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Abstract: The present review paper focuses on the current
state of the art of the alumina-silicate ceramics and sur-
face modifications of ceramics dedicated as fillers in com-
posites with carbon fiber. The use of aluminum-silicates
in the form of a cenosphere due to their outstanding prop-
erties, i.e., low density, high hardness, and total chemical
inertness seem to be promising in biomaterial engineer-
ing applications. First of all, the possibilities of the com-
posites application in orthopedic and prosthetic implan-
tology. The following section discusses problems with the
use of aluminum silicate ceramics and their processing.
Subsequently, in the paragraphs to follow, the possibilities
of modifying the surface with chemical methods are dis-
cussed, among others oxidation, chemical methods like
ionic liquids etching, silanization, and physical processes
i.e., thermal treatment. In the summary, the directions of
development of ceramic-carbon fiber composites and the
primary deficiencies of these composites on which to focus
on and solve are discussed.

Keywords: bioceramics, carbon fibre, composites, im-
plants, orthopaedics, prosthetic dentistry

1 Introduction

The elongation of the average human life observed since
the 1970s, and the aging of highly developed societies

*Corresponding Author: Damian S. Nakonieczny: Depart-

ment of Biomaterials and Medical Devices Engineering, Faculty

of Biomedical Engineering, Silesian University of Technology,
Roosevelt 40 st., Zabrze, 41-800 Oberschlesien, Poland; Email:
damian.nakonieczny@polsl.pl; Tel.: +48 0791515766

Magdalena Antonowicz, Zbigniew Paszenda: Department of Bio-
materials and Medical Devices Engineering, Faculty of Biomedical
Engineering, Silesian University of Technology, Roosevelt 40 st.,
Zabrze, 41-800 Oberschlesien, Poland

3 Open Access. © 2020 D. S. Nakonieczny et al., published by De Gruyter. ‘(

Attribution 4.0 License

which is especially noticeable especially in Western Eu-
rope, and the observed increase in interest in extreme
sports with a high degree of injury rate, forced the intro-
duction of new procedures and implants in the field of or-
thopedics, reconstructive surgery and prosthetic dentistry.
The development in this area is associated with the intro-
duction to the clinical practice of metal implants made
of LVM 316 stainless steel and titanium and its alloys, in
particular [1, 2]. Application of the so-called plates for os-
teosynthesis, screws, bone screws and rods have revolu-
tionized the treatment of complicated fractures, the fusion
of bone fragments and articular alloplasty thanks to which
mainly elderly people’s locomotor opportunities and rela-
tively comfortable living conditions were restored.

With the use of metal implants, the issues of corrosion
resistance, the accumulation of metallic ions in the human
body, and the impact on homeostasis are inextricably con-
nected. These phenomena have so far found no solution
that would entirely eliminate the negative metal implant
influence on the human body environment. The negative
effect is primarily demonstrated by the accumulation of
metallic ions in detoxification organs, metallosis and in
extreme cases, cancer lesions. A recognized way to coun-
teract these negative phenomena is to modify the surface
of metal biomaterials. The modification processes can be
carried out by laser, plasma, ion implantation, hydroxyap-
atite deposition, and the use of CVD/PVD processes, modi-
fied by chemical techniques i.e., with the sol-gel method
films deposition. Another recognized method of increas-
ing the biocompatibility of alloy coatings is the use of
bioactive surfaces [3—5]. The most frequently used method
for modifying the surface of metal biomaterials is the use
of electrochemical techniques - mainly anodic oxidation in
individual bathing mixtures [6].

The use of other biomaterials, preferably those similar
to the human bone mechanical characteristics and lack-
ing inflammatory and allergic reactions to which metal
implants contribute is an alternative way to solve prob-
lems related to the use of metal implants [7]. Polymer-
ceramic composites provide one of the most perspective
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solutions. They combine the best features of ceramics: low
abrasiveness, no negative impact on the human body and
shape-forming precision, with the features of polymers:
low weight, the ability to shape mechanical characteristics
in a wide range [8, 9]. Particular attention is focused on
polymers of PEEK, CF, and PA groups [10, 11]. The research
for new materials characterized by better anti-corrosive
properties and the lack of a negative impact on the body
environment is one of the most promising development di-
rections in the field of biomaterial engineering with proven
application potential, especially in the field of orthopedics
and dental prosthetics.

In this article, the authors present their study resulting
from previous experiences with ceramics i.e. ZrO, for the
prospects of using carbon fiber composites and aluminum-
silicates in the form of the so-called cenospheres [12-14].
The review discusses, in turn, the properties and origin
of cenospheres, the possibilities of obtaining composites
with carbon fiber, surface modification methods of ceno-
spheres that improve adhesion to polymer resin and fi-
nally, application perspectives of the new material in or-
thopedics and prosthetic dentistry.

2 Cenospheres general information

In this article, particular attention is drawn to aluminium-
silicates that come from the combustion of stone coal. Alu-
minosilicate microspheres, commonly referred to as ceno-
spheres are light ceramic spheres with sub-micrometer di-
mensions which interior is slightly under pressure. They
are characteristic for variable density in the range 350-850
kg/m?>, a very low thermal conductivity coefficient (A < 0.1
Wm™ K1), and complete chemical inertness. The selected

