiation treatment),
physical (plasma, microwave, metal coatings, application of nanostructured
coatings), as well as the use of compatibilizers and coupling agents (MAPP, PPEK,
copolymers). It is shown that such methods significantly increase adhesion at the
fiber—matrix interface, which contributes to the improvement of the mechanical
properties of CFRTP composites and expands their potential for engineering
applications. The interaction patterns of surface-modified fibers with matrices such
as polyamide-6, polyetheretherketone (PEEK), and polypropylene are characterized
separately, demonstrating different levels of wettability and thermomechanical
compatibility. Conclusion. Specialized technological approaches based on physical
or chemical methods make it possible to enhance adhesion between the matrix and
the filler in CFRTP, which in turn improves the properties of the composite and
broadens the scope of its industrial applications.
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Introduction. The development of new durable materials with unique
properties is extremely relevant, especially when it comes to materials that
meet the needs of industry and contribute to reducing environmental
pollution. New materials must also overcome existing challenges, such as
high cost, recyclability, ensuring reliability, and reducing energy
consumption. One of the priority tasks in creating new products is the
simultaneous reduction of weight and increase of operational load [1-2].
A promising lightweight material is carbon fiber (CF), which is
distinguished by high strength, thermal stability, and chemical inertness. It
is non-toxic, has low density, high wear resistance, corrosion resistance,
recyclability, and an optimal strength-to-weight ratio. CF also possesses
unique thermal, mechanical, and electrical characteristics. The production
of this fiber is carried out through the carbonization of base materials such
as synthetic polymers (polyacrylonitrile, phenolic resin), involving stages
of oxidation and heat treatment under load at high temperatures with
control of the final fiber properties.

Raising the carbonization temperature (up to 2500 °C) makes it
possible to obtain CF with an increased carbon content. Products made
from polymer composites using CF are widely applied due to their high
mechanical, thermal, electrical, and tribological properties. The fields of
application include wind energy, aviation, automotive engineering,
industrial and social infrastructure, the marine industry, construction, and
sporting goods [2, 3]. CF is classified depending on the base material,
processing temperature, and the length or orientation of the fiber. Such
classification allows for the selection of different configurations for
specific applications. The results of various studies have confirmed the
influence of CF orientation on the properties of polymer
composites [4, 5, 6].

In recent decades, there has been a growing interest in carbon fiber-
reinforced polymer composites (CFRP), particularly in thermosetting
polymers such as epoxy and polyester resins. However, thermosetting
composites are generally not recyclable, which creates environmental and
economic challenges in large-scale production.

Thermoplastics, in contrast to thermosetting polymers, are generally
recyclable and can be easily adapted to specific requirements. They can be
combined with unidirectional, discrete (short and long), or continuous CF
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to produce composites with tailored properties in one or multiple
directions. Thermoplastics are divided into: general-purpose — polylactic
acid (PLA), polyethylene (PE), polypropylene (PP), polystyrene (PS),
acrylonitrile butadiene styrene (ABS); and high-performance or
engineering plastics — polyamide (PA), polyethylene terephthalate (PET),
polycarbonate (PC), polyether ether ketone (PEEK), polyetherimide (PEI),
polyethersulfone (PES), polyphenylene sulfide (PPS).

Thanks to the simplicity of manufacturing processes, safe chemical
compositions, higher recyclability, and the potential for mass production,
thermoplastics offer significant advantages over thermosetting resins. At
the same time, the final composite materials demonstrate properties that
exceed the performance of the individual components. Carbon-fiber-
reinforced thermoplastics (CFRTP) allow for a weight reduction of
approximately 50% compared to steel and 20% compared to aluminum
[7]. Thermoplastics can be combined with unidirectional CF, discrete
fibers (short and long), or continuous fibers (CCF) to create composites
with service and performance characteristics tailored to the required level
in one or multiple directions.

CFRTP is manufactured by conventional forming methods such as
injection molding, rotational molding, extrusion, vacuum forming, and
compression molding. Although CFRTP has attracted the attention of
numerous researchers due to its mechanical and thermal properties,
recyclability, flexibility, short production time, and environmental safety,
it is still under development for certain industries and requires
overcoming the problem of high production costs. During manufacturing
processes, multiple factors must be considered to ensure the high quality
of the final products while maintaining production efficiency. Synthesized
CF possesses a smooth and non-polar (hydrophobic) surface, whereas
polymers are generally polar (hydrophilic). Therefore, surface
pretreatment of CF is required for the reinforcement process.

The treatment involves the creation of functional groups on the CF
surface in order to ensure proper interfacial adhesion between the polymer
and CF, which is crucial for the development of high-performance
composites; this plays a decisive role in their practical application. In
studies [7-8], the importance of a strong bond between the reinforcing
fiber and the matrix was emphasized for obtaining composites with
superior technical properties (Fig. 1).

