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A model of the propagation of a terahertz pulse through ceramics based

on hydroxyapatite
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Computer models of transmission of terahertz (THz) radiation through samples of porous composite ceramics

based on hydroxyapatite (HA) with carbon nanotubes (CNTs) additives are developed by using finite element

method. The models allowed us to estimate the influence of CNTs additives with 0.1 and 0.5wt.% concentrations

on the structure and optical properties of the samples. Optical properties of the model samples, such as refractive

index and absorption coefficient, were determined by using the modeling results of the intensity and transmission

rate of THz radiation. It was found, that the increasing of the absorption coefficient and the decreasing of the

refractive index are observed with an increase of the porosity of the material, which is due to the denser structure

of the material with addition of CNTs. The obtained optical parameters of the HA and HA-CNTs samples models

have a qualitative agreement with experimental data and with the literature parameters of bone tissues.
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Introduction

The creation of materials for the replacement of bone

defects with mechanical properties similar to the bone

properties [1–3] is an urgent area of studies of materials

science.

Ceramics based on hydroxyapatite (HA) are widely used

for creating implants for bone tissue reconstruction due

to their structural similarity to the mineral component,

high biological activity and biocompatibility with human

bone tissue [4,5]. At the same time, the properties of

HA ceramics, such as strength, fracture toughness, and

porosity, differ significantly from the properties of human

bone tissue [6,7], which limits the use in implantation sites

with high mechanical loads.

One of the important structural parameters of materials,

including ceramic, is the porosity [8], which directly affects

the mechanical [3] and optical [9–11] properties, which

should be taken into account when developing implants

based on such materials.

The porosity of HA-based ceramics can change in case

of introduction of various reinforcing additives, such as

multi-walled carbon nanotubes (MWCNTs) into the ceramic

matrix. MWCNTs additives fill the pore space of the

HA [12,13] matrix and increase the density of composites

by activating the sintering process in ceramics [1,14]. This

results in the strengthening of the grain boundaries of HA

ceramics and preserving the microstructure of the matrix,

and, as a result, it prevents or slows down the occurrence

and spread of cracks in the ceramic composite [15], which

makes it possible to obtain a material with lower porosity

compared to HA without additives.

The surface porosity of the HA-based composite de-

creased from 10± 1.5 to 5± 2.5% with the addition of

4wt.% MWCNTs additives in Ref. [16]. At the same time,

there is a higher porosity in the center of the sample

(10%) than in the periphery (5%), which is the result of

a compaction gradient. The effect of the functionalization

of HA ceramics without and with MWCNTs additives on

the mechanical and biological properties of composites was

studied in Ref. [17]. The porosity slightly decreases from

2 to 1.5% in nonfunctionalized HA ceramic samples in

case of addition of 1wt.% of MWCNTs. The impact of

MWCNTs on the structure and mechanical properties of

ceramics ZrO2 wa studied in Ref. [18]. The addition of

0.5 wt.% MWCNTs together with Ni to the ZrO2 matrix

resulted in a decrease of the porosity of the material from

93.8 to 88%. 1.5 wt.% MWCNTs is introduced into ceramics

Al2O3 in Ref. [19], which resulted in a decrease of porosity

from 8 to 4%. Therefore, the use of MWCNTs as reinforcing

additives in various matrices contributes to the production

of a composite material with a given structure.

One of the methods for studying the porous structure

of materials is terahertz (THz) spectroscopy in the time

domain Ref. [20–22]. Studying the behavior of the THz

pulse makes it possible to study the internal structure of

materials and determine their optical properties, such as

the absorption coefficient, refractive index and time delay

of the THz pulse propagation, used for qualitative analysis

of the porosity of materials [23]. The optical properties of
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ceramic materials depend on the effects associated with the

spatial distribution of local electric fields, and are caused by

the scattering of THz radiation by both individual structural

elements and their groups [24].
Therefore, the determination of optical properties allows

obtaining important information about the internal structure,

which shall be taken into account for the analysis of the

porosity of materials.