Crystalline phases Amorphous glass phases

1

Principal phases of cenospheres

Other crystalline phases
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properties are summarized in the table (Table 1). Micro-
spheres do not show any harmful effects on animal organ-
isms [15, 16]. Cenospheres are a by-product produced dur-
ing stone coal combustion, and their chemical composi-
tion and percentage in ash are strongly dependent on the
type of coal, the contaminant content i.e., sulfur and ni-
trogen oxides, mineral content and the degree of exploita-
tion of the furnace and combustion temperature [15]. The
structure of the cenospheres is presented in the diagram
(Figure 1). Given the application possibilities and potential
applications, microspheres are the most valuable fraction
of fly ash from stone coal combustion, it is estimated that
their content in the dry post-process weight is about 0.3-
1.5% weight, which, taking into account the global produc-
tion of fly ash at the level of about 750 million, gives approx.
2.25-11.25 million tons per year [15]. The main directions
of development of the emerging microspheres are, among
others, petroleum industry, energy-saving construction,
light precast concrete products, heat-resistant coatings,
and drug-carriers of active substances [15, 16]. Due to its
spherical shape, the discussed ceramic material shows ex-
cellent surface wettability, thanks to which it can be used,
among other things as an economical filler for biomedical-
grade composites; it additionally allows the reduction of
the proportion necessary to obtain resin adhesion and pos-
itively affects the improvement of mechanical properties,
and the reduction of composite mass [15, 17, 18].

The chemical composition of cenospheres does not dif-
fer significantly from the composition of fly ash after coal
combustion [15, 19, 20]. Based on the available data, it
can be stated that even more than 90 wt.% of the ceno-
spheres utilize SiO, and Al, 03 in different compositions.
The chemical composition diagram analysis leads to the
conclusion that the cenospheres the fly ash belongs to,

Cenosphere phase
composition structure

forms at surface

Figure 1: Schematic phase composition and structure of a cenosphere [15]
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Table 1: Selected properties of the alumina-silcatecenospheres [15, 26]
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Physical Properties

Chemical Composition, wt%

Real particle density, kg x m~3 750-800 AL, 05 16.70-29.30
Bulk density, kg x m3 400-450 Ca0 1.06-2.50
Hardness (Mohs), MOH 5-6 Si0, 58.50-73.10
Compressive Strength, kg x m~3 180-280 S0, c.a.0.42
Packing Factor, % 60-65 SO; 0.19-0.36
Melting Point, °C 1200-1300 Na,0 0.60-2.42
pH in Water, - 6-7 K,0 1.98-3.94
TiO, 0.35-1.79
Moisture, % 0.5 max. MgO 0.32-2.30
Fe,03 1.96-21.04
W Fly ash

Sialic

X Cenosphere
Magnetic cenosphere
X Nonmagnetic cenosphere

Feyrocalcic A

7 7 7 7 7 7

7 7
40 60
Y% CaO+MgO+Na,0+K,0

Figure 2: The ternary diagram of the chemical composition of selected
cenospheres forming area: sialic and ferricalcsialic groups [15]

comprise six groups: calic, calsilic, ferrosialic, ferrocal-
sialic, ferrocalcic and sialic (Figure 2) [15]. The critical
structural component determining the formation of the
cenospheres is TiO,. Its presence positively affects the cre-
ation of spheres’ shape. Based on the analysis of the chem-
ical composition and combustion data, it was found that
despite its small share (0.35 — 1.79 wt.%), TiO, is indis-
pensable in cenosphere formation [15]. This phenomenon
is probably due to the high surface energy of TiO,, which,
in combination with the low viscosity of the stone coal slag
during combustion, leads to the formation of spheres [15,
22, 23].

20
% CaO+MgO+Na,0+K,0

fly ashes and cenospheres (Ranjbar and Kenzel); a) full diagram, b)

The phase composition, besides the chemical compo-
sition, is the crucial factorthat makes cenospheres an inter-
esting material with potential applications in carbon fiber
composites. It can be assumed that such microspheres con-
sist of a crystalline continuous skeleton and an amorphous
shell that forms a smooth sphere shape [22, 23]. Due to
the presence of iron and its crystalline compounds, ceno-
spheres are divided into two major groups: magnetic and
non-magnetic particles [15, 24-26]. Grains built mainly
from SiO, in their composition are non-magnetic ones,
while cenospheres form the ferrosialic group that exhibits
magnetic interactions [15, 23]. One can generally conclude
that the decrease in silicon in the content of minerals, de-
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Table 2: Carbon fiber basic properties and comparison of carbon fiber, glass fiber, and Kevlar fiber, and carbon steel [30]

Property Carbon fiber Glass fiber Kevlar Fiber Carbon steel
(Toray T300) (Glass fiber S-2) 49)
Density (g/cm?) 1.76 2.46 1.45 7.85
Tensile modulus (GPa) 230 86.9 112 190-210
Specific tensile modulus (GPa-cm?/g) 131 35.3 77.2 24.2-26.8
Tensile strength (GPa) 3.53 4.89 3.00 0.276-1.882
Specific tensile strength (GPa-cm?/g) 2.010 1.990 2.070 0.035-0.24
Tensile strain (ductility) 1.5% 5.7% 2.4% 10-32%
Compressive strength (GPa) 0.87* 1.60
**CTE(axial, 107%/K) -0.41 2.9 -6 11.0-16.6
*calculated value [30], **CTE - cofficient of thermal expansion
Table 3: Carbon fiber basic properties and comparison of carbon fiber, glass fiber and Kevlar fiber and carbon steel [39]
Fiber type *Zewam C) **E (GPa) * gl (GPa) * gl (GPa) * G, (GPa)
IMé6 33.7 308 - - 42.1;10.1+0.8
IM7 30.2 276 29.5~16.2+2.5
T300 35.0 230 1.4;1.8 1.0 29.8~14
T1000 31.5 294 2.8 2.2 35.1
M40) 21.4 377 1.8 1.0 26.7~20
Mé60] 9.9 588 1.0 0.5 13.5~15
P55 14.1 379 0.8 11.9
P100 5.6 724 0.8 7.6
P120 5.6 827 12.4

* Full-width at half maximum (ZFWHM) of the azimuthal X-ray diffraction pattern,

** Young modulus,
*@ characteristic strength [39]
*b characteristic strength [39]

*C Carbon fiber longitudinal shear modulus

creases the percentage share in the ashes of cenospheres
with smooth shells or spherical alumina silicates. For read-
ers who want to deepen their knowledge in the field of re-
ceiving of cenospheres and their chemical and physical
properties, the current state of knowledge may be found
in the review paper of N. Ranjabar, C. Kuenzel [15].