The manufactured CF must be wear-resistant, capable of withstanding
loads without cracking, and able to operate reliably under various
conditions, such as elevated temperatures and humidity.

Obijective: analysis of literature sources and systematization of data on
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modern methods of surface treatment of carbon fiber filler in CFRTP, which
are carried out to improve the adhesion of the reinforcing component with
the thermoplastic matrix.

CFRTP Composite material
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Cracks
Poor interfacial adhesion leads Excellent interfacial adhesion leads to equal
to part failure under stress/pressure. distribution of stress/pressure and successful

operation of the part.

Figure 1 — Schematic diagram of poor and excellent interfacial adhesion between
the polymer matrix and the reinforcing fiber [8].

Materials and Methods of Research. The presented work is based on
a comprehensive bibliographic review of modern scientific and technical
publications concerning the features and methods of fiber surface
modification, which enhance adhesion to the matrix and ensure the
improvement of the mechanical properties and durability of CFRTP.

Research results and discussion. Composites based on CF reinforced
with thermoplastic polymers (CFRTP) attract considerable scientific and
technical interest due to their favorable performance characteristics, which
determine their potential for widespread implementation in various
industrial sectors. These characteristics can be purposefully modified by
optimizing the choice of materials and manufacturing techniques.
Particular attention should be paid to parameters such as fiber length, their
orientation in the polymer matrix, and the surface condition of CF
(Fig. 2). Each decision made at the production stage has a direct impact on
the final properties of the composite, which can either limit or expand the
possibilities of using the material in specific industrial applications.
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Figure 2 — Microstructure of carbon fibers [9].

The interfacial property is a key factor, since with strong adhesion the
load is effectively transferred from the matrix to the CF without causing
damage to the product. The bond between the reinforcing fibers and the
thermoplastic matrix is often insufficient due to differences in their polarity:
thermoplastics are predominantly polar, whereas CF is non-polar. To
eliminate the negative effect of these features, various CF surface treatment
methods are studied and applied (Fig. 3), including both chemical and
physical techniques [3, 5, 7, 8, 10, 11]. The regulation of interfacial
properties leads to a significant improvement in adhesion between CF and
thermoplastic polymers. This is attributed to the control of surface
interactions between the reinforcing fibers and the polymer matrix [12].
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Figure 3 — Standard CF surface treatment methods [8].
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Substances known as coupling agents and compatibilizers enhance the
interfacial adhesion strength between the reinforcing filler and the
polymer matrix in composites. In [10], it was investigated how three types
of maleic anhydride-grafted polypropylene (MAPP), differing in chain
length and anhydride group concentration, affect the interfacial adhesion
properties in composites reinforced with recycled carbon fiber (RCF). It
was found that the degree of compatibility is largely determined by the
molecular weight and the amount of anhydride groups in the composition
of the coupling agent.

A study [9] was conducted in which a silane coupling agent was
applied to polypropylene-based composites with CF, and it was found that
surface treatment of the fiber with this agent significantly affects the
interaction between the fiber and the matrix, as well as the overall
properties of the material. Similar studies were carried out in other works
[13], where the influence of surface characteristics of short CF and the
concentration of modified homopolypropylene on the adhesion between
reinforcing fibers and the matrix was analyzed. In the first experiment of
the study, a bifunctional group was used to modify long CF, which
resulted in improved mechanical strength of polypropylene-based
composites reinforced with long CF. In the second, an aminated
polyphenylene sulfide composition was used as a compatibilizer in the
composites, showing that amination enhances compatibility between the
fiber and the matrix and strengthens adhesion at their interface.
Additionally, three different polyethylene copolymers were applied as
compatibilizers in high-density polyethylene composites reinforced with
CF. As a result, it was found that interfacial adhesion depends on the type
of copolymer, although the addition of all tested compatibilizers improved
the properties compared to the case when they were absent.

Several studies have investigated the influence of different sizing
materials (polyurethane, polyamide, polyimide, phenoxy) on the
properties of polyamide-based composites reinforced with CF [14-16].
The characteristics of composite materials largely depend on the choice of
substances used for CF treatment. In [15], an isocyanate-modified epoxy
emulsion and a silane coupling agent were applied for the preparation of
CF in PAG6-based composites. The use of coupling agents and
compatibilizers significantly improves the quality of bonding between the
fibers and the matrix, although in certain cases, such as with UHMWPE
composites  (Ultra-High  Molecular Weight Polyethylene), such
improvement is not observed.

In the study [17], composites based on PPEK and CF were
synthesized, using PPEK as a sizing material for CF at three different
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concentrations (0.1, 0.5, and 1 wt.%). It was established that sized CF
exhibited better compatibility with PPEK compared to untreated fibers,
which was confirmed by contact angle measurements.

