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ABSTRACT Optical properties of a ceramic biocomposite material based on hydroxyapatite (HA) with the
additives up to 0.5 wt.% of multi-walled carbon nanotubes (MWCNTSs) have been studied by terahertz time-
domain spectroscopy in the frequency range 0.25 — 1.1 THz. It was found that the refractive index of the
composite varies between 2.6 and 2.8 depending on the porosity of the material. The absorption coefficient
decreases with increasing of MWCNTs concentration in the ceramic biocomposite. The values of the refractive
index and the absorption coefficient of our ceramics close to those for cortical bone, dentine and enamel.
The absorption curves show frequency peaks whose positions correspond to the macrocrystallite sizes. The
size of macrocrystallites decreases with increasing concentration of MWCNTSs, which leads to an increase in
microhardness according to the Hall-Petch equation. The time delay of the terahertz signal through the sample
increases for higher concentration of MWCNTSs. This indicates that nanotubes embedded into the HA matrix
fill the pores and decrease the area of the pore space, which increases the density of the ceramic composite
and decreases its porosity.

KEYWORDS ceramic composite, hydroxyapatite, multi-walled carbon nanotubes, terahertz spectroscopy,
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1. Introduction

Calcium phosphate biomaterials, such as hydroxyapatite (HA), have excellent biocompatibility, bioactivity, osteo-
conductivity, and long degradation time. It makes them applicable in producing bone implants for orthopedic and dental
medicine [1,2]. Porosity is one of the important properties of biomedical materials, which is defined as the ratio of the
void volume to the total volume of a porous material. The influence of porosity on the mechanical properties from one
side and degradation, biocompatibility, and osteogenesis of the bioceramic scaffold, from the other side, should be taken
into account in the design of such implants [3]. Porosity plays a significant role in bone tissue regeneration [4], crack
propagation and fracture toughness of HA ceramics [5]. The porosity of HA ceramics depends on the amount of the
multi-walled carbon nanotubes (MWCNTs) additives [5,6]. MWCNTs additives increase the density of HA-MWCNTs
composites by activating the sintering process in ceramics [2, 6].

The porosity of ceramic materials, the total porosity of open and closed pores can be measured by destructive and non-
destructive methods [7-11]. Destructive methods include liquid pycnometry [7] and mercury porosimetry [8] that based
on invasive analysis. These methods have several disadvantages including the destruction of a sample, losing mechanical
and other properties.

The most common nondestructive methods are small-angle neutron scattering [9], transmission electron mi-
croscopy [10], the nuclear magnetic resonance method [11], etc. These methods allow one to carry out a noncontact,

© Rezvanova A.E., Kudryashov B.S., Ponomarev A.N., Knyazkova A.IL., Nikolaev V.V,, Kistenev Yu.V., 2023



Composite hydroxyapatite-multi-walled carbon nanotubes... 531

noninvasive and fast analysis of the material porosity. The method of terahertz time-domain spectroscopy (THz-TDS) can
be also used for this purpose. It holds certain advantages. The THz method [12] consists in recording the temporal shape
of a terahertz electric field pulse after passing through the material matrix and analyzing it using the fast Fourier trans-
form. Terahertz electromagnetic waves can penetrate through various materials, such as biomaterials, including polymers
and ceramic materials, thereby providing their spectroscopic data [13]. The photon energy of THz waves is several orders
of magnitude lower than the quantum energy of the X-ray wave. That is why the THz wave is a more efficient tool for
nondestructive noncontact investigation [14, 15].

The analysis of the behavior of a THz pulse propagating through a sample makes it possible to determine such optical
properties as absorption coefficient, refractive index, and THz pulse propagation time delay, which are used to estimate the
material porosity [13]. The nonionizing radiation between 0.5 and 1.5 THz enables safe investigation of optical properties
of human tissues and tissue replacement materials [16]. THz-TDS was used for in vitro studies of refractive indices and
absorption coefficients of the jawbone [12], tooth enamel [17], dentin [17], cortical bone [18] and femoral bone [19]. The
refractive index of enamel is bigger than that of dentin, while absorption has a similar frequency dependence [17]. In [20]
the possibility of using THz spectroscopy for diagnosing dental caries is observed. It was shown, that the attenuation of
the THz signal during caries is significantly higher than the one for healthy teeth.