3 Carbon fibers characteristics

Carbon fibers appear an interesting alternative to engineer-
ing materials widely used in implantology, i.e., stainless
steels and titanium and its alloys [27, 28]. The main prop-
erties that make the application of carbon fibers attrac-
tive are the low thermal conductivity of approx. 6 WmK™!,
almost no thermal linear expansion, and easy shape for-
mation, which allows obtaining even very complicated
shapes, mainly dependent on the quality of the matrix,

and susceptibility to corrosion and diffusion of ions in
the environment exposed to liquids and elevated temper-
ature [29].

High values of mechanical properties can be addition-
ally shaped in a wide range, among others tensile strength
2521600 Nmm~2, which are mainly dependent on the type
of fiber arrangement and their adhesion to epoxy resin [29].
The main drawbacks of carbon fiber are low strength to
UV radiation and relatively low resistance to temperatures
above 200°C [29, 30]. In the first case, it is possible to
achieve an increase in strength with the lacquer layers ad-
dition. In the second case, the thermal resistance is in-
creased by the use of other resins, e.g., phenolic resins,
thanks to which short-term resistance of approx. 500°C
can be obtained [30]. Selected properties have been col-
lected in the table (Table 2). In the next table, a short com-
parison between typical PAN (polyacrylonitrile)-based car-
bon fibers is shown (Table 3).
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The main problems associated with the application of
carbon fibers in biomedical applications are related to in-
sufficient adhesion of the resin to the carbon braid. The
issue basically concerns obtaining a sufficiently large de-
velopment of the surface without adversely affecting the
mechanical properties and susceptibility to degradation in
the environment of body fluids [31, 32].

Based on the state of the art and our own experience in
surface engineering and biomaterial engineering, carbon
fiber modification includes among others oxidation, sur-
face activation in supercritical conditions, surface modifi-
cation with organometallic compounds, and introduction
of small grain size ceramics to the resin matrix [33-38].

Analyzing all mentioned above modification methods
and combining their characteristics, the most promising
approach seems to be the introduction of ceramics grains
into carbon fiber reinforcement and obtaining ceramic-
polymer composites with intermediate properties between
the base materials. This seems particularly justified when
considering the use of the material in implantology [39].
This issue is quite sophisticated. Biomedical applications
force the use of the material with high mechanical prop-
erties which however are as close as possible to the me-
chanical properties of human bones or other tissues. In
addition, such material must not be toxic to the human
body (cytotoxicity) and should provide obtaining compli-
cated shapes in a way that is not very cost-intensive and
precise. The last issue is particularly important since it is
necessary to remember each patient’s individual anthro-
pomotoric features which are highly variable, regardless
of whether the motion or stomatognathic system is consid-
ered or facial-skull structure, temporomandibular joint or
the entire system functions [31, 32].

The most important reason for the composite materi-
als made of ceramics and polymers, carbon fibers, in par-
ticular, to be used in biomedical engineering and other de-
manding applications is that such materials combine the
best features of ceramics and polymers with any of their
drawbacks.

Obtaining a composite with the addition of carbon
fibers allows to improve the fracture toughness of ceram-
ics, the most promising approach is the introduction of
toughening hases, such as particles, whiskers, and fibers.
Among different types of toughening phases, the fiber with
a large aspect ratio is a promising reinforcement due to
its versatile toughening mechanisms, such as fiber pull-
out, fiber-matrix interface debonding, crack deflection
and fiber bridging [38, 39]. Furthermore, Sha et al. inform
that despite the influence on the improvement of mechani-
cal properties, the addition of carbon fibers to Zr ceramics
is crucial for reducing the sintering temperature [41].

DE GRUYTER

However, the key to obtaining expensive composites is
to achieve a lasting connection between ceramics and car-
bon materials. Cho et al. indicate that the interfacial char-
acteristics are one of the most critical parameters that de-
termine the bulk composite properties [40]. Many types of
research have been conducted to address this issue, includ-
ing chemical oxidation, high-energy beam irradiation, sur-
face treatment by a rare-earth. Most recently, the introduc-
tion of carbon nanomaterials such as CNTs and graphene-
modified resins open a new possibility for the tailoring of
interfacial characteristics [41-43].

Taking into account the mentioned relationships, the
table below presents the information on composites com-
posed of carbon fibers and, among others, ceramics that
can be used in biomaterial engineering, and presents a
short point of view on the state of the art issues concern-
ing carbon fiber composites (Table 4).