Acid treatments have also been applied to improve the interfacial
properties of CFRTP composites. In the study [18], chemical interaction
between HDPE and CF was reported without the use of an additional
coupling agent. It was found that a significant increase in fracture strain,
flexural modulus, and flexural strength was observed with an increasing
number of CF layers in the composites. The reason for the better
compatibility of nitric acid—treated fiber with the HDPE matrix was that
the hydrophilic carboxyl group of benzoic acid reacted with the hydroxyl
groups of the treated fiber. This contributed to improved interaction with
the polyethylene matrix, which in turn enhanced the interfacial interaction
between UHMWPE and CF after acid treatment. In the study [19], CF was
treated with nitric acid and then incorporated into polyoxymethylene
composites. After such treatment, an increase in the number of active
functional groups, higher surface roughness, and a greater fraction of
amorphous carbon were observed on the fiber surface.

Studies [11, 20] conducted by different research groups demonstrate
the effectiveness of plasma treatment in improving the properties of CF-
based composites. These investigations revealed that plasma surface
modification of CF increases the number of functional groups, which
positively influences the interfacial adhesion in PC/CF composites.
Oxygen and helium treatments under atmospheric pressure enhance the
interfacial properties of PAG6/CF composites by increasing oxygen
concentration, roughness, and surface energy of CF. Microwave plasma
treatment of CF improves the mechanical bonding with the cyclic
butylene terephthalate (CBT) matrix in CFRTP composites. Research on
the treatment of RCF in dry air and CO: highlighted the importance of gas
type and treatment duration in achieving optimal adhesion.

The study [21] established that radiation exposure positively
influences the adhesion between CF and high-density polyethylene
(HDPE), while also altering the surface properties of HDPE/CF
composites. This improvement is achieved through two key effects of
irradiation: first, the cross-linking of the thermoplastic resin, which
enhances load transfer to CF, and second, the formation of surface
functional groups that facilitate fiber—matrix interfacial interactions.

The application of surface coatings is also employed to enhance
adhesion between different phases. For instance, nickel plating of CF has
been shown to improve their properties and interfacial adhesion, as
reported in study [22]. However, this technique may lead to corrosion due
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to the electrical conductivity and chemical characteristics of the CF
surface. In contrast, in study [6], a nickel coating was applied to
investigate the orientation of CF in thermoplastic composites.

To strengthen the bonding between CF and thermoplastic matrices,
surface modification of CF through nanoparticle grafting is applied. As
reported in study [23], a significant improvement in the interfacial
properties of PES/SCF composites was observed after CF treatment with
graphene oxide. The deposition of carbon nanotubes and graphene oxide
onto CF was investigated. It was demonstrated that this treatment
enhanced adhesion, surface roughness, and wettability. These
modifications facilitate the formation of stronger bonding with the Pl
matrix through the creation of hydrogen bonds and mechanical
interlocking.

Conclusions

The progress in the development of carbon fiber-reinforced
thermoplastic polymers (CFRTP) has been examined with the aim of
improving service and performance properties. The high efficiency of
CFRTP holds strong potential for future research, as the integration of CF
as a reinforcing element provides significant improvements in composite
characteristics compared to pure thermoplastic matrices, thereby opening
new prospects for the application of CFRTP in various industrial fields.

The quality of composites is shaped by a variety of interrelated factors.
These include the manufacturing method, the adjustment of technological
parameters, the selection of the thermoplastic matrix, the type and spatial
orientation of CF, their concentration, size, and surface treatment
methods. These elements directly influence the bonding strength between
fibers and the polymer, as well as how well the fibers are distributed
within the matrix. As a result, these interactions determine the mechanical
properties and operational performance of the final material.

To achieve better adhesion between CF and the thermoplastic matrix,
surface modification of CF is required. The application of chemical or
physical modification methods strengthens the bond between the filler and
the matrix, which has a positive effect on the mechanical properties of the
composite compared to composites with untreated fibers.
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BILIMB MOJAU®IKAILII MOBEPXHI BYTJIELIEBOI'O HAIIOBHIOBAYA
HA MDK®A3HY AITE3II0 B TEPMOILTACTUYHIX KOMITO3UTAX
CFRTP. (OTJISIT)