The aim of this work is to study the optical properties of a porous ceramic biocomposite material by noninvasive THz
time-domain spectroscopy in the frequency range 0.25 — 1.1 THz. The studies were performed on HA-based ceramic
samples with different concentrations of MWCNTs (up to 0.5 wt.%). Refractive index, absorption coefficient and time
delay of the terahertz pulse propagation through the HA-MWCNTSs ceramic composite material were determined.

2. Materials and methods
2.1. HA-MWCNTs composites

The object of terahertz (THz) studies is a ceramic composite material with the hydroxyapatite (HA) matrix. The
additives of multi-walled carbon nanotubes (MWCNTSs) are used for reinforcement and control of porosity of the HA
material structure. The studies were carried out on three sample sets: the HA and HA with 0.1 and 0.5 wt.% MWCNTs
additives.

Hydroxyapatite was synthesized from calcium carbonate and orthophosphoric acid:
5CaCO3+3H3P04+Ca5(PO,4)3sOH+4H,0+5C0O,. The HA powder was calcinated at the temperature 850 °C for 1 h
in wet atmosphere and then mixed with the MWCNTSs powder [6,21,22]. MWCNTs with the mean diameter 18 nm were
prepared using the chemical vapor deposition (CVD) method [23, 24] and characterized by the calorimetric, scanning
electron microscopy (SEM), Energy Dispersive X-ray microanalysis (EDX), X-ray photoelectron spectroscopy (XPS),
transmission electron microscope (TEM) and near edge X-ray absorption fine structure (NEXAFS) spectroscopy [25-27].
The MWCNTs powder contains a small amount of the Co/Fe catalyst (less than 0.3 wt.%) and has a high-quality surface
with a small number of defects and other impurities.

Cylindrical samples were prepared under the pressure 120 MPa and subsequent annealing at the temperature 1100 °C
in argon atmosphere for 1 hour [2,5]. The thickness and diameter of the ceramic samples are 34+0.1 mm and 8 £0.05 mm,
respectively. The porosity was calculated using the theoretical density 3.167 g/cm® of stoichiometric HA [5]. The density
of samples is varied from 8 to 27.5 % by changing the concentration of nanotubes.

This is consistent with a decrease in porosity near 3 times for HA+0.5 wt.% MWCNTSs in comparison to HA without
MWCNTs additives, that was found by the Brunauer—-Emmett—Teller (BET)-method [28]. MWCNTs in the composite fill
the pores between the HA grains, according for SEM characterization [2,28].

2.2. Sample characterization

NEXAFS spectra of HA and HA with the additives of the MWCNTSs were measured at the RGL-PES station of the
3rd generation synchrotron radiation source BESSY II (Berlin, Germany) in high-vacuum conditions (~ 1071° Torr).
The samples were degassed in dynamic high-vacuum conditions for more than 12 hours. Leakage current mode of the
Keithley picoammeter was used for obtaining the NEXAFS spectra. The depth of the NEXAFS analysis was 15 — 20 nm.
The spectra were used to analyze the chemical state and the local atomic structure of carbon in the MWCNTs. The
NEXAFS spectra were normalized to the recorded contemporaneously of primary flux from a gold covered grid. The
energy resolution of the monochromator in the ranges of the carbon K-edge (hv ~ 285 eV) was equal to ~ 70 meV.

The SEM images of the samples were obtained and characterized by using Zeiss EVO-50 field emission SEM (Carl
Zeiss SMT Ltd.) at the accelerating voltage of 15.0 kV.