4 Ceramic surface modification

Modification of the ceramic surface and the bioceramics
count is a crucial key factor in considering the attractive-
ness of bioceramic implants or other medical devices. Zir-
conium oxide in dental prosthetics is an excellent example
of bioceramic modification problems [14, 55]. The zirconia-
based materials is a biomaterial with the high chemical
stability that avoids the release of toxic products to the
surrounding tissues [56—58]. The Y-TZP provides stimula-
tion of osteogenic cells at osseointegration, combined with
unique mechanical characteristics such as high fracture
toughness, fatigue resistance, high bending strength, high
corrosion resistance, and radiopacity [56]. Unfortunately,
based on clinical trials, it was noticed that zirconia-based
surfaces had revealed a lower number of bacteria when
compared to titanium implant surfaces regarding micro-
biological assays [56, 57]. Despite the favorable findings
recorded for zirconia-based surfaces, the long-term clin-
ical results are still lacking, and some controversies to-
wards zirconia osseointegration are still discussed. There-
fore, constant digesting the scientific work on the explana-
tion of the impact of the implant surface development on
the survival of implants in the human body, and the selec-
tion of appropriate methods of surface modification that
improves the survival of the implant in the human body
can be noted.

The preparation of ceramic polymer composites is an-
other issue related to the modification of the ceramic sur-
faces. Namely, it is about obtaining a maximum develop-
ment of the ceramic specific surface area, which enables
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obtaining permanent adhesion with polymer resins and
obtaining a mechanically stable material [58, 59]. There
are many ways to create a sufficiently large surface devel-
opment on the ceramic surface: oxidation, application of
specific functional groups, silanization, thermal capsule
in a variable gas atmosphere, physical methods, i.e., melt
infiltration and chemical etching process. Koch, Horn, and
Buchmeiser team presented good work on carbon fibre-SiC
composites and adhesion of ceramics to polymer, which
reflect the essence of problems in this type of compos-
ites [60]. The composite microstructure is strongly related
to the mechanical properties, and especially important for
the damage tolerant failure behavior. Quasi-ductile frac-
ture behavior is attributed to the occurrence of energy-
dissipative mechanisms, like fiber pull-out, fiber bridg-
ing, and crack deflection. Therefore, a tailored fiber-matrix
adhesion (FMA) in the carbon fiber reinforced polymer
(CFRP) and C/C state is required [60]. In the CFRP preform,
cracks are initiated by the volume shrinkage of the poly-
mer matrix due to crosslinking at curing, as well as by
the thermal contraction of the matrix at cooling after cur-
ing. The resulting crack pattern facilitates the infiltration
of the porous C/Cpreform with liquid silicon by capillary
forces [60].

The following paragraphs present chosen methods of
ceramic surface modification and methods of their imple-
mentation.

4.1 Chemical Etching

Chemical etching is one of the better known and the sim-
plest methods of biomaterial surface modification, includ-
ing bioceramics. Depending on variables such as chemical
composition, temperature, reagent concentrations in etch-
ing baths, pH, or the process in the form of electrochemical
etching, a wide range of ceramic-modification possibilities
are obtained [61, 62]. Given the type of a reagent used, di-
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gestion is divided into etching in acids and bases. The most
significant amount of literature data on chemical diges-
tion concerns the preparation of the ZrO, surface in a way
that enables permanent bonding to dental hard tissues
or composite materials [63]. An important aspect required
for the success of ZrO, ceramics is the establishment of
proper adhesion between substrate and adherent [63, 64].
In this sense, the gold-standard protocol for resin bonding
to glass-ceramics is the etching with hydrofluoric acid fol-
lowed by the application of a silane coupling agent (chem-
ical and micro-mechanical bond) [63, 64]. Numerous varia-
tions in HF acid etching (time, concentration) have shown
to change the surface micro-morphology of glass-ceramics
(many surface defects) [63] and resin adhesion, the in-
crease in HF acid concentration and etching time associ-
ated with an increase on the surface area available to ad-
hesion with resin [63].

The above is just only one example of surface devel-
opment through etching, which is the most representative
nowadays. The time influence of the HF digestion on the
surface of zirconium bioceramics has been shown in the
figure (Figure 3). Table 5 below presents the most represen-
tative examples of the ceramic surface development by the
etching process, the methods used and the characteristics,
and the impact on the properties of bioceramics commonly
used in prosthetic dentistry (Table 5).

4.2 Silanization

Silanization is one of the most common ways to modify
ceramic surfaces, both solid and powder-like. Organofunc-
tional alkoxysilanes, in particular, have been widely used
to obtain high-density self-assembled monolayers (SAMs)
on hydroxyl-terminated material surfaces, such as glass,
silica, and metal oxides to modify or to modulate the prop-
erties or chemical functions of such surfaces [68]. Sur-
face modification through silanization has generated in-

Figure 3: SEM-microphotograph of 5% etched ZrO, samples: a) 30 s etching, b) 60 s etching, b) 90 s etching [64]
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Table 5: Chemical etching characteristics for various dental bioceramics
Etching Ceramic Type Influence Ref.
Agent
0.5% HCl Al,05:Zn0 spherical agglomerates structure, surface roughness Ra=29.998 nm [65]
1.0% KOH Al,03:Zn0 nanorod like surface structure, better surface development than acid [65]
etching, surface roughness Ra=53.04 nm
4.8%HF KAISi;0g— treatment with hydrofluoric acid resulted in increased surface roughness [66]
NaAlSi3;0g— with irregularities and pores on the treated surfaces, mean Ra=575.37 nm
CaAIZSi208
(Feldspar)
4.8%HF Si05,-Li, 0-K,0- treatment with hydrofluoric acid resulted in increased surface roughness [66]
Al,03 with irregularities and pores on the treated surfaces, mean Ra=134.80 nm
5%,10% HF  Zr0,-Si0,-Li,0- fatigue failure load improvement, the pretreatment of 10% HF acid etch for [67]
K,0-Al, 05 60 s up to 90 s, followed by the application of an adhesive that contains
silane and MDP (10-Methacryloyloxydecyl dihydrogen phosphate) achieved
the best performance in prosthetic dentistry, etching with 5% HF acid,
independent of time (30 s, 60 s or 90 s), was shown not to change the
fatigue behavior of ceramics
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Figure 4: Schematic representation of silanization [74]