AHoTanisi. Bcmyn. ByriienieBo-BOJIOKOHHI KOMITO3UTH 3 TEPMOIUIACTHYHHMU
matpuisimu (CFRTP) mocinarote ocobnmBe Micte cepel Cy9acHUX KOHCTPYKIIHHIX
MaTepiamiB 3aBASKH YHIKaJbHOMY TIO€THAHHIO BHCOKOi THUTOMOi MIIHOCTI,
KOPO3ifHOI CTIHKOCTi Ta MOKIMBOCTI BTOPHHHOI IepepobKu. Axmyanvuicms. Ix
BHKOPUCTaHHs Ha0yBae aKTyaJbHOCTI B aBialiiiHil, aBTOMOOIIbHIH, eHEepreTHyHiit
Ta MEIMYHIA Tamy3sxX, /¢ BHUCYBAalOThCS IiJBHINEHI BHMOTH 10 3HOCOCTIHKOCTI,
JIOBTOBIYHOCTI Ta TEXHOJIOTIYHOI KEPOBAHOCTI MPOIIECIB BUTOTOBICHHA. IIpoTre
OJHI€I0 3 KIIOYOBHX HAyKOBO-TEXHIYHHX TMPOOJIEM 3alUIIA€ThCs 3a0e3NedeHHs
HaJIeXHOTO piBHA Mik¢a3Hoi anresii Mk ByrmeneBuM BosokHoM (CF) i
MOTIMEPHOI0 MATPHIIEI0, IO BH3HAYA€ KOMIUIEKC MEXAaHIYHHX XapaKTepPHCTUK Ta
(hyHKIIOHANEHY HAAIHHICTE TOTOBOTO Marepiany. Mema: aHami3 IiTepaTypHHX
JDKEpeT Ta CHCTEMAaTH3allis NaHWX IMIOAO0 CYYaCHHX METOMIB OOpOOKH MOBEpXHIi
BYIJICIIEBOrO BoJOKHa-HamoBHIoBaya CFRTP, sky npoBoaaTh 1 MOKpaleHHS
azaresii apMy4oro KOMIOHEHTa 3 MAaTPHUYHUM TEPMOILIACTUKOM. Pezyivmamu. Y
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poboTi OKpecieHO MpobiIeMy HEIOCTATHHOI anresii depes pI3HUIO y MOISIPHOCTI
MaTepialiB Ta MpOaHATI30BaHO CydyacHi migxomu no moxaubikarii moepxHi CF:
xiMi4Hi (KHCIOTHA, CHJIAaHOBA, i30llilaHaTHA, pafialiiiHa o0poOka), ¢izuuHi
(nna3mMoBa, MiKpOXBMIIbOBA, OKPHTTS METAJlaMH, 3aCTOCYBAHHS HAHOCTPYKTYPHUX
MOKPHUTTIB), @ TaKOX BHUKOPHUCTAHHS CyMICHHKIB Ta areHTiB 3B’s3yBaHHI (MAPP,
PPEK, xomonimepn). [TokazaHo, 0 Taki METOJM CYTTEBO MiIBHUILYIOTH aAre3ito Ha
MeXI1 BOJIOKHO-MATpHI, IO CIpHSE€ MOKPAIICHHIO MEXaHIYHUX BIIACTHBOCTEH
CFRTP-KOMIIO3HTIB 1 PO3MIMPIOE IXHI MOXKJIMBOCTI JUISl IHXKEHEPHUX 3aCTOCYBaHb.
Oxpemo 0XapaKTepH30BaHO 3aKOHOMIPHOCTI B3aeMOii MIOBEPXHEBO
MOTU(IKOBAaHUX BOJIOKOH 3 TaKUMH MaTpULISIMU, SIK moJramin-6,
noniedipedipkeron (PEEK) Ta momimpomineH, siki AEMOHCTPYIOTh Pi3HUI pPiBeHb
3MOYYBAHOCTI Ta TEPMOMEXaHIYHOI CyMicHOCTI. Bucuosok. CrenianizoBaHi
TEXHOJIOTIYHI MiAXOAM Ha OCHOBI (pi3myHHMX ab0 XIMIYHHX METOIIB IO3BOJAIOTH
MiBUIIMTH aAre3iro Mk Marpuiero Ta HamoBHioBaueM B CFRTP, mo mo3Bosnuth
MOKPAIUTH  BJIACTHBOCTI KOMIIO3MTY Ta pO3MIMPUTH  MOMJIMBOCTI  HOTro
HPOMHUCIIOBOTO 3aCTOCYBAaHHS.

KniouoBi cioBa: TepMOIUIaCTHYHMIT KOMIIO3WT, BYIJICIICBE BOJIOKHO, MeEXa,
HOBepXHeBa 00poOKa, MOIU}IKaIlist HOBEPXHi, aare3is.

Mocunanus nas nuryBanHs: Bumneseuskuii B. B. Brmne moaugikanii moBepxHi
BYTJICIIEBOTO HAMIOBHIOBaYa Ha MiX(a3Hy aAre3iro B TEPMOIUTACTHYHUX KOMIO3UTAX
CFRTP. (Ornsg). @ynoamenmanvhi ma npukiaoni npodoiemu 4OpHoi memanypeii.
2025. Bum. 39. C. 285-295. https://doi.org/10.52150/2522-9117-2025-39-17

Pykonuc naoitiuos 0o pedakyii / Received 06.08.2025
Pexomenoosarno do opyxy / Accepted 21.10.2025

295