Optical characteristics of HA-MWCNTs were analyzed using a T-SPEC spectrometer (EKSPLA, Estonia). It operates
in the frequency range 0.25 — 1.3 THz in the transmission mode. Sketch of T-SPEC spectrometer [29] is shown in Fig. 1(a).
It has 4 main components:

— femtosecond pulse laser in the near-infrared range;
— terahertz emitter (photoconductive antenna, i.e. an optically activated fast switch built into the antenna structure);
— delay mechanism between the pumping and probing beams;
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— THz detector with time synchronization.
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FI1G. 1. (a) T-SPEC Real-Time Terahertz Spectrometer: M1, M2, M3, M4, M5 — mirrors, L1, L2 —
lenses, PR1, PR2, PR3, PR4 — prisms, HLR1 — fast delay line, HLR2 — slow delay line; (b) sketch of
the terahertz pulse propagations through air and a sample

The femtosecond fiber laser is used at the pulse duration 10 — 150 fs, central wavelength 1050440 nm, pulse repetition
rate 30 — 100 MHz, and power 100 mW. The laser output radiation is divided into two optical paths — the pumping and
probing beams — by using the polarizing beam splitter (BS1). After the HLR1 delay line, the pumping beam is focused
on the source of subpicosecond pulses of THz radiation (photoconductive antenna). The terahertz beam is focused on a
sample spot using parabolic mirrors. The photoconductive output of the THz detector is proportional to the strength of the
instantaneous electric field of the THz pulse generated during the ultrashort pumping pulse. Scanning with a fast delay
line at the frequency 10 Hz forms the wave front of the electric field of THz radiation.

Sample response and a reference measurement are used to calculate the refractive index and absorption coefficient.
The collected data then processed using the Fourier transform [30,31]. In the transmission mode, the temporal response
of the detector (time domain) is converted into the frequency characteristic of detector (frequency domain). If electric
field strengths of the reference (in air medium without sample) and sample signals are denoted by E,(w) and F,(w),
respectively, the ratio between the sample and reference pulses can be written as (1):

Eq (w) iA
= Ae'"¥ 1
By () e, ey
where A is the magnitude of the ratio and A is the phase difference. It can also be written as (2):
E (W) W (A —
s =T i (ns—1)d 2
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where w is the angular frequency, c is the speed of light, T'(w) is the Fresnel transmission coefficient, d is the sample
thickness, and 72 is the frequency-dependent complex refractive index of the sample. The value of 71, is the sum of the
two components: the refractive index n,(w) and the absorption (extinction) coefficient ks (w) (3):

1, (W) = ng (W) + ks (w) . 3)
A sketch of the terahertz pulse propagations through the air and the ceramic sample during measurements is shown

in Fig. 1(b).

The signal F,(w) propagates for time ¢, during the measurements of a reference pulse in the absence of a sam-
ple. In the second measurement during the THz pulse propagates through the sample, the signal intensity decreases
E;(w) < E,(w) and the signal propagation time increases t; < t,, that lead to the time delay At = ¢, — t, of the THz
pulse propagation through a denser medium.

The refractive index ng of the sample is obtained using the phase delay, according to Eq. (4):

ns =14 —Agp. (4)
wd

The Fresnel transmission coefficient T'(w) is evaluated by using the calculated refractive index n,. The absorption
coefficient a, is calculated by Eq. (5):
2wk 2 A
a, = wS:—ln(). 5)

c d T (w)
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The sample is placed in the path of propagation of THz radiation in a special metal cell-holder. First, rough 2D
scanning is performed over the entire surface of the sample (the scan area 3.6 x 3.6 mm and the vertical and horizontal
scan step 0.25 mm). Then, the THz signal propagating through the center of the cell (the scan area 1.5 x 1.5 mm and
the vertical and horizontal scan step 0.5 mm) is recorded, which makes it possible to avoid artifacts due to the metal
cell-holder. Nine measurements were performed on each sample. The spectrum was averaged over 256-ps intervals to
obtain a better signal-to-noise ratio.

Data are visualized using the TeraVil program for the T-SPEC spectrometer. Statistical analysis and data processing
are carried out in Python 3.6 using libraries (numpy, scipy, matplotlib) and GNU Octave 6.4.0. free software.