terest in terms of ceramic material surface modification to
promote and improve adhesion to different resins, espe-
cially in prosthetic and general dentistry [68]. Silane com-
pounds are commercially available, bearing amino, thiol,
carboxyl, epoxide, etc. [68]. The silanization process is ini-
tialized by hydrolyzation of the alkoxysilane molecules.
Depending on the number of water molecules present in

the reaction system, the alkoxysilane molecules hydrolysis
can occur in the liquid phase, resulting in self-aggregation
in solution; it can also occur at the substrate surface, lead-
ing to the SAMs formation [68]. The generated silanols (Si-
0-H) then coordinate with the inorganic surface hydroxyls
in a condensation reaction, forming siloxane bonds (Si-O-
Si) to anchor the silane to the surface [68].
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Table 6: Silanization process characteristics for various types of bioceramics

Silanization Agent Ceramic Type Influence Ref.
1H, 1H, 2H, 2H- enamel On modifications with the organic material called [71]
Perfluorooctyltriethoxysilane  (Si0,-B,05-TiO,- perfluorooctyltriethoxysilane
(PTES) Na,0-K,0-Ca0- (PTES), the enamel surfaces exhibited hydrophobic
Zn0-Al,03-CoO0- properties with contact angle approaching 120°.
Zr0,P,05) Therefore, the enamel surfaces were modified to be
hydrophobic; The obtained hydrophobic properties were
thermally stable to a high temperature of 400°C
3- glass-ceramic Surface modification with APTES shift the isoelectric point  [72]
Aminopropyltriethoxysilane (99,4% SiO,, of silica from in the case of the investigated silanized
(APTES) Na,COs, H3BO3, glasses, a moderate shift of the isoelectric points to less
CaC03) acidic values can be seen after silanization, together with
a shift of the surface charge at physiological pH to less
negative values
3-Methacryloxypropyl feldspathic The heat treatment eliminated the silane by-products and  [73]
trimethoxysilane ceramic in glass helped complete the reaction between silane and silica.
(3-MPS) matrix The study showed that the heat treatment of the silane at
(Si0,, Al, 03, 77°C had a positive effect on the interfacial bond strength,
Na,O0, K,0) which was not affected by mechanical cycling (200,000
cycles). Prior to aging, heat treatment of silanized
feldspathic ceramic demonstrated the bond strength
similar to that obtained with hydrofluoric-acid-etching
treatment but of lower bond strength after aging.
Aminopropyldimethylethoxy Zirconia (Y-TZP) Silanization was purposeful, but it yielded slightly lower  [74]

Silane
(APDMES)

densities of APDMES on the modified surfaces of zirconia
than on typical silica substrates; no adverse effect of

silanization was found on the mechanical response of the
treated samples; the modification techniques only took
part on the surface, without creating critical surface
defects or anyhow damaging the structure, which is

crucial for zirconia low thermal degradation

The main disadvantage of this surface modification
method is randomly distributed groups of silicon oxides
on the ceramic surface, which adsorb water as a hydroxyl

group, forming a weak hydrogen bond [69]. It is also pos-

sible that other oxides present on ceramic surface absorb
or adsorb water. There is a kind of competition between

silane and water at available bond sites [69]. The polycon-
densation of bifunctional silane monomers with the gen-

eral formula of (R-O-) 3-Si—-O-R, R being the first and
O-R the second silane functionality, can provide a highly

cross-linked and reactive polyorganosiloxane layer to ce-

ramics [69]. However, their hydrolytic degradation is still
of concern [3-6]. Therefore, attempts are made to increase
their cross-linking [69]. A proven method to prevent the
mentioned adverse phenomenon is to obtain cross-linking

by HF etching or by heat treatment. The HF etching se-

lectively removes the glassy matrix which consequently
promotes surface roughening, and micromechanical re-
tention is facilitated to obtain a proper adhesive [69, 70].
However, the HF etching is harmful, due to the HF toxic-
ity and a negative effect on some ceramics, in which HF
produces insoluble silica-fluoride salts that can interfere
with the resin bond. Some high-crystalline ceramics may
not benefit from the HF etching [69]. As opposed to the
above, heat treatment after silanization promotes the im-
provement of the adhesion of silane layers to ceramics.
Heat treatment procedures reduce solvents and enhance
the cross-linking reaction [69]. The cross-linking is found
to increase from the outer layers of the silane toward the
glass surface with the corresponding increase in the me-
chanical and hydrothermal stability of silane [69]. In figure
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(Figure 4), the image schematically shows a representation
of silanization on the ceramic surface.

The table (Table 6) below presents the collected data
on silanization, silanization agents, and the possibility of
surface modification with these processes.

4.3 Thermal Treatment

The thermal treatment of ceramics is the oldest method
of ceramics processing. It allows, depending on the time,
firing temperature, and gas atmosphere to receive ceram-
ics with different physical and chemical properties, includ-
ing different phase composition, porosity, and surface mor-
phology [75]. Much attention is given to the burning of ce-
ramics and its impact on the structure, phase composition,
and morphology of surfaces of ceramics used in prosthetic
dentistry [76—78]. Lithium disilicate glass-ceramics for ex-
ample, are composed of the interlocking microstructure of
the glass matrix and crystalline phase. The microstructure
providing an effective strengthening and aesthetic perfor-
mance of artificial teeth, is produced by controlled crystal-
lization of various components obtained in controlled heat
treatments [78]. Many investigations have shown that heat
treatments are associated with the structural and mechan-
ical changes of the ceramic, and the mechanical proper-
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ties of lithium disilicate glass-ceramics depended on mi-
crostructure [79, 80].