Studies of the optical properties of the material are per-

formed due to the need to obtain a variety of experimental

samples with different content of MWCNTs additives, as

well as for processing a large amount of experimental data.

To optimize the research task, it makes sense to use

computer modeling methods, among which the finite

element method (FEM) is the most preferred. This method

has proven itself in the field of engineering and mathe-

matical modeling in the problems of structural analysis,

heat transfer, fluid flow, mass transfer and electromagnetic

potential [25].
For instance, FEM was used in Ref. [26] to simulate

the electrical conductivity of two-dimensional and three-

dimensional media in the presence of ideally conductive or

insulating inclusions. Another example of usage of FEM is

the modeling of core-shell nanoparticles that combine strain-

coupled magnetostrictive and piezoelectric phases, and their

magnetoelectric behavior is analyzed [27].
This work is aimed at developing simulation models of

THz radiation transmission through the porous structure of

HA-based materials with the addition of 0.1 and 0.5wt.%

MWCNTs.

1. Research methods

1.1. Modeling of the structure

Computer programs are used for conducting compu-

tational experiment to simulate the studied objects and

the processes occurring with them, as well as to obtain

arrays of output calculated values [28–30]. COMSOL

Multiphysics [30] modeling environment based on the finite

element method (FEM) is used to address the problem

raised in this paper.

A program was created in this environment for the

automatic construction of structural models of a composite

material based on specified parameters, such as sample

size, number of pores, maximum and minimum pore radii,

minimum and maximum number of CNTs in pores.

An algorithm for creating models of the porous structure

of materials with inclusions in the form of nanotubes:

1) creation of the basis of the model in the form of a

cylinder with a radius of 20µm and a height of 40µm;

2) formation of balls with a radius from 0.1 to 1µm and

cutting them out of the main cylinder using the Difference

tool to form pores;

3) creation of a cylinder with a radius of 9 nm and a

height of 15µm in a random direction in each formed pore

for modeling of CNTs;

4) adding similar-sized cylinders with different angles of

inclination to each cylinder created in the pore to form

CNTs agglomerates;

5) the formation of an outer layer of HA around the CNTs

with a radius of 45µm and a height equal to the height of

the CNT;

6) creation of additional cylinders equal to the main one

in size for trimming each CNT from the surface of the

model using the Intersection tool.

Composite material models based on a simplified repre-

sentation of the MWCNTs in the form of a solid cylinder are

proposed in this study. The key parameter of these models

is the diameter of the cylinder, equal to 18 nm, which

corresponds to the experimentally determined diameter of

the MWCNTs.

The stages of creation of a model of the structure of a

composite material based on HA with the addition of CNTs

are graphically shown in Fig. 1.

1.2. Modeling of the transmission of THz
radiation

FEM embedded in the COMSOL Multiphysics [31]
environment was used to calculate the optical properties

of the models, such as the refractive index and absorption

coefficient. Release from Grid module was used to build a

computer model of terahertz (THz) radiation transmission

by specifying a network of points for radiation sources. A

cylindrical type grid was built using this module in which

the starting points for the rays are on a circle, and the

rays themselves are directed perpendicular to a given plane.

Two grids were built to analyze the effect of the radiation

propagation area on the optical properties of the model

(Fig. 2).
The beam is divided into reflected and refracted (Fig. 3)

in the calculation of the trajectory of motion when the beam

reaches the interface between two media with different

refractive indices and the direction of movement of both

beams is calculated according to the Snellius law (1):

n1θ1 = n2θ2, (1)

where n1 — the refractive index of the medium from which

light falls on the interface, θ1 — the angle between the ray

incident on the surface and the normal to the surface, n2 —
the refractive index of the medium into which the light falls

after passing the interface, θ2 — the angle between the

beam passing through the surface and the normal to the

surface.