3. Results and discussion

The density of the unoccupied states of carbon and the local atomic structure of HA-MWCNTs were investigated by
the XANES method (see Fig. 2). The atomic and electronic structures of HA-MWCNTs depend on the concentration of
MWCNTs. NEXAFS absorption spectra for the initial MWCNTSs that used as the additives in the composite ceramics
is shown in Fig. 2 for comparison [25]. For MWCNTs the structure of the 7*(C=C) resonance at the photon energy
~ 285 eV, o (C=C) resonance at ~ 291 eV is observed [25]. For composites HA with MWCNTs observed the presence
of the 7* (C=0) and o* (C-O) states that can indicate the possible oxidation of the MWCNTSs from water produced
during the dehydroxylation of HA. It is seen that with the increasing of the concentration of MWCNTs additives the
intensity of 7* (C=C) and o*(C=C) chemical bonds decreases and at the same time the intensity with energy near 284 eV
increase, that apparently related to the decomposition of MWCNTs and increasing the amount of amorphous carbon.
Therefore, it is possible to assume that the presence of the MWCNTS leads to the activation of sintering processes of HA
ceramics and increase of density. The partial carbonization of HA ceramics with the MWCNTs additives was indicated
by the results of FT-IR studies [2]. With increasing of the amount of nanotubes in composite ceramics, the intensity of
the carbonate stretching band of FT-IR spectra increases due to partial oxidation of the nanotubes and as a result more
intensive carbonization of the A-type HA [2].
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FI1G. 2. XANES spectra of initial MWCNTs (green curve), HA (red curve), HA with 0.1 wt.%
MWCNTs (blue curve) and HA with 0.5 wt.% MWCNTs (black curve)

The temporal wave forms of the field of the THz pulses transmitted through the air (reference) and composite HA
ceramics and HA with the MWCNTSs concentrations 0.1 and 0.5 wt.% were obtained by measurements of electric field
strengths. The total number of such wave forms was 54. The dependencies for the electric field strength on the time
of THz pulse propagation through the air and ceramics HA, HA+0.1 wt.% MWCNTs and HA+0.5 wt.% MWCNTs are
shown in Fig. 3(a).

As it is seen in Fig. 3(a), the time delay appears between the THz pulse through the air (reference) and ceramic
sample. The THz signal propagation time for the reference and the sample were measured by the THz detector with time
synchronization, and the time delay of the pulse was determined as the difference between the main time peaks of the
reference and the sample.

Figure 3(b) shows the linear dependence of the THz pulse time delay vs. the MWCNTs concentration and the porosity
of the ceramic biocomposite. The time delay increases with a decreasing of the porosity [32,33]. It is seen in the Fig. 3(b)
that the time delay increases with increasing of the amount of MWCNTs in the HA bioceramic composite. This indicates
that the additives of MWCNTs lead to denser HA ceramics, decreasing its porosity [2, 6]. It is shown that the porosity of
HA ceramic composite linearly depends on the time delay.
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F1G. 3. (a) Dependencies of the electric field strength on the time of THz pulse propagation through
the air (green curve), HA ceramics (red curve), HA+0.1 wt.% MWCNTs ceramics (blue curve),
HA+0.5 wt.% MWCNTs ceramics (black curve); (b) the THz pulse propagation time delay depen-
dence on the MWCNTSs concentration (open circles) and the porosity of the composite (open square).
The line is mean values of the time delay.