Similar to the other kind of ceramics, the resin bond-
ing of ceramic is widely accepted to depend both on the
micro-mechanical retention achieved by the ceramic sur-
face roughening, and the chemical bonding between the
chemically active ceramic surface and the resin matrix in
resin cement [78]. In order to provide proper ceramic re-
tention and adhesion, the surface should be roughened.
The gold standard for biomedical applications is the use
of dilute hydrofluoric acid [81], also described earlier in
this paper. The best way to ensure the retention of ceramics
into resins seems to be the combination of chemical etch-
ing, surface chemical activation e.g., by silanization, and
a thermal process that is correctly carried out. For exam-
ple, for the lithium disilicate glass-ceramic with HF, the
etching is based on the mechanism of the HF acid react-
ing with silica in a ceramic substance to form a soluble flu-
orosilicate, since the glass phases and crystalline phases
in lithium disilicate glass-ceramic would be restructured
and rearranged in the crystallization process of the heat
treatment [78]. It still must be investigated if different fir-
ing cycle times might lead to microstructure changes, and
whether the microstructure changes would further affect
the acid resistance [78].

A critical problem in the implementation of surface
modification through thermal collectors is the heating

ILA

Mognes&um Graphiene

Figure 5: Schematics and SEM images on different zirconia surface modifications: the machined, acid-etched, grit-blasted, ZLA and multi-

layered coatings [83]
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Table 7: Influence of thermal treatment for bioceramic surface modification

Type of Surface treatment Characteristics Ref.
bioceramics
Zirconia thermal treatment grit blasting, acid etching, and heat treatment do not [14, 83-
associated with negatively influence the mechanical properties of 85]

sandblasting, hydrofluoric
etching, and surface layer
deposition, combined
thermal methods with other
methods give the lowest
effects of surface
development, adhesion
poring and ensuring proper
ceramic retention (Figure 5).

zirconia such as flexural strength and fracture
toughness; smooth and round shape particles for grit
blasting are recommended to avoid micro-crack
formation of ceramics structure; many investigations
have shown that the high HF concentrations,
over-etching time and thermal treatment with improper
cooling rate especially with nucleation of zirconia
monoclinic phase, are not recommended since they can
increase zirconia degradation and cause damage to the

ceramic surface; the key factor for zirconia is the
selection of thermodynamic parameters for thermal
treatment and applied layers in way to not allow to
decrease the activation energy of martensitic
transformation which negatively impacts the resistance
to aging at lower temperatures, especially in the human

body environment.

method and the ceramics exposure times to the high tem-
perature. Here, the SPS or Spark Plasma Sintering allows
for the explosion time reduction, the process costs reduc-
tion, and for smooth regulation of the thermal device influ-
ence, among others, on the phase compositions and sur-
face roughness of ceramics [82].

The thermal modification basically occurs as a mod-
ification associated with other methods, primarily apply-
ing layers of e.g., silicon, magnesium, graphene, or as a
finishing cloth for chemical etching mostly with hydroflu-
oric acid [83]. As in the previous paragraphs, the informa-
tion on the methods of modifying the ceramic surface is
provided in the table below (Table 7). It is very puzzling
for us that although firing or thermal treatment is the old-
est way to process ceramics, not much information on the
surface treatment process has been confirmed or validated
yet. A lot of data can be found about the process itself or
the new methods, but the information on the impact of the
heat treatment on the ceramic surface is scarce [86—89].

The collected dates concern the most widely used type
of ceramics used as biomaterial — zirconia

4.4 lonic Liquid Treatment

Modification of the ceramic surface with ionic liquids is
particularly important in applying active stimulants, for

example, osseitration or in bactericidal and bacteriostatic
activity [90, 91]. The use of modifications with ionic liquids
is advantageous because it allows us to partially eliminate
the risks involved in the use of ceramic biomaterials. In
zircon bioceramics continuous exposure of the mouth to
moist for instance, temperature fluctuations and pH vari-
ation [91] intrinsic dental degradation occur [91]. Addi-
tionally, beverages and protein adsorption are one of the
most common extrinsic factors that cause dental prosthe-
sis degradation. Bearing this in mind is particularly impor-
tant when considering long-lasting functional prostheses
with ZrO, in an unfavorable environment with co-existing
conditions, e.g. bruxism [92, 92].

The authors’ own experience regarding the ZrO, resis-
tance to the so-called low-temperature degradation shows
that only doping of metastable ZrO, phases or applying ac-
tive coatings can be a solution to the problem of destruc-
tion of ceramics in the body environment [92-94]. Bev-
erages enriched with various acids, such as tartaric acid,
malic acid, lactic acid, ascorbic acid, citric acid, and phos-
phoric acid have a strong destructive effect on teeth sur-
face and dentures made from ceramics [91]; what is more,
bruxism could be destructive for dentures [95] as well.

Given their low volatility, good ionic conductivity, ex-
cellent thermal and electrochemical stability, low flamma-
bility and toxicity, ionic liquids (IL) are widely used to coat
the surfaces of medical devices and implants [87]. They
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Table 8: Ceramics biomaterials used for biomedical application
Ceramics Applications Ref.
Calciumsuphate and Bone defects filler, orthopedics and dentistry [105]
carbonate
Alumina ceramics Dentistry, arthroplasty, animicrobalactivities [106, 107]
Zirconia ceramics Dentistry, HA stabilizer, metal lic implants coating [108]
Bioactive Glass ceramics Replacing a vertebral body, material coatings, orthopedic applications [109]
Silicate bioactive glasses Bone repairing devices, drug delivery, modifier for synthetic and [110-112]

natural polymers

are organic salts, consisting of an organic cation and ei-
ther an inorganic or organic anion that is liquid below
100°C. It has been reported recently that IL ions tend to de-
compose under thermal and mechanical stresses and then
react with various both metallic and ceramic surfaces to
form protective films [25, 96, 97].