A plane wave with a given frequency of 1 THz was

selected to simulate the passage of rays. The initial

radiation intensity was 1000 W/m2. The radiation frequency

was determined based on an experiment conducted in the

frequency range from 0.25 to 1.3 THz [32]. Due to the fact

that the measurement error increased when approaching

the boundary values, it was decided to use the average

frequency value. In addition, the choice of the radiation

Technical Physics, 2024, Vol. 69, No. 3
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1 2 3

6 5 4

Figure 1. Stages of creation of a model of the porous structure of a cylindrical sample: 1 — creation of a cylindrical base, 2 — pore

formation, 3 — creation of an axial CNTs, 4 — addition of the remaining CNTs, 5 — addition of an outer layer of HA around the

nanotubes, 6 — trimming of the nanotubes at the boundary with the surface.

a b

Figure 2. Radiation sources in a cylindrical sample: the passage of radiation through the center of the radial section (a), through the

entire surface of the radial section (b).

Incident ray
Ref lected ray

Interface

Refracted ray

Figure 3. The separation of the beam into reflected and refracted at the boundary of the media [31].

Technical Physics, 2024, Vol. 69, No. 3
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a b c

Figure 4. Models of structures of ceramic samples based on HA of three types: a —HA, b —HA-0.1wt.% CNTs, c —HA-0.5wt.%

CNTs.

a b

Figure 5. Models of THz radiation transmission for a HA sample without additives: a — through the center of the radial section, b —
through the entire surface of the radial section.

frequency in the simulation is due to the presence of a

maximum absorption peak at a frequency of ∼ 1THz, the

explanation of which is presented in Ref. [32].

2. Modeling of optical properties of
ceramic samples based on
hydroxyapatite

Figure 4 shows models of porous structures of ceramic

samples based on HA of three types: without CNT additives,

with the addition of 0.1 and 0.5wt.% CNT.

The transmission of THz radiation through these struc-

tures was modeled in two ways: through the center and

the entire surface of the radial section of the model. Fig. 5

shows the result of radiation transmission for HA without

additives, Fig. 6 shows the result of radiation transmission

for HA with added 0.1 and 0.5wt.% CNTs.

The radiation intensity for each model was calculated

using The Ray Optics Module [31]. The absorption

coefficients were calculated based on the data obtained

using the Booger-Lambert-Baer law (2):

I(l) = I0e
−kλ l, (2)

where I(l) — output intensity, [W/m2], I0 — intensity input

signal, [W/m2], kλ — absorption coefficient, [cm−1], l —
material thickness, [mm].
Figure 7 shows the dependences of intensities and absorp-

tion coefficients on the porosity of models of samples with

different CNT content in the HA matrix (1 —HA without

additives, 2 —HA-0.1wt.% CNTs, 3 — HA-0.5wt.% CNTs).
Porosity P was determined as the ratio of the volume

of formed pores to the total volume of the material [8]
according to the formula (3):

P =

(

Vp

V0

)

· 100%, (3)

Technical Physics, 2024, Vol. 69, No. 3
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a b

c d

Figure 6. Transmission of THz radiation for models of HA-0.1wt.% CNTs: a — through the center of the radial section, c — through

the entire surface of the radial section; HA-0.5wt.% CNTs: b — through the center of the radial section, d — through the entire surface

of the radial section.

where Vp — the volume of pores in the material, V0 — the

volume of the main cylinder.

It is shown that a decrease of the intensity of the

passage of the THz beam and an increase of the absorption

coefficient are observed with an increase o the porosity of

the material.

Next, the absolute refractive index was calculated using

the formula (4):

n =
c

vsample

, (4)

where n — refractive index, c — the speed of light in

vacuum, m/s, vsample — the speed of radiation propagation

in matter, m/s [33].

Figure 8 shows the dependence of the refractive index

on the porosity of the models (1 —HA, 2 —HA-0.1wt.%

CNTs, 3 —HA-0.5wt.% CNTs). It can be seen that the

refractive index decreases with the increase of porosity. The

generalized results of the optical properties of the models

are summarized in Table 1.