In addition, the frequency dependencies of the refractive index (Fig. 4(a)) and absorption coefficient (Fig. 4(b)) for
the studied samples are obtained. Error bars are presented standard deviation obtained from 6 measurements for each
sample. The refractive index ng and the absorption coefficient a in the frequency range 0.25 — 1.1 THz are obtained by
using Egs. (4) and (5), respectively. It is seen that, the absorption coefficient a, decreases with increasing of the MWCNTs
concentration up to 0.5 wt.% (Fig. 4(b)). The HA sample without nanotubes has the highest absorption coefficient, which
indicates the largest porosity of the sample.
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FIG. 4. (a) Frequency dependence of the refractive index n: HA (solid red curve — 1), HA+0.1 wt.%
MWCNTs (solid blue curve — 2), HA+0.5 wt.% MWCNTs (solid black curve — 3). Refractive indices
of enamel (pink dash curve — 4), dentin [20] (green dash curve — 5), cortical human bone [14, 19] (dash
brown curve — 6, dash orange curve — 7) are added for comparison; (b) Frequency dependence of the
absorption coefficient a: HA (solid red curve — 1), HA+0.1 wt.% MWCNTs (solid blue curve — 2),
HA+0.5 wt.% MWCNTs (solid black curve — 3). Absorption coefficients of enamel [17] (dash purple
curve —4), dentin [17] (dash green curve — 5), cortical human bone [14,19] (dash brown curve — 6, dash
orange curve — 7) were added for comparison.
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The opposite effect was observed for rubber with MWCNTSs additives. The absorption coefficient of rubber was
increased with increasing concentration of MWCNTSs, since MWCNTs are electrically conductive materials, while density
and porosity of rubber were slightly changed [34,35]. For HA composites the MWCNTs additives lead to the sintering
activation and as the result, for the increase of the density and decrease of the porosity [6]. The HA ceramic sample
without nanotubes additives has the highest absorption coefficient, which indicates the largest porosity of the sample. The
HA sample without nanotubes has porosity ~ 27.5 %, which is ~ 3 times higher than that of the HA sample with 0.5 wt.%
MWCNTs [5]. It is seen from these comparisons that the influence of MWCNTSs additives to the absorption coefficient of
HA and rubber are different due to the larger structural inhomogeneity of the HA composite in comparison to the rubber.

It is seen in Fig. 4(a) that the refractive indices of our ceramic samples (curves 1 — 3) indicate the same dependence in
the frequency range 0.25 — 1.1 THz. It was shown that average refractive index increases from 2.6 to 2.8 with increasing
of concentration of nanotubes in the HA ceramics. In different literature data of THz refractive indices for human cortical
bones are as follows: ngs ~ 1.9 (curve 6) and 2.5 (curves 7) [14, 19]. In addition, the refractive values for enamel tissue
are ~ 3.1 [17,20,36] and for dentin ~ 2.3 (curves 4, 5) [17,20,37]. The obtained results allow us to conclude that the
HA with the additives of MWCNTs have the proximity of the physical properties of the ceramic material to the enamel
and dentin.

In Fig. 4(b), the absorption coefficients of ceramic samples HA (curve 1) and HA-MWCNTs (curve 2 and 3) are
shown. The absorption coefficients, a, obtained in our experiment (curves 1 — 3) are lower than that for cortical human
bones [14, 19] (curves 6 and 7), but are close to values of absorption for enamel and dentin (curves 4 and 5) [17,36,37].

As for the frequency dependence of a for the HA without additives (curve 1), it shows a maximum peak at frequency ~
1 THz. For the HA with 0.1 wt.% MWCNTs (curve 2) and 0.5 wt.% MWCNTSs additives (curve 3), the values of the
maximum peaks are slightly shifted to higher frequency. A possible reason for this phenomenon may be an increase of
noise intensity with increasing in frequency or other reasons. Plazanet et al. [38] found that the maximum peaks for pure
non-stoichiometric HA is not observed in the frequency range from O to 2.25 THz. However, the absorption coefficient
peak for the same HA heated to 1000 °C was found at frequency of 2 THz. «-TCP, 8-TCP and stoichiometric (s-HA)
were also observed at frequency 2.1 THz. The vibrational band is intense and narrow for s-HA [38].