The deposition of ionic liquid layers on the ceramic
surface is also crucial in obtaining an excellent chemical
connection with the resin in ceramic-polymer composites.
The issue is particularly vital because ceramics as chemi-
cally indifferent can be combined with polymers only as
a result of mechanical connection. The key is the chem-
ical bond between the ceramic filler and the resin, and
the selection of the appropriate curing agent that will en-
sure this. The wide variety of available curing agents and
the different curing conditions denote it is possible to ob-
tain epoxy resins with many different physical properties
such as toughness, chemical resistance [98], mechanical
properties which range from extreme flexibility to high
strength and hardness, top adhesive strengths, excellent
heat resistance, high tensile, flexural, and compressive
strength [98]. The application of imidazole ionic liquid as a
curing agent in epoxy resins is a good example. Imidazoles
are very useful curing agents and combined with epoxy
resins, yield adhesives, and coatings with very good me-
chanical properties. Studies have also shown that epoxy
resins cured with imidazoles can have excellent physical
properties such as better heat resistance, lower tensile
elongation, and higher modulus [98, 99]. Structurally re-
lated imidazolium-based ionic liquids provide one of the
most studied groups of ionic liquids and they are often se-
lected due to the stability of the ring in oxidative and reduc-
tive environments, the low viscosity, and the relative ease
of synthesis [98].

The table below presents data on the application of ac-
tive and functional layers to the ceramic surface to improve
the adhesion between ceramic and polymer (Table 8). Nev-
ertheless, papers in this field are very few, and in princi-
ple, single papers were chosen. Due to the disadvantages

of each group of materials, both polymers, and ceramics
used separately as biomaterials in the context of the com-
posites replacement use, seem to be crucial in the field of
biomaterials engineering.

5 Perspectives of the use of
polymer-ceramic composites and
cenospheres applications in
biomedical engineering

Polymers and polymer-based composites have found ap-
plications as matrices or degrading carriers in the human
body or as a construction biomaterial. A composite is a ma-
terial structure consisting of two or more identifying com-
ponents that work together to achieve better biomaterial
properties. The composite is a material composed of two
phases: a dispersed phase and a matrix phase. The com-
posites offer innovative features that differ from individual
components. Composite materials have promising proper-
ties such as corrosion resistance, lightweight, and high fa-
tigue strength [102]. The composite materials with excel-
lent properties and a variety of applications are considered
promising research and development materials. In the con-
text of biological applications, polymer composites have
many advantages, such a low cost and the use of available
natural and synthetic matrices as well as ease and ability
to choose manufacturing techniques [103].

The production of composite materials with the use of
cenospheres in biomedical engineering is predominantly
used in dental prosthetics and epithesis. The composite
material combines the advantages of ceramics and poly-
mers and meets the clinical environment expectations re-
garding biomaterials with high mechanical strength as
well as ease of use during the implantable procedure.

Many clinical applications such as the treatment of
orthopedic disorders are of interest in the field of tissue
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engineering. Bone disorders are becoming one of the top
health problems in the world, especially for the elderly. For
the repair and treatment of damaged hard tissues, various
types of biomaterials and implants in damaged bone parts
have been widely used. The ceramics group, due to its bio-
compatibility and bone structure similarity is a favorable
group of biomaterials. Ceramic materials based on calcium
phosphate, including S-TCP and HAp, are mainly used in
orthopedic and dental applications [104]. The use of cal-
cium phosphate-based biomaterials includes bone recon-
struction, coating of orthopedic implants, dental use, and
drug delivery. The table shows the use of ceramic biomate-
rials for biomedical applications.

In recent years, the range of polymers for bone tissue
engineering applications has been studied widely. How-
ever, due to the modifiable properties of most synthetic
polymers such as PLA, PLLA, PDLA, PDLLA, PLGA which
exhibit biodegradability, biocompatibility, and ease of pro-
cessing [113], as well as polyurethanes, polyetheretherke-
tone (PEEK), anspolumethyl methacrylate (PMMA) which
offer excellent possibilities usage, the biodegradable poly-
mers can be used to heal wounds, in implants, in dental or
cardiovascular applications, drug delivery, and tissue en-
gineering [114]. Both natural and synthetic polymers sig-
nificantly contribute to modern medicine. The biodegrad-
able polymer applications eliminate the need for surgery
to remove an implant, as well as bone regeneration by os-
teoblasts through the progressive degradation of the im-
plant material or biodegradable material that can elimi-
nate the need for bone plates and screws in bone stabiliza-
tion.

The polymer-ceramic composites based on polymers
and hydroxyapatite are used as implants for bone fixa-
tion, i.e. sutures, interference screws and for meniscus re-
pair [115].