The obtained data for modeling porosity and optical

properties were compared with the results of an experi-

mental study of HA-MWCNTs composite ceramics by THz

spectroscopy in the time domain in the frequency range

from 0.2 to 1.3 THz [32] (Table 2). The porosity of the

samples was experimentally determined by the Archimedes

method using a theoretical density of 3.167 g/cm3 for

stoichiometric HA and varied from 8 to 27.5% with an

increase of the content of MWCNTs additives to 0.5 wt.%.

A detailed description of the technique for producing

composite ceramics is provided in Ref. [1].

A comparison of the results of modeling the absorption

and refraction of HA-CNTs composites showed quantitative

agreement with the literature data on the optical properties

of HA and human bone tissues, in particular, with cortical

and trabecular bones [36–38] (Table 3).

The adequacy of the obtained models is confirmed by

qualitative agreement with the parameters obtained during

the experiment on studying the porous structure of HA-

MWCNTs ceramics by THz spectroscopy [32]. The model

Technical Physics, 2024, Vol. 69, No. 3
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Figure 7. Dependences of intensities and absorption coefficients on the porosity of the models: a — through the center of the radial

section, b — through the entire surface of the radial section.
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entire surface of the radial section.

Table 1. Results of modeling optical properties

Transmission of a THz radiation beam through

the center of the radial section of the model

CNTs, wt.% Porosity, %
Intensity, Indicator Coefficient

W/m2 index Absorption, cm−1

0.0 25.98 52.05 1.654 29.56

0.1 25.71 52.77 1.655 29.42

0.5 25.24 56.34 1.660 28.76

Transmission of the THz radiation beam

through the entire surface of the radial section of the model

0.0 25.98 52.05 1.6191 21.19

0.1 25.71 52.77 1.6199 20.75

0.5 25.24 56.34 1.6210 19.45

Technical Physics, 2024, Vol. 69, No. 3
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Table 2. Experimental data on the optical properties of HA ceramics [32]

Experimental data of THz spectroscopy

MWCNTs, wt.% Porosity, %
Indicator Coefficient

index Absorption, cm−1

0.0 27.5 2.54 34.69

0.1 23 2.70 28.5

0.5 8 2.83 27.6

Table 3. Literature data on optical properties of materials

Material
Indicator Coefficient

index Absorption, cm−1

HA 1.64 [34] 37.08 [35]

Cortical bone
1.94 [36] 43.42 [36]
2.34 [37] 56.54 [37]

Trabecular Bone 0.97 [38] 19.6 [38]

Enamel 2.91 [39] 43.33 [40]

Dentin 2.41 [39] 48.76 [40]

with transmission of radiation through the center of the

radial section of the sample is the closest to the experimental

method for studying optical properties.

Conclusion

A program was developed for the automated creation

of a porous structure of samples based on HA with the

addition of various concentrations of CNTs. Structural

models of three types are built using this program: HA

ceramics without additives and composites HA-0.1wt.%

CNTs, HA-0.5wt.% CNTs, through which the THz radiation

transmission process was modeled using the finite element

method, which allows us to evaluate the effect of CNTs

additives on the structure and optical properties of samples.

Two types of passage of THz radiation through the center

and the entire surface of the radial section of the models

are modeled and the models with transmission of radiation

through the center of the sample section have the greatest

similarity with the experiment among these models. The

absorption coefficients were calculated in accordance with

the Booger-Lambert-Baer law for each model using the

values of the transmission intensities of THz radiation, as

well as absolute refractive indices. Based on the results

of calculations, a correlation was established between the

optical parameters and the porosity of models of ceramic

samples based on HA. It was shown that the structure

and optical parameters of ceramics can be influenced by

changing the porosity by varying the concentrations of CNTs

additives. The porosity decreases in both test samples and

in obtained models with the introduction of CNTs additives,

which, occupying the pore space of the HA matrix form a

denser material.

The developed computer models will reduce time and

production costs, both for the synthesis of real samples and

for conducting research by supplementing experimental data

with simulation results.
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