It can be assumed that the position of the frequency maximum corresponds to the grain size (macrocrystallites), which
increase due to recrystallization of HA ceramics during heating [38]. The diameters of macrocrystallites (D ~ 100 pm)

were estimated by Eq. (6):
c

fn’
where c is the speed of light, f is the frequency, n is the refractive index.
The addition of MWCNTs leads to a small (about 10 pm) decreasing of D. In Fig. 5, the dependence of the Vickers
hardness as a function of D~-% was plotted by using the previous experimental the Vickers hardness values [5] and the
estimated macrocrystallite sizes.
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F1G. 5. Dependence the macrocrystallites sizes on the Vickers microhardness

It is seen in Fig. 5 that the hardness linearly increases with increasing concentration of nanotubes. It may be due to a
decreasing in the size of macrocrystallites according to the Hall-Petch [39,40], Eq. (7):

H = Hy+ kD%, (7
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where H is the hardness, a Hy and k;, are the material-specific constants related to hardness measurements.
We also estimate dimensionless size-parameter [41] z ~ 7 by Eq. (8):
D  wDnf
A ¢

®)

where D is the diameter of the macrocrystallites.

Previously, it was found that the X-ray diffraction peaks are slightly shifted for our samples in comparison with HA
standard (JCPDS-09-0432/1996). This shift indicates the homogeneous internal macrostresses in the HA ceramics [6].
Such macrostresses can arise from the result of the low thermal diffusivity due to heterogeneous heating/cooling of the
ceramics during sintering. Fig. 6 shows SEM image of agglomerates of HA powder with sizes distribution histogram. It
is seen, that the average size of such macrocrystallites takes the value D ~ 113.2 ym. The experimental study of particles
sizes corresponds to analytical calculation of the macrocrystallites sizes of HA ceramics with MWCNTs additives by
using Eq. (6). A decrease in the diameters of microcrystallites in Fig. 5 is arising from the activation of the sintering
process as a result of adding MWCNTs. It leads to the decrease of macrostresses between the crystallites and an increase
of microhardness of the composite materials [2, 6].

- - )
=) o o

Number of particles, %
L4

<d>=113.2 ym

3 > % 50 100 150 200 250 300 350 400
O L Macrocrystallite size, um

EHT =20.00kV Mag= 200X  Signal A=NTS BSD W‘

WD = 85mm TiltAngle= 0.0° |Probe= 829 pA

F1G. 6. SEM image of HA macrocrystallites

4. Conclusions

In this work, we used terahertz time-domain spectroscopy and optical parameters in the frequency range 0.25 —
1.1 THz to study the porous structure of a hydroxyapatite (HA) ceramics and HA ceramics reinforced with 0.1 and
0.5 wt.% multi-walled carbon nanotubes (MWCNTs). This method, based on the detection of the terahertz pulse time
delay, provides information about porosity of the composites.

With an increasing in the MWCNTSs concentration in the material, the time delay of the terahertz pulse propagation
through the sample matrix increases. This indicates that nanotubes embedded into the HA matrix fill the pores and
decrease the area of the pore space, which increases the density of the ceramic composite and decreases its porosity.

Frequency dependencies of the absorption coefficient and refractive index of HA and HA-MWCNTSs ceramics were
obtained for the studied samples. The obtained values show that the optical properties of the composite can be controlled
by the addition of nanotubes to HA ceramics. It is shown, that with increasing concentration of nanotubes (up to 0.5 wt.%),
the absorption coefficient decreases. The HA sample without MWCNTSs has the highest absorption coefficient. With
increasing of the MWCNTSs concentration, the refractive index increases from 2.6 to 2.8, which correlates with a decrease
in porosity. The values of the refractive index and the absorption coefficient of our ceramics are close to those for cortical
bone, dentine and enamel. The obtained results allow us to conclude that the HA composites with additives of MWCNTs
up to 0.5 wt.% have the proximity of the optical properties to the natural bone matrix.

In addition, the absorption curves show frequency peaks whose positions correspond to the grain (macrocrystallite)
sizes. The size of macrocrystallites D decreases with increasing concentration of MWCNTs. This leads to an increase in
the microhardness according to the Hall-Petch equation.
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Thus, it was found that addition of nanotubes to ceramics makes it possible to control porosity, which affects the
optical properties of the ceramic materials. This bears witness to the relation between the optical properties and porosity
of the HA-MWCNTs ceramic biocomposite.
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