The polymer-ceramic composites under the ongoing
research are deemed to be included in the third genera-
tion orthopedic biomaterials due to their ability to closely
match the properties of natural bone, in comparison with
the first and second generation bone substitute materials.
The combination of polymers and ceramic phases leads to
improved mechanical properties due to the natural higher
rigidity and strength of the inorganic material. Therefore,
in applications where stiffness and skill suppression such
as of the bone is required, modification of polymers with
ceramic particles can be an interesting solution [116]. The
addition of micro and nano-hydroxyapatite to synthetic
polymers results in mechanical properties comparable to
the skeleton of bone formation [117]. Furthermore, the ad-
dition of bioactive phases to bioresorbable polymers may
change the degradation of the polymer composite scaf-
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folds. The development of such composite materials for
biomedical applications is attractive due to the possibil-
ity of adapting to the tissue mechanical and physiolog-
ical requirements, controlling the volume fraction, mor-
phology and arrangement of the reinforcing phase. Liter-
ature reports show that highly porous scaffolds made of
polymer ceramic composites seem to be a promising sub-
strate for bone tissue due to their excellent mechanical
properties and the osteoconductivity [118]. As a kind of
structure consisting of a composite of ceramic and poly-
mer materials, they are widely used for bone expansion
and repair. Polyethylene (PE), poly(methylmethacrylate)
(PMMA), poly(propylene fumarate) (PPF), as well as chi-
tosan can be used as polymeric materials. Hydroxyapatite
(HA)-reinforced high-density polyethylene composite has
been developed as an analogy to bone replacement and
support material in joint endoprostheses. The HA pres-
ence in the composite ensures the polymer mechanical
strengthening, creep resistance improvement, along with
inherent bioactivity and biocompatibility [119].

Poly(methylmethacrylate) is known as polymer mate-
rial for bone reconstruction. PMMA-based bone types of ce-
ment made of a powdered component consisting of PMMA
polymer or similar block copolymers and a liquid compo-
nent made of methyl methacrylate or the related monomer
liquids are currently available. This type of composite is
used, among others, in cutaneous vertebroplasty in the
treatment of fractures and spinal changes [116, 120, 121].
Biodegradable polymer composites are new developments
in bone disease treatment and fracture repair. They can be
used for orthopedic implants such as inter somatic cages
for spinal arthrodesis and osteosynthesis plater in frac-
tures healing. Therefore, it is essential to obtain the op-
timum mechanical properties, bioactivity, and biodegrad-
ability in the design and development of the biodegrad-
able polymer composites [116]. Jayabalan et al. have stud-
ied a poly(propylene fumarate) copolymer with hydroxtap-
atite as bone cement and found it to be an ideal candidate
for use in orthopaedic surgery [122].

The PLGA- and hydroxyapatite-based composites are
used, while the PLGA polymer has poor mechanical prop-
erties and bioactivity which may not ensure stable os-
seointegration. Mao et al. studied the composite scaffold
PLGA/etyl cellulose/ HA as load substitutes. The mechan-
ical performance of scaffolds was improved by combin-
ing robust leaching methods, and the mechanical and
hydrophilic properties of the composites improved after
the introduction of hydroxyapatite [123]. Ceramics can be
used as a polymer coating to solve the mentioned prob-
lems [124].
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Mixing polymer and ceramics at the molecular level
can be considered a method to overcome the fragility of
ceramics while increasing the strength of the polymer. The
classic approach to combining polymer and ceramics is to
incorporate ceramic particles into a polymer matrix. The
resulting materials have better strength, elastic properties
and tribological resistance [125-128].

The table presents ceramic-polymer composites used
in various biomedical applications.

Table 9: Ceramic-polymer composites used in biomedical applica-
tions

Applications CompositeMaterial Ref.
Bone Poly(lactide-co-glycolide) [129]
(PLGA)/ calcium phospate
PLA/ethyl cellulose [123]
(EC)/hydroxyapatite
Oral tissue Hydroxyapatite/PLA [130]
Wound dressing Kaolin/polyurethane [131]

The ceramic-polymer composites are also used in den-
tistry. In addition to the use of the hydroxyapatite/PLA
composite for bone-cartilage implants for repair of the tem-
poromandibular joint, it also has other applications in den-
tistry. The use of composites in dentistry is a perspective
for permanent tooth fillings. The microstructure of these
composite materials consists of a polymer matrix and ce-
ramic reinforcing particles. Mixing polymer and ceramics
at the molecular level will overcome the fragility of ceram-
ics while increasing the strength of the polymer. The clas-
sic approach is to combine ceramics with a polymer by in-
corporating ceramic particles into the polymer matrix [132].
The resulting material has improved strength, elastic prop-
erties, and tribological resistance. Resin-based composite
materials reinforced with ceramic particles are most com-
monly used for dental restorations [133-136].

Recently, promising dental materials have been the
development of polymer-infiltrated ceramic network com-
posites (PICN), adjusting the performance of individual
components, consisting of two elements, a porous sin-
tered ceramic matrix (86% by weight) and an infiltered
polymer (14% by weight) [137]. The PICN material pro-
cess involves two stages: a porous pre-sintered ceramic
is formed, and then the porous ceramic network is infil-
trated with a polymer. Before infiltrating the resin, the ce-
ramic network is conditioned with the coupling agent, and
the polymer network is chemically crosslinked with the
ceramic network to form a mutual permeation network
system [137]. Li et al. suggested a composite consisting of
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a zirconia and poly(methylmethacrylate) PMMA-ZrO, pre-
pared from the resin-infiltrated ceramic. They expect it
to be used as dental CAD/CAM material. Such commer-
cially available hybrid resin composite obtained in infil-
trating a monomer mixture into a pre-sintered ceramic
network is called Vita Enamic [138, 139]. Hybrid ceramic-
polymer composites produced by infiltrating the polymer
resin with a ceramic material with a hierarchical structure
give the possibility of possible indirect restorations imitat-
ing the even structure of dentin tubules and restore the
function of anisotropy [140, 141]. The method of infiltrat-
ing monomers into a porous ceramic can limit the introduc-
tion of a large number of ceramic fillers into the polymer
matrix by conventional mixing. Appropriate design of ma-
terials and selection of processing techniques can improve
the microstructure geometry and mechanical properties of
hybrid ceramic composites infiltrated with polymers.